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Pancreatic ductal adenocarcinoma (PDAC) is the most prevalent malignant pancreatic tumor. Few studies
have shown how often PDACs arise from cystic precursor lesions. This special report aims to summarize the
evidence on the progression of precancerous lesions to PDAC. A review of the literature found four studies
that discussed pancreatic intraepithelial lesions (PanINs), three that discussed mucinous cystic neoplasms
(MCN) and five that discussed intraductal papillary neoplasms (IPMNs). PanINs were the most common
precursors lesion, with approximately 80% of PDACs originating from this lesion. The lack of evidence
characterizing the features of PDAC precursor cystic lesions potentially leads to a subset of patients
undergoing surgery unnecessarily. Advancements in molecular techniques could allow the study of cystic
lesions at a genetic level, leading to more personalized management.

Plain language summary: Cancer arising from the ducts within the pancreas is the most common type
of pancreatic cancer. Some cancers develop from precancerous changes, but these are not currently
well described. Therefore, we have summarized the existing knowledge on the precancerous changes
causing pancreatic cancer. We found three main precancerous changes: pancreatic intraepithelial lesions;
mucinous cystic neoplasms; and intraductal papillary neoplasms. Pancreatic intraepithelial lesions were the
most common pancreatic precancerous lesion, leading to 80% of cancers of the pancreatic ducts. A few
studies indicate that patients would benefit from surgery to remove precancerous lesions. We believe that,
due to advances in genetic studies, personalized strategies for treating pancreatic cancers will emerge in
the future.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) represents approximately 90% of all pancreatic cancers and is the fourth
leading cause of cancer-related mortality in western countries, with a mortality rate equivalent to its incidence and
a low 5-year survival rate of 5-7% [1-3]. Previous studies on the tumorigenesis of PDAC have identified three
precursor cystic lesions. Pancreatic cysts are sac-like pockets of fluid and are categorized as pancreatic intraepithelial
lesions (PanINs), intraductal papillary mucinous neoplasm (IPMN) and mucinous cystic neoplasm (MCN) [2].
IPMN and MCN are often found radiologically, whereas PanIN is a histological feature. More recently, possible
alternative PDAC precursors described as atypical flat lesions (AFLs) have been identified in patients with familial
pancreatic cancer. The most recent publication from the European Study Group on Cystic Tumours of the Pancreas
provides guidance on how these precursor lesions should be managed, including criteria for surgery [4]. However,
given the late presentation of PDAC, these precursor lesions are often missed or identified only incidentally. The
development of ways to detect these precancerous lesions will not only enable us to diagnose PDAC earlier but also
allow us to understand its prognostication, progression and prognosis.
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Table 1. Summary of prevalence of precursor pancreatic cyst lesions in pancreatic adenocarcinoma.

Study

Andea et al.

Crippa et al.

Hwang et al.

Matsuda
etal.

McGinnis
etal.

Strobel et al.

Valsangkar
etal.

Winter et al.

Yu et al.

Type of Sample size  Age (years)  Sex, males Tumor size Tumor location CA19-9 level Prevalence (%) Ref.
precursor lesion (n)
PanIN 82 66.7 33 - - - 82 (all grades) [7]
59 (PanIN 2 &3)
MCNs 163 45 5 50 mm Tail of pancreas (97%) 28 (>37 U/I) 17.5 [8]
PanIN 125 63 69 - Head of pancreas 57% [9]
(69.6%) 18 (PanIN-1)
21 (PanIN-2)
32 (PaniIN-3)
IPMN 379 67 234 - Head of pancreas - 10.5 [10]
(42.5%)
PanIN 52 62.5 33 - Head of pancreas 26 (>37 U/l) 72.2 [11]
IPMN 20 69.0 13 (87%) 8 (>37U/l) 27.8
Head of pancreas
(70%)
IPMN 937 504 - Head of pancreas 674 (>37 U/I) 10.6 [12]
(76%)
IPMN (38%) 851 60 32 (MCN) 28.8 mm 134 body/tail (MCN) - 23 [13]
MCN (23%) 153 (IPMN) (MD-IPMN) 215
29.1 mm head/body/uncinate
(BD-IPMN) (IPMN)
44.1 mm (MCN)
IPMN, MCN 1175 66 628 30 - Median of 6.0 [6]
139 U/ml
PanIN 95 64 58 32 mm Head of the pancreas 38 (>37 U/I) 59.0 (all grades) [14]
(58%) 28.6 (PaniIN 2)

64.3 (PaniIN 3)

MCN: Mucinous cystic neoplasm; IPMN: Intrapapillary mucinous neoplasm; PanIN: Pancreatic intraepithelial neoplasia; PDAC: Pancreatic adenocarcinoma.

