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Abstract

Objective—Intraductal papillary mucinous neoplasms (IPMNs) are precursor lesions that can
give rise to invasive pancreatic carcinoma. Although approximately 8% of patients with resected
pancreatic ductal adenocarcinoma have a co-occurring IPMN, the precise genetic relationship
between these two lesions has not been systematically investigated.

Design—We analysed all available patients with co-occurring IPMN and invasive intrapancreatic
carcinoma over a 10-year period at a single institution. For each patient, we separately isolated
DNA from the carcinoma, adjacent IPMN and distant IPMN and performed targeted next
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generation sequencing of a panel of pancreatic cancer driver genes. We then used the identified
mutations to infer the relatedness of the IPMN and co-occurring invasive carcinoma in each
patient.

Results—We analysed co-occurring IPMN and invasive carcinoma from 61 patients with IPMN/
ductal adenocarcinoma as well as 13 patients with IPMN/colloid carcinoma and 7 patients

with IPMN/carcinoma of the ampullary region. Of the patients with co-occurring IPMN and
ductal adenocarcinoma, 51% were likely related. Surprisingly, 18% of co-occurring IPMN and
ductal adenocarcinomas were likely independent, suggesting that the carcinoma arose from an
independent precursor. By contrast, all colloid carcinomas were likely related to their associated
IPMNSs. In addition, these analyses showed striking genetic heterogeneity in IPMNs, even with
respect to well-characterised driver genes.

Conclusion—This study demonstrates a higher prevalence of likely independent co-occurring
IPMN and ductal adenocarcinoma than previously appreciated. These findings have important
implications for molecular risk stratification of patients with IPMN.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive human cancers.!
PDAC arises from non-invasive precursor lesions which take several years to transform into
invasive carcinoma, providing opportunity for early detection and surgical cure. Intraductal
papillary mucinous neoplasms (IPMNs) are the most prevalent cystic precursor lesion in
the pancreas.? Due to the potential for progression to invasive carcinoma, patients with
IPMNSs are routinely monitored, with surgical intervention recommended for clinical and
radiological ‘worrisome features’ and ‘high-risk stigmata’.3 As more IPMNs are discovered
incidentally on routine abdominal imaging, optimal surveillance for patients with these
lesions is becoming a pressing clinical problem, highlighting the need to balance cancer
prevention with overtreatment.4

Because of the ability to obtain cyst fluid by fine needle aspiration, pancreatic cysts
(including IPMNS) are a promising application of molecular diagnostics.6=8 In recent
years, extensive next-generation sequencing analyses have comprehensively characterised
the genomic landscape of PDAC, reaffirming the four driver genes altered in the vast
majority of tumours (the oncogene KRAS and the tumour suppressor genes 7P53, CDKNZA
and SMAD4) as well as a much larger number of genes altered at low prevalence.®-13
Additional studies have focused on genetic alterations in histologically distinct precursor
lesions, elucidating the timing of specific mutations in pancreatic tumorigenesis.14-16 Next-
generation sequencing of cyst fluid DNA to identify key driver gene mutations can reliably
distinguish IPMNSs from other cystic lesions.1” 18 Perhaps more importantly, specific late-
occurring driver gene mutations, such as 7P53and SMAD4, may be able to distinguish
low-grade from high-grade premalignant lesions, separating patients who benefit from
surgical intervention.® 7 This strategy may provide a promising tool for earlier detection of
pancreatic carcinoma derived from IPMNSs in the future. However, as it relies on mutations
identified in the cyst fluid, this approach assumes that the invasive carcinoma arises from
the co-occurring IPMN—it may not detect invasive carcinomas that arise from physically
adjacent but genetically independent precursor lesions.
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Multiple studies have described multifocal neoplasia in the pancreas, particularly in patients
with IPMNs.19-21 |n pancreata with IPMNs, anatomically separate invasive carcinomas
have been termed ‘concomitant’ carcinomas.20 22 23 The traditional definition of IPMN
with “‘concomitant’ carcinoma relies on the physical separation of the two lesions by

an uninvolved segment of pancreatic parenchyma, assuming that the lack of physical
proximity implies independent origin of both lesions.22 However, it is possible that a
genetically independent invasive carcinoma could arise in close proximity to an IPMN,
making them indistinguishable from IPMN with associated invasive carcinoma by clinical
and pathological features alone.

