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Pancreatic ductal adenocarcinoma (PDAC) is a tumor with a dismal prognosis, and this disease is pre-

dicted to soon be the leading cause of cancer death in the United States.1 Unfortunately, little progress 

has been made in recent decades to improve the outcome for patients suffering from this disease.2 

The frequent detection of the tumor in a late and advanced stage is often cited as a reason for the bad 

prognosis, and earlier detection is considered a key goal for improving outcome Precursor lesions like 

pancreatic intraepithelial neoplasm (PanIN), intraductal papillary mucinous neoplasm (IPMN) and mu-

cinous cystic neoplasm (MCN) are thought to be the non-invasive precursors of PDAC.3 These lesions 

are abundant in the population, but only a few will give rise to a PDAC. Prophylactic treatment of the 

lesions can interrupt the further evolution to an invasive disease, but is also associated with proce-

dure-associated morbidity and mortality. Because of the impact on prognosis when a precursor lesion 

becomes invasive, we hypothesized that this ‘moment of invasion’ is a clinically important event in the 

evolution of pancreatic cancers. The objective of this thesis project was to characterize genomic and 

structural changes associated with the conversion from benign precursor to invasive cancer. Relevant 

biomarkers of invasion could give more insight in the mechanism of invasion and could be used to 

stratify the risk in patients