Epidemiology of the premalignant lesions

The most common cysts with neoplastic potential are intraductal papillary mucinous neoplasm (IPMN), mucinous
cystic neoplasm (MCN), serous cystadenoma (SCA) and solid pseudopapillary neoplasm (SPN). Of these, IPMNis
and MCNs are mucin-producing cysts that have a higher risk of malignant transformation to pancreatic adenocar-
cinoma and so require resection at the early stages of identification. However, not all mucinous cysts lead to PDAC
(Table 1). For example, in the prospective SHIP-2 cohort of northern Germany, the prevalence and incidence of
pancreatic cysts were estimated at 49.1 and 12.9%, respectively [5]. However, the mortality from these lesions over
long-term follow-up was 0%. Only 6% of detected cysts, and 2.5% of the total cohort initially presented with cysts
greater than 1 cm, which may have clinical relevance. In the largest single-center experience, Winter ez 4/. analyzed
1175 patients who underwent pancreatic resection over a 35-year period and reported that just 6% had an IPMN
origin [6]. Hence, although the incidence of cysts may be high, not all progress to a PDAC, and retrospectively
evaluating which PDAC: originated from an IPMN shows that this is actually a smaller percentage.

Intraductal papillary mucinous neoplasms

Others have sought to establish the relevance of cystic origin in the context of prognostication. For example,
Strobel ez al., excluded IPMN carcinomas but included more advanced (>pT2) conventional PDAC arising in
the context of IPMN [12). This led to a slightly higher percentage (10.6%) of PDAC:s arising in the context of
IPMN:s, although not all may have arisen from an actual IPMN. Univariate analysis further revealed that resection
of tumors arising in the IPMN context led to an observed increase in the 5-year survival of patients. However,
this was not observed in the multivariate analysis, likely due to accounting for confounding variables such as lower
tumor stages of IPMN-associated PDAC [12]. In another study, Matusuda ¢t a/., reviewed the clinicopathological
data of a consecutive series of 379 patients with PDAC treated by partial pancreatectomy between 1992 and
2015. In this cohort, 40 patients had a concomitant IPMN, in whom the likelihood of tumor recurrence in the
remnant pancreas after resection was 4-times higher in PDACs with a IPMN context, making IPMN presence an
independent prognostic factor [10]. Although there is much work characterizing the proportion of IPMNs that are
malignant, there is little work retrospectively identifying the number of PDACs that originated from an IPMN.
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Mucinous cystic neoplasms

MCNs of the pancreas are the most infrequent precursor lesions of PDAC, so it is difficult to determine their
prevalence. MCNs occur more frequently in women and are usually located in pancreatic body and tail. Valsangkar
et al., reported a prevalence of 23% of MCNis in 851 patients with resected cystic tumors over a 33-year period [13].
Other large case series report a variation from 3 to 36% of invasive MCNs [15,16]. Resection for invasive MCN
that is picked up early has a very favorable prognosis with 5-year survival rates reaching 60% [8]. Because of this,
the mortality from PDAC with MCN origin is low. As a result, there are still no large-scale data reporting the
contribution of MCNs to the incidence or mortality from PDAC.

Pancreatic intraepithelial lesions

PanINs are microscopic flat or papillary lesions arising in the small intralobular pancreatic ducts, and are part of the
multistep tumor progression model in pancreatic cancer [17]. Unlike cystic lesions, they are usually asymptomatic.
Yet they are the commonest precursor lesion in PDAC [18]. Unlike IPMNs and MCN, there are several small case
series retrospectively describing the development of PDAC from PanINs. For example, Schwartz et al., reported
that 82% of PDAC samples had originated from a PanIN, and a further 40% harbored a high-grade PanIN-3 [19].
In another analysis, Andea ¢z al., demonstrated a progressive increase in the number and grade of PanINs in
PDAC compared with control pancreas tissues, and Makohon-Moore ez 4., showed that PanINs were detected
not just in PDAC but also in pancreatic tissue adjacent to the tumor site (7,201. Others have demonstrated a role
for PanIN in not just tumor progression but also recurrence and survival, especially compared with other cystic
precursor lesions [11,14]. Unlike IPMNs and MCNs, PanINs also present an explanation for the interaction of other
patient-related factors such as obesity, smoking, genetic conditions and inflammatory conditions of the pancreas [9].
In this way, compared with IPMNs and MCN:s, there is a larger scope of evidence retrospectively linking PDACs
to PanlINs in their progression and prognosis.