Genetic alterations can be used as molecular tools to assess the relatedness of IPMNs

and co-occurring invasive cancers. For example, the identification of discordant KRASand
GNAS mutations in IPMNs and their concomitant invasive carcinomas has been reported
and provides evidence for the independent genetic origins of some neoplasms.24 2> An
accurate estimation of the proportion of genetically independent PDACs co-occurring with
IPMNSs is of significant clinical importance; cyst fluid analysis of the nearby IPMN in this
situation would likely not identify mutations from the highest risk lesion, as the PDAC
would not shed its high-risk mutant DNA molecules into the monitored cyst fluid unless the
PDAC invaded the cyst wall.

In this study, we use targeted next-generation sequencing to analyse driver gene mutations
in paired neoplastic samples from a cohort of IPMNs with co-occurring PDACs. Using
the identified mutations, we determined relatedness and estimated the proportion of these
lesions that are genetically independent.

METHODS

We identified all patients who underwent pancreatic resection with a diagnosis of co-
occurring IPMN and invasive carcinoma over a 10-year period. We reviewed clinical and
pathological data as well as H&E stained slides from each patient to confirm the diagnosis.
Neoplastic cells from the invasive carcinoma, IPMN immediately adjacent to the invasive
carcinoma (adj-IPMN) and IPMN without invasive carcinoma in the same tissue block
(dist-IPMN) were separately isolated from formalin-fixed paraffin-embedded (FFPE) tissue
sections by laser capture microdissection (LCM). In all but one case, the adj-IPMN and
dist-IPMN samples came from the same grossly defined cyst. Thus, our cohort included only
a single case of multifocal IPMN with two pathologically distinct IPMN lesions (IPP12).

In addition, three met criteria for IPMN with concomitant carcinoma, with intervening
uninvolved pancreas between the two lesions (IPP05, IPP11, IPP48). DNA was extracted
from each sample, and DNA of sufficient quantity and quality was obtained from 76 invasive
cancers and co-occurring IPMNSs, including 56 ductal adenocarcinomas of the pancreas,

13 colloid carcinomas of the pancreas and 7 invasive cancers of the ampullary region
(ampullary, distal bile duct and duodenal carcinomas). The cohort for this study initially
excluded five patients with IPMN co-occurring with ductal adenocarcinoma that were
analysed by whole exome sequencing in a separate study—these cases were selected based
on their morphology suggestive of carcinoma arising from an IPMN, and the IPMN and
ductal adenocarcinoma shared numerous somatic mutations in each case. These related cases
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are included in our final estimate of the prevalence of genetically unrelated IPMN/ductal
adenocarcinoma in the ‘Discussion’ section and were used to confirm the accuracy of our
relatedness assessment. All samples were analysed by targeted next generation sequencing
of a custom panel of pancreatic driver genes using lon AmpliSeq library preparation on

an lon Torrent Personal Genome Machine, and whole exome sequencing was performed

on three selected cases by Personal Genome Diagnostics (Baltimore, Maryland, USA).26
Mutations were identified using NextGENe software followed by visual inspection to
minimise risk of artifactual calls.2” The relatedness of the lesions from each patient was
determined by a categorical algorithm as described in the ‘Results’ section. The validity of
this approach was confirmed by an independent statistical model to evaluate the probability
of relatedness based on the site-specific mutation distributions in our study cohort. In
addition, immunohistochemistry (IHC) for p53 and Smad4 protein was performed on FFPE
sections from selected cases. Additional details are provided in the online supplementary
methods.

IPMN lesions co-occurring in pancreata with invasive carcinoma

Within a period of 10 years (from 2006 to 2015), 159 patients diagnosed with invasive
pancreatic or periampullary carcinoma and co-occurring IPMN underwent resection at

The Johns Hopkins Hospital—112 of these patients had ductal adenocarcinoma, 35 had
colloid carcinoma and 12 had a carcinoma of the ampullary region (ampullary, distal bile
duct and duodenal carcinomas). In the same period, 1267 patients underwent resection for
ductal adenocarcinoma without an associated IPMN; thus, approximately 8% of patients
with ductal adenocarcinoma had a co-occurring IPMN. We obtained sufficient high-quality
DNA for targeted next generation sequencing analysis from 76 co-occurring IPMN/invasive
carcinoma. Of these, 56 were co-occurring IPMN/ductal adenocarcinomas of the pancreas
as well as 13 co-occurring IPMN/colloid carcinomas of the pancreas and 7 co-occurring
IPMN/carcinomas of the ampullary region. Clinical differences in stage and grade of the
carcinoma are readily apparent between the different cohorts, as are differences in the
co-occurring IPMNs (table 1 and online supplementary table S1).28 For example, while
ductal adenocarcinomas and colloid carcinomas most often occurred in association with
high-grade IPMNSs, the IPMNSs co-occurring with ampullary region carcinoma were typically
low-grade, supporting the clinical assumption that ampullary and pancreatic neoplasms are
usually independent. Moreover, colloid carcinomas of the pancreas co-occurred with IPMN
of intestinal subtype whereas ductal adenocarcinomas were mostly associated with gastric
and pancreatobiliary subtypes of IPMNs.

Although our cohort demonstrates that IPMNs and invasive carcinomas frequently occur in
the same pancreata, it is not possible to determine relatedness from clinical and pathological
features alone. To more accurately determine the genetic relationship between IPMNs

and co-occurring invasive carcinomas, we performed targeted next generation sequencing
analysis of a panel of pancreatic cancer driver genes for the entire cohort and whole

exome sequencing for selected cases. From each case, we separately isolated neoplastic
cells from the IPMN and invasive carcinoma using LCM (online supplementary figure S1).
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We collected IPMN adjacent to the carcinoma (adj-IPMN) and from a separate block not in
direct contact with the invasive carcinoma (dist-IPMN) when available.

Molecular landscape of carcinomas and their co-occurring IPMNs

We performed targeted next generation sequencing of IPMN/PDAC driver genes using

an lonTorrent Personal Genome Machine to an average coverage depth of >600x (online
supplementary table S2). We compared mutations identified in the tumour samples to those
in the matched normal tissue from each patient in order to exclude germline variants and
report true somatic mutations (online supplementary figure S2). The majority of somatic
mutations in the entire cohort (76 carcinoma samples and 95 IPMN samples) were missense
mutations (88.1%), while nonsense mutations (5.3%), frameshift insertions/deletions (4.9%),
in-frame insertions/deletions (0.9%) and splice site alterations (0.2%) made up only a minor
proportion of the identified somatic alterations (online supplementary table S3).

In our cohort of 56 ductal adenocarcinomas, KRAS was mutated in 91% and 7P53in

57% of the invasive carcinomas (online supplementary figure S2). The two other major
genetic drivers of ductal adenocarcinoma, CDKNZA and SMAD4, were altered by single
nucleotide variants at lower prevalence, 11% and 30%, respectively. However, as these genes
are also frequently altered by homozygous deletion, we performed copy number analysis on
defined targeted loci which showed deletion of CDKN2A in 7% and SMAD4 in 16% of
ductal adenocarcinomas (online supplementary table S3). GNAS and RNF43 mutations were
frequently present in ductal adenocarcinomas, at 16% and 23%, respectively, highlighting
that at least a subset of these PDACs likely arose from IPMNs.

GNAS mutations occurred in 85% (11 of 13) of colloid carcinomas, which are known to
arise almost exclusively from intestinal-type IPMNs (online supplementary figure S2).29 30
7P53 mutations were detected in 46% of colloid carcinomas, but KRAS mutations were
found in only 31% of cases. The vast majority (90%) of GNAS mutations in the entire
carcinoma cohort (n=76) occurred at the hotspot codon 201, with a surprising enrichment
of R201C mutations in colloid carcinomas (73% of GAMAS mutations), in contrast to an
enrichment of R201H mutations in ductal adenocarcinomas (75% of GNAS mutations)
(online supplementary figure S3). Mutations in CDKNZ2A and SMAD4 were rarely detected
in colloid carcinomas.

Our cohort also included seven carcinomas of the ampullary region (ampullary, distal bile
duct and duodenal carcinomas) with co-occurring IPMNSs. In these cancers, KRAS was the
most frequently altered driver with mutation in 71%, while SMAD4 was the only other
driver with mutation in more than one of these carcinomas (online supplementary figure S2).

IPMNs co-occurring with ductal adenocarcinomas, colloid carcinomas and ampullary region
carcinomas were dissected and separately analysed. IPMNs immediately adjacent to ductal
adenocarcinomas (adj-IPMN; n=53) were characterised by prevalent mutations in IPMN-
specific drivers such as GNAS (25%) and RNF43 (36%), while they had fewer mutations in
CDKNZA (7%), TP53(34%) and SMAD4 (9%) compared with their neighbouring invasive
carcinomas (online supplementary figure S2). IPMNs co-occurring with colloid carcinomas
displayed a molecular signature characteristic of intestinal subtype IPMNs, showing a higher
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prevalence of alterations in GNAS (82%) and a lower prevalence of KRAS mutations (45%).
At least one oncogenic hotspot mutation (in KRAS and/or GNAS) was identified in 92% of
all IPMNs in our entire cohort of 76 patients (online supplementary table S3).