Guidelines for management of cystic lesions

The earliest guidelines for management of pancreatic cysts were published in 2006. Tanaka ez 4l., recognized two
types of noninflammatory pancreatic cysts — namely, IPMN and MCN [21]. On the basis of several case series
and the phenomenon of ‘clonal progression’ of tumors toward malignancy, they advocated for resection of all
main duct and mixed variant IPMNs as long as the patient is a good surgical candidate. In patients with branch
IPMNS, a ‘watch and wait’ approach can be employed if patients are asymptomatic given the low progression to
malignancy. However, surgery was advised in symptomatic cases, or if size exceeds 30 mm. Furthermore, surgery
was recommended for all MCNs unless there are contraindications for operation. The revised guidelines in 2012
delved into greater detail in the classification of the various lesions; fine-tuned the incorporation of imaging and
preoperative investigations; and proposed new criteria based on symptoms, size, presence of duct dilation and
location of cyst, all of which generally correlated with the guidelines set out by the European Study Group on
Cystic Tumours of the Pancreas in 2018 [22].

The typical patient pathway involves either symptomatic presentation or incidental finding of cystic lesions,
followed by blood tests, endoscopic sampling and computed tomography imaging. At each step, the identification
of specific features increases the predictive accuracy of the lesion becoming a PDAC, and this varies between the
three types of lesions. Among these, MCNs have the least malignant potential. Features that suggest a higher risk of
malignancy include symptoms, size >40 mm and the presence of mural nodule on imaging [23]. There is stronger
evidence for features of IPMNs that truly suggest malignancy. These include the presence of an enhancing mural
nodule >5 mm (sensitivity 73—-85%; specificity 71-100%) or a solid component, positive cytology or a main
pancreatic duct (MPD) measuring >10 mm. However, the accuracy of these features can be as low as 60% at
times [24]. Currently, there are no accurate biomarkers, including CEA, CA19-9, amylase, DNA, RNA or proteins,
to differentiate between IPMNs and MCNs, or to predict progression to PDAC. This is largely due to their
presence in nonmalignant conditions, owing to the high false-positive rate. Furthermore, while many patients
undergo endoscopic ultrasound with cyst sampling, the diagnostic accuracy of cyst fluid analysis has a huge range
that renders it to be of low diagnostic accuracy [25-29]. Overall, there is insufficient evidence to characterize true
features of a cyst that will become a PDAC, and where available, the studies are not always the most rigorous in
design and methodology.
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The case for molecular basis in risk stratification of cystic lesions

An understanding of the main driver mutations is helpful in the molecular characterization of premalignant cysts.
In IPMN:s, the most frequent genetic alteration is an oncogenic KRAS mutation, which is seen in more than 80%
of patients. Sixty-five percent of IPMNs also have somatic mutations in the oncogene GNAS. Mutations of KRAS
and GNAS lead to constitutive activation of G-coupled receptor proteins that drives tumorigenesis in up to 90%
of patients who eventually develop a PDAC. In addition, mutations of the tumor suppressor gene RNF43, which
is involved in regulating the Wnt/B-catenin signaling pathway, occurs in 14-38% of IPMNs, with frequent loss of
heterozygosity. Other potential genes mutated in IPMNs include 7P53, PIK3CA, PTEN, CDKN2A and SMADA4.
The genetic alterations found in MCNs are similar to those in IPMNs, with the prevalence proportional to the
degree of dysplasia. However, GNAS mutations are distinctly not observed as frequently in MCNs. Although
an abundance of data exists for mutations in PDAC, there are few data on the origin of premalignant lesions
themselves, and this is an area for further work.