Validation of somatic mutations and their accuracy in classifying relatedness

In order to determine the relatedness of the IPMN and invasive carcinoma in each patient,
we applied two independent analytic approaches. First, we developed a categorical algorithm
based on shared mutations between the two lesions. ‘Likely related’ lesions shared more
than two hotspot mutations or one mutation other than a hotspot mutation (see details in
online supplementary methods), while ‘likely independent’ lesions had no shared mutations.
In addition, as GAAS mutations are rare in ductal adenocarcinomas not derived from
IPMNs, we considered IPMNs and invasive carcinomas with shared GNAS mutations as
‘likely related’. Lesion pairs with only a shared hotspot KRAS mutation were designated as
‘indeterminate’—the high prevalence of such hotspot mutations in IPMNs as well as ductal
adenocarcinomas makes it an unreliable indicator of relatedness, as such a mutation could
also occur independently by chance in unrelated lesions.

We confirmed the reliability of this classification in two ways. First, in order to determine
the specificity of our ‘likely related’ categorization, we classified the relatedness of

IPMNs and carcinomas from different patients in our cohort using the identified mutations
(online supplementary figure S4). Of the 3136 total relatedness assessments of lesion

pairs from different patients, only 60 (1.9%) were classified as ‘likely related’. Of note,
these ‘likely related’ classifications were almost exclusively driven by shared mutations

in the GNAS hotspot in codon 201. However, this strategy for evaluating our algorithm
likely overestimates ‘false positives’ in our classification of ‘likely related’ lesions. While
common GNAS hotspot alterations are likely to be shared by IPMNs and IPMN-associated
carcinomas from different patients, such mutations are unlikely to be shared by independent
IPMNs and PDACs in the same patient, as such GNAS alterations are rare in PDACs arising
outside of IPMNs.10-12 Second, in order to determine the sensitivity of our ‘likely related’
classification, we performed our targeted next generation sequencing (NGS) assay on five
pairs of co-occurring IPMN/PDAC with concrete evidence of relatedness based on humerous
shared somatic mutations in whole exome sequencing performed for a separate study (online
supplementary table S4). All five of these lesion pairs were classified as ‘likely related’
based on our categorical algorithm.

In order to further validate our relatedness assessment, we developed a quantitative statistical
model to calculate the probability of the shared mutations in any two samples occurring by
chance (online supplementary methods). These probabilities were plotted on heat maps,
highlighting that the vast majority of lesion pairs with low probabilities were derived

from the same patient (online supplementary figure S5). When comparing our categorical
classification to these statistical measures, ‘likely related’ lesions had a mean probability

of 0.0017 or <0.2% probability of sharing these mutation profiles by chance. In addition,
85% of cases classified as ‘likely related’ by our qualitative algorithm had a probability

of <0.001, further demonstrating the robustness of our classification (online supplementary
table S5). Also of note, as all of our ‘likely independent’ cases shared no somatic mutations,
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all had a probability of >0.9 in this approach, as approximately 9 million synthetic IPMN/
PDAC pairs shared no somatic mutations (online supplementary methods). Cases classified
as ‘indeterminate’ by our categorical algorithm cases had an average probability value of
0.049, highlighting a higher probability of developing shared mutation profiles by chance
and supporting our reluctance to designate relatedness based on shared KRAS hotspot
mutations alone.

Finally, in order to determine the frequency of sequencing errors that altered relatedness
assessment in our targeted NGS assay, we conducted a validation experiment by
resequencing 16 adj-IPMN/PDAC pairs with our assay at a much higher coverage (average
coverage of 2,192X in the targeted region). We confirmed that >95% of the somatic
mutations which conferred relatedness in these samples were present in the resequenced
samples (see online supplementary table S6). In all cases, the relatedness classification was
confirmed based on the results of this deep resequencing, underscoring the reliability of our
original targeted NGS assay.

Together, these results confirm that our method for evaluating genetic relatedness of these
lesions was accurate.

Relatedness of IPMNs to co-occurring carcinomas

Using our qualitative algorithm, 46% of the IPMN/ductal adenocarcinomas were ‘likely
related’, further helping to establish IPMNs as precursor lesions to co-occurring ductal
adenocarcinomas (figure 1A and online supplementary table S7). Importantly, only a subset
of these ‘likely related’ cancers (23%) harboured a GAAS mutation, highlighting the
inadequacy of this IPMN-associated gene mutation as a single biomarker to identify IPMN-
associated ductal adenocarcinomas. Surprisingly, despite the close anatomic proximity

of the two lesions, a sizeable proportion (20%) of IPMNSs and co-occurring ductal
adenocarcinomas were ‘likely independent’, as they shared no driver gene mutations. The
remaining IPMN/ductal adenocarcinoma pairs (34%) were classified as ‘indeterminate’, as
their relatedness could not be confidently assigned by mutations in the driver genes in our
targeted sequencing assay. Considering the five cases of known relatedness initially excluded
from our cohort but later used for validation, we identified the following prevalences

of relatedness in the entire cohort—'likely related’: 51%, indeterminate: 31% and likely
independent: 18%. Representative cases are presented in table 2, overall proportions in
figure 1 and relatedness assessment for individual cases in online supplementary table S7.

Because they share only a KRAS hotspot, ‘indeterminate’ cases could be either related

or independent. In order to more definitively determine the relatedness of these lesions,

we performed whole exome sequencing on three cases classified as ‘indeterminate’ in our
targeted NGS assay for which we had sufficient DNA (IPP17, IPP39, IPP41). Surprisingly,
the whole exome sequencing data suggest that two of these three co-occurring IPMNs/
PDAC:s are genetically independent, as they share no somatic mutations aside from the
KRAS hotspot alteration (online supplementary table S8). In contrast, 21 somatic mutations
were shared between the IPMN and PDAC in the other ‘indeterminate’ case, providing
strong evidence that this PDAC arose from the co-occurring IPMN.
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There was no correlation between IPMN/PDAC relatedness and clinicopathological features
including cyst size, grade and histological subtype (online supplementary table S9). Many of
the ‘likely independent’ cases were resected because preoperatively their IPMNs met criteria
for resection; clinical and radiological features of the IPMN led to resection of 58% of
‘likely independent’ cases compared with 52% of ‘likely related’ cases. Thus, most of the
IPMNs in the ‘likely independent’ cases were not merely incidental small cysts adjacent to
large ductal adenocarcinomas. Crucially, mutations in driver genes that suggest a high risk
for advanced disease ( 7P53, SMAD4) were not present in the co-occurring IPMN in 9 of

11 (82%) of ‘likely independent’ cases; thus, analysis of mutations in IPMN-derived DNA
in cyst fluid would not have identified these patients as high-risk. Survival analysis revealed
a significant trend towards improved survival in patients with ‘likely related” IPMN/ductal
adenocarcinomas cases compared with those with ‘likely independent’ lesions (P=0.017;
Log-rank test; figure 2).

In contrast to the observation of unrelatedness of many of the adjacent IPMN/ductal
adenocarcinoma cases, we found that all of the colloid carcinomas were ‘likely related’

to the co-occurring IPMN (figure 1B). This result adds to the growing body of evidence

that this histological subtype of pancreatic carcinoma develops essentially exclusively in

the setting of an intestinal-type IPMN, making IPMN its obligate precursor.29 30 The
ampullary region carcinomas with co-occurring IPMNSs serve as additional negative controls,
as carcinoma of the ampullary region are not known to arise from IPMNs. As expected,

all cases of carcinoma of the ampullary region and adj-IPMN were classified as ‘likely
independent’ by our assay (figure 1C).

Genetic heterogeneity in IPMNs

Heterogeneity with respect to driver gene mutations has been reported within grossly
contiguous IPMNSs.8 In order to minimize the likelihood that such heterogeneity resulted
in artifactual characterisation of lesions as ‘likely independent’, we analysed an additional
section of IPMN from a separate tissue block. In all but one case (/PP12), the two IPMN
samples were derived from the same grossly identified cyst. Genetic analysis of matched
adj-IPMN and dist-IPMN from the same patient allowed us to describe such genetic
heterogeneity within individual IPMNs in more depth.

Examining the relatedness of adj-IPMN and dist-IPMN to the co-occurring invasive
carcinoma revealed distinct patterns. The majority of paired IPMN samples (69%) had

the same relationship to the co-occurring ductal adenocarcinomas. Of the cases with
discordant relationships, the majority (88%) of ductal adenocarcinomas were ‘likely related’
or ‘indeterminate’ to the adj-IPMN and ‘likely independent” from the dist-IPMN. This
suggests that anatomical distance is associated with genetic relatedness; IPMN lesions in
close proximity to the invasive carcinoma were more likely to be related than IPMNs at a
greater distance.

Comparing the alterations in the two distinct regions of the same IPMN, IPMN foci were
‘likely related’ to one another in 39% of the cases, whereas 28% were ‘likely independent’,
highlighting the possibility of polyclonality in individual IPMNSs. The relatedness of

the remaining paired IPMN samples was ‘indeterminate’ in our assay. Intriguingly, the
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relatedness of the two IPMN samples varied in our different cancer groups. While 86% of
the paired IPMN samples were ‘likely related’ in patients with colloid carcinoma, only 39%
of such samples were ‘likely related’ in patients with ductal adenocarcinoma, and all of the
paired IPMN samples were ‘likely independent’ in patients with carcinoma of the ampullary
region.