Genomic instability leads to genetic diversity by providing the raw material for the generation of tumor
heterogeneity and has been reported in premalignant cystic lesion. Intratumoral heterogeneity can manifest as spatial
or temporal heterogeneity. Spatial heterogeneity refers to uneven distribution of genetically different subpopulations
across different disease sites or within a single tumor. Temporal heterogeneity is the variation in tumor cells over
time. For example, Tan et al., showed that the frequencies of KRAS and GNAS mutations varied significantly
between different histologic subtypes of IPMN (30]. In another study, Fisher ez al., used whole genome sequencing
to show that IPMNs contained multiple independent clones, each with distinct mutations, instead of a single
clone [31]. There was also significant evidence of convergence in RNF43 and 7P53 mutations in the late stages of
tumorigenesis. Taken together, the evolution of tumors over time can be attributed to ongoing mutations. The
tumor heterogeneity certainly makes the diagnosis, risk stratification and prognostication a challenging task.

Analysis of genetic mutations in patients may help to stratify which patients are at higher risk. For example, KRAS
mutations can be seen in patients with both low and high grade PanINs. In contrast, CKN2A, TP53 and SMAD4
mutations are typically found in high-grade PanINs and, at times, in invasive PDACs [32-34]. Even in MCNgs,
which have a lower malignancy risk, Izeradjene er a/., characterized a reliable genetic mutational pathway where a
loss of heterozygosity at the DPC4 tumor suppressor gene increases the risk for progression to malignancy [35). In
the case of PanINs, more than 90% of PDACs that originate from PanINs have a KRAS mutation. Although the
inactivation of p16/ CDKNZ2A is detectable in the early PanIN stages, the inactivation of 7P53 and SMAD4/DPC4
is more typical with later alterations in the tumor progression model. Similar alterations to DPC4 were also seen
in several studies for IPMN [3¢]. The presence of circulating tumor cells and ctDNA has been detected in patients
with high-risk features and advanced disease, and this promises to be another noninvasive method to assess which
patients will need resection [37].

Tumorigenesis involves both genetic and epigenetic changes. miRNAs are small noncoding RNAs (18-25
nucleotides) that regulate gene expression post-transcriptionally (38]. Work from our own group has shown that
the malignant process had already started at a genetic level when PCTs were identified regardless of the type of
PCTs [39). Laboratory studies have shown that miRNAs are involved in the silencing of tumor suppressor genes and
activation of oncogenes. The correct combination of pro- and anti-oncogenic miRNAs may play a role in driving
tumor progression, and detecting these can help to risk-stratify patients as well [40].

Which lesions should undergo surgical intervention?

The majority of work on outcomes of surgery for cystic neoplasm PDAC resection have selected patients based on
carlier guidelines (Figure 1) [41]. These guidelines stratify patients into either high-risk or low-risk categories for
developing PDAC using predefined criteria [42,43]. Available studies reaffirm that patients with high-risk features
benefit from the intervention in the short and long term if evaluated from the end point (i.e., PDAC). However,
when evaluating cystic lesions that were resected, few turn out to be malignant, and several lesions could have been
monitored instead. For example, in one study, of the 567 mucinous tumours resected, 29% were MCNs, and of
these, 12% harbored invasive cancer, accounting for 3.48% of the total cohort [s]. Yet the surgical intervention
led to a 24% pancreatic fistula rate and a 49% overall morbidity, with more than 10% of patients requiring
either an interventional radiology procedure or reoperation. A similar picture exists for both IPMNs and PanINs,
although there is also evidence to suggest that surgery for correctly identified precursor lesions vastly improves
tumor prognosis [10,12]. Amid this, few studies, as outlined here, have looked back at how many PDACs truly
originated from cystic lesions.
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SPN MCN Main duct Branch duct Undefined cysts SCA
IPMN IMPN
Absqlute indications: Absolute indications: Symptoms due Diagno_stic
* Size >40 mm * High grade to compression | | uncertainty
¢ Mural nodule i P No
: dysplasia of adjacent and branch symptoms
* Symptomatic o Solid mass organs duct IPMN yme
+ Mural nodule >5 mm suspicion
¢ MPD>10 mm
¢ Jaundice/symptoms
Relative indications: M

One or more
absolute indication

No indications

¢ Growth rate >5 mm
per annum

¢ MPD5-9 mm

¢ Size >40 mm

¢ Acute pancreatitis

* Increased CA19.9

Special Report

One absolute
indication or >1
relative indications

No absolute
indications or 1
relative indication

| 3

Surgery ‘ l Surveillance l

l No follow-up required l

Figure 1. Summary of the main guidelines for management and surveillance of pancreatic cystic neoplasms. Based on European
evidence-based guideline, International Guidelines of International Association of Pancreatology and American Gastroenterological

Association guidelines.