Pancreatic ductal neoplasms (including both IPMNs and ductal adenocarcinomas) are
typically initiated by oncogenic hotspot mutations. In 56 dissected IPMNs from patients
with co-occurring ductal adenocarcinoma, 13 IPMNs (23%) harboured more than one
mutation in the same oncogene, including 11 IPMNs with multiple KRAS mutations and

2 IPMNs with multiple GNAS mutations. Up to four different KRAS hotspot mutations

in a single sample were detected (online supplementary figure S6). Intriguingly, this may
still be an underestimation, as two additional IPMN samples submitted for whole exome
sequencing revealed additional oncogenic hotspot mutations due to further sampling of the
same blocks to collect additional DNA (online supplementary table S8). Only two ductal
adenocarcinomas (4%) had multiple oncogene mutations, in both cases KRAS. Interestingly,
the presence of multiple unique mutations in other driver genes in the same neoplasm was
an uncommon event. However, even in ‘likely related’ cases, there were many mutations
present in only a single sample, reflecting heterogeneity in driver mutations; only 64 of 104
identified somatic mutations were shared among related samples. Taken together, these data
show that there is striking genetic heterogeneity within IPMNSs, highlighting the challenges
of capturing all the genetic alterations in a single tissue sample.

spatial distribution of mutant and wild-type clones

Although we used LCM to obtain samples of IPMN and invasive carcinoma with high
neoplastic cellularity, visualisation of mutant and wild-type clones in situ in tissue sections
can confirm our targeted sequencing results, particularly in cases in which the IPMN

and ductal adenocarcinomas have discordant mutations. Mutations in two of the tumour
suppressor genes analysed, 7P53and SMAD4, have well-documented effects on protein
expression as assayed by IHC.31 32 To more definitively assess the spatial distribution of
mutant and wild-type clones, we performed IHC for Smad4 and p53 protein expression in a
subset of our IPMN/ductal adenocarcinoma cases analysed by next generation sequencing.
For each protein, we analysed ductal adenocarcinoma and adj-IPMN from five patients who
had discordant mutation status between the two lesions (online supplementary table S10).

In the p53 IHC assay, three of five cases with discordant 7253 mutation status between
IPMN and ductal adenocarcinoma showed the expected expression patterns in both
components, with strong and diffuse p53 expression limited to the invasive carcinoma
(figure 3). These three cases all had missense 7P53 mutations, while the remaining two
had nonsense and frameshift mutations, which are not expected to cause the same aberrant
p53 expression pattern.32 In the Smad4 IHC assay, three of five cases with discordant
SMAD4 mutation status in the IPMN and invasive ductal adenocarcinoma showed the
expected expression pattern in both components, with loss of Smad4 expression limited to
the invasive ductal adenocarcinoma (figure 3). Overall, these results confirm the discordant
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mutation status in the IPMN and ductal adenocarcinoma in the majority of cases (online
supplementary table S10).

DISCUSSION

New diagnostic approaches are needed to more accurately identify patients with high-risk
pancreatic lesions while they are still surgically curable.* 33-35 Although imaging findings
can stratify the risk of progression of pancreatic cysts, additional approaches are needed

to further improve diagnostic sensitivity and specificity. Analysis of molecular alterations
in biological samples (including cyst fluid and pancreatic juice) is a promising adjunct to
existing clinical and radiological criteria, as alterations in specific genes (such as 7P53
and SMAD4) are closely associated with the development of high-risk neoplasia.b 7 14 The
identification of mutations in pancreatic cyst fluid is beginning to be applied as a clinical test
to preoperatively diagnose and risk-stratify pancreatic cysts.18 36 37 However, this approach
assumes that the IPMN is the obligate precursor in cases where an invasive carcinoma
develops. The high prevalence of multifocal neoplasia in the pancreas raises the possibility
that a carcinoma co-occurring with an IPMN could arise from a genetically independent
precursor, such as pancreatic intraepithelial neoplasia.8 15 22

The central objective of this study was to investigate the molecular relationship of co-
occurring IPMNs and invasive carcinomas in an unbiased approach. Meticulous LCM

to separately isolate DNA from two adjacent neoplasms, followed by next generation
sequencing analysis of critical driver genes in pancreatic neoplasia, allowed us to estimate
the relatedness in the majority of patients in our cohorts. More than one-sixth (18%)

of the co-occurring IPMN/invasive ductal adenocarcinoma pairs appear to be genetically
unrelated, meaning they shared no mutations in the assayed genes. Importantly, this is
likely an underestimate of prevalence of unrelated lesions. Two of three cases that met
clinical criteria for IPMN with ‘concomitant’ carcinoma (IPP05, IPP48) were classified as
‘likely independent’ in our assay, while the third (IP11) was classified as ‘indeterminate’,
suggesting that at least a subset of the indeterminate cases also represent independent
neoplasms. In addition, analysis of three different ‘indeterminate’ cases (IPP17, IPP39,
IPP41) by whole exome sequencing revealed that two were genetically independent, as they
did not share any other somatic mutations aside from the KRAS hotspot. This finding has
clinical implications, as it suggests that in this subset of patients with IPMN, sampling and
analysis of their IPMN cyst fluid would not be evaluating the precursor lesion destined to
progress to invasive ductal adenocarcinoma. In the present invasive ductal adenocarcinoma
cohort, more than 80% of unrelated IPMNs lacked mutations in high-risk genes (7P53,
SMAD4) that are expected to be detected in more than 50% of ductal adenocarcinomas.
The implications for cyst fluid analysis should be more directly validated by comparing
mutations identified in tissue samples and cyst fluid in future studies. Alternative samples
for molecular analysis (such as secretin-stimulated pancreatic juice) may provide a more
complete mutation profile of the entire pancreatic duct system and thus may be more able to
overcome this issue.® 7 25

Through analysis of two different regions of each IPMN, our study also provides an
assessment of genetic heterogeneity in these lesions. First, some IPMNs harboured two or
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more hotspot mutations in a single oncogene, suggesting presence of multiple clones within
the dissected tissue. Intriguingly, the proportion of IPMNs with multiple hotspot mutations
was notably more than that found in invasive ductal adenocarcinomas (23% vs 4%),
perhaps suggesting a more diverse mixture of clones in lower grade lesions. In addition,
many samples displayed discordant hotspot mutations in adj-IPMN and dist-IPMN, which
were classified as ‘likely independent’ in one-third of patients. There were also notable
differences in IPMN heterogeneity between cancer types. While a majority of the two IPMN
samples co-occurring with colloid carcinoma were ‘likely related’, IPMNs that co-occurred
with carcinoma of the ampullary region were mostly unrelated. This suggests that the
IPMNs that give rise to colloid carcinomas are genetically more homogeneous, while those
that co-occur with ampullary region carcinoma are more frequently heterogeneous (table 1).

Overall, the results of our study support the hypothesis of field cancerisation, in which the
entire pancreas of some patients is at increased risk for ductal neoplasia. We identify a
sizeable proportion of patients in our cohort with two likely independent ductal neoplasms
in a small area of the pancreas, highlighting the importance of multifocal neoplasia. In
addition, many of the IPMNs analysed had multiple mutations in initiating driver genes,
raising the possibility of polyclonality within one IPMN. However, our data do not provide
any insight into the underlying mechanism of field cancerisation in the pancreas, though
they do suggest that it is not mediated by somatic mutations in well-characterised driver
genes. Of note, our study did not comprehensively address large chromosomal alterations as
potential genetic drivers in pancreatic cancer precursor lesions. Although these alterations
are less useful for determination of relatedness, recent studies suggest that they play an
important role in driving pancreatic tumourigenesis, at least in a subset of patients.38 Thus,
they remain candidates for the alterations underlying field cancerisation in the pancreas, and
future studies could incorporate such alterations into studies of precursor lesions to better
address this hypothesis.

Some limitations of our study have to be considered. First, we were not able to

confidently determine relatedness in a subset of our IPMN/ductal adenocarcinoma pairs; as
demonstrated, more comprehensive sequencing such as whole exome sequencing can help to
determine relatedness in these individuals. In addition, it is possible that ‘likely independent’
ductal adenocarcinomas arose out of a subclone of the co-occurring IPMNs that was not
sampled or was too small to be detected by our approach. Low neoplastic cellularity and
clonal heterogeneity may decrease the sensitivity of molecular analyses in these cases—we
address this in several ways. First, we performed LCM of every IPMN and PDAC to enrich
neoplastic cellularity as much as possible. Second, we performed deep targeted sequencing
(with an average coverage of >600X), improving our ability to detect rare subclones. Third,
we sampled the IPMN immediately adjacent to the ductal adenocarcinoma (and thus most
likely to be related) as well as a separate section to account for genetic heterogeneity. In
addition, we performed validation of our mutation calls in a subset of samples at very

high coverage (>2000x) to estimate the risk of misclassification of relatedness in the larger
cohort—we confirmed >95% of the mutations conferring relatedness in the original samples.
Finally, the early driver mutations should be present in high proportion in both components
of related lesions, making this explanation far less likely than true genetic independence.
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Collectively, our molecular analysis revealed an unexpected proportion of co-occurring
IPMNs and invasive ductal adenocarcinomas that likely arose from genetically distinct
precursor lesions in the pancreas. We also show that virtually all colloid carcinomas arise
from their associated intestinal-type IPMNs and that ampullary region carcinomas (distal
common bile duct, ampullary and duodenal carcinoma) do not arise from co-occurring
IPMNE.