IPMN: Intraductal papillary mucinous neoplasm; MCN: Mucinous cystic neoplasm; MPD: Main pancreatic duct; SCA: Serous cystadenoma;

SPN: Solid pseudopapillary neoplasm.

The evidence for low-risk patients, who do not fall into the obvious categories with no absolute indications
for surgery, is sparse because few studies have retrospectively correlated low-risk features with a cancer diagnosis.
Currently, our assessment of cystic lesions relies on clinical presentation, biochemical abnormalities on blood
tests and radiological features looking for features of malignancy. Thus, the risk of malignancy from an IPMN is
high in a patient who presents with jaundice; has a CA 19-9 level exceeding 37 U/ml; and imaging shows a dilated
main pancreatic duct more than 10 mm or a cyst diameter >40 mm. Such a patient will definitely need surgery.
However, the risk is very low in an asymptomatic patient younger than 50 years, low level of comorbid disease, no
family history of the cystic disease, an unequivocal CA 19-9 level and dilated MPD of 5 mm or less. This patient
may not need surgery, but there is scarce evidence quantifying their long-term risk of cancer.

All of this generates several questions but, most pertinently, whether we are resecting the correct lesions; if we
are operating on too few or too many cystic lesions; if so, how we can better identify which cystic lesions need
intervention; and for patients not requiring surgery, what should be the follow-up plan? Currently, there is little
high-grade evidence on large cohorts to answer these questions [44]. Further work should aim to characterize both the
patients and cystic precursor lesions to stratify them on their risk of progressing to PDAC and what the long-term
management plan should be for low-risk patients. The incorporation of better diagnostic methods, including more
novel biochemical tests and genetic testing, will enable us to characterize the disease process at a molecular level
and aid in devising a risk stratification system for pancreatic cystic lesions.

IPMNs and MCNs account for a smaller fraction of the PDACs than PanINs, which are the most frequent
precursor lesions. There is no rigorous evidence accurately characterizing the features of precursor cystic lesions that
progress to PDAC. As such, the preoperative investigations and workup have to lie on the cautious side, leading
to a situation in which patients may unnecessarily undergo surgery. There is no reliable evidence that incorporates
the patient and the pathology to guide managing patients without clear-cut features of malignancy. The latest
technology is available to study cystic lesions and patients at a molecular level. Further work should be aimed at
larger scale prospective clinical studies to characterize cystic lesions and to incorporate molecular technologies in
the same regard.
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Future perspective

In the future, advancements in understanding of true risk factors of malignant progression of pancreatic cysts will
allow for more stratification of patients into low- and high-risk groups and more personalized surveillance and
management strategies. This will potentially lead to a decreased number of resections for these cysts in low-risk
individuals and increased numbers of patients under intense surveillance protocols. This, in turn, could result in
better overall health-related quality-of-life across the cohort of patients with pancreatic cystic neoplasms, in light of
the potential negative effects distal pancreatectomy or pancreaticoduodenectomy have on multiple aspects of life.
These advancements will most likely be associated with more widely available molecular and genetic techniques,
allowing for more accurate prognosis of malignant transformation based on mutation pattern and epigenetics,
moving away from relying only on radiological and histopathological features, which are currently used for risk
stratification.

Executive summary

Pancreatic cysts with neoplastic potential

e The commonest cysts with neoplastic potential are intraductal papillary mucinous neoplasm, mucinous cystic
neoplasm, serous cystadenoma, solid pseudopapillary neoplasm and pancreatic intraepithelial lesions.

e There is little evidence on which cysts progress to pancreatic ductal adenocarcinoma, resulting in potential
overresection of cystic lesions.

True risk factors for malignant transformation

e Cyst size and location on radiological imaging can be used to predict malignant transformation; however, the
accuracy of these parameters is low.

e Biochemical biomarkers such as CA 19-9 have low specificity and sensitivity in predicting malignant
transformation of pancreatic cysts.

Future directions

e Analysis of genetic mutations can allow for more accurate risk stratification and personalized management and
surveillances plan for patients with pancreatic cysts.

e More prospective surveillance studies are needed to elucidate the true incidence of ductal adenocarcinoma
arising from each of the pancreatic cyst types.
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