Molecular analysis of cyst fluid is a promising technique for risk stratification in patients
with IPMN undergoing surveillance. However, we demonstrate that at least one-sixth of
invasive ductal adenocarcinomas co-occurring with IPMNSs are ‘likely independent’ and that
more than 80% of those cases would not have identified high-risk alterations in analysis

of IPMN-derived cyst fluid. This highlights a potential limitation of cyst fluid analysis and
suggests a need for molecular approaches that more completely sample DNA from the entire
pancreas.
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What is already known on this subject?

. Intraductal papillary mucinous neoplasms (IPMNSs) are precursor lesions
that can give rise to invasive pancreatic ductal adenocarcinoma. Multifocal
neoplasia is common in the pancreas, particularly pancreata with IPMN,
raising the possibility that a subset of co-occurring IPMNSs/carcinomas are
independent.

What are the new findings?

. Targeted next generation sequencing of co-occurring IPMN and ductal
adenocarcinoma samples revealed that more than one-sixth of these lesions
are likely independent, suggesting that the carcinoma is derived from
a precursor lesion independent of the co-occurring IPMN. Most of the
IPMNSs that were likely independent from their co-occurring carcinoma
lacked mutations in driver genes suggestive of a high risk of malignant
transformation.

How might it on impact clinical practice in the foreseeable future?

. These results highlight a possible limitation of relying solely on cyst
fluid molecular analysis to assess risk in the entire pancreas, as this fluid
would not contain high-risk mutations from independent precursor lesions
or carcinomas. Other biospecimens that more completely sample the entire
pancreas may have improved sensitivity in detecting these likely independent
neoplasms.
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Relatedness of IPMNs and co-occurring carcinomas. Bars show the fraction of likely related
(black), likely independent (white) and indeterminate (grey) neoplasms. For each patient

the relatedness of three pairs of neoplasms was assayed: carcinoma and adj-IPMN (left),
carcinoma and dist-IPMN (middle) and adj-IPMN and dist-IPMN (right). Molecular analysis
of three different pancreatic cancer entities, ductal adenocarcinoma (A), colloid carcinoma
(B) and carcinoma of the ampullary region (C), revealed a distinct prevalence of relatedness
to co-occurring IPMN in each cancer type. adj-/dist-IPMN, adjacent/distant IPMN; IPMN,
intraductal papillary mucinous neoplasm.
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Figure 2.
Survival analysis of patients with pancreatic cancer based on their molecular relationship

with co-occurring IPMNs. Cumulative survival of ductal adenocarcinoma patients with and
without co-occurring IPMNs after 5-year follow-up. Colloid carcinomas have significantly
better survival than ductal adenocarcinoma without IPMN (P value 0.001; Log-rank test).
Patients follow a divergent survival pattern when considering the relatedness of ductal
adenocarcinomas with co-occurring IPMNSs based on results of the targeted sequencing
assay (P value: 0.017; Log-rank test). Ductal adenocarcinomas likely related to IPMNs show
improved overall survival (28.8 months), while ductal adenocarcinomas likely independent
of IPMNs have poorer survival similar to ductal adenocarcinoma without IPMN (16.2
months). IPMN, intraductal papillary mucinous neoplasm.
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Figure 3.

Immunohistochemistry for p53 and Smad4 confirms discordant genotypes in IPMN

and co-occurring cancer. A representative H&E stained section shows case IPP04

(20x magnification), which harbours mutations in 7P53and SMAD4 in the ductal

adenocarcinoma (A), while the adj-IPMN (B) is wild-type. In the ductal adenocarcinoma
(C), strong-diffuse expression of p53 was found in contrast to normal expression in the
adj-IPMN (D). Normal islets are shown in the inset as an internal control (1), while (2)
shows a high-power view of cancer cells with aberrant p53 expression and (3) shows a
high-power view of wild-type p53 expression pattern in the IPMN. Expression of Smad4
was lost in ductal adenocarcinoma (E), while expression was retained in adj-IPMN (F).
Normal islets are shown in the inset as an internal control (1), while (2) shows a high-power
view of cancer cells with loss of Smad4 expression and (3) shows a high-power view of
retained Smad4 expression in the IPMN. adj-/dist-IPMN, adjacent/distant IPMN; IPMN,

intraductal papillary mucinous neoplasm; PDAC, pancreatic ductal adenocarcinoma.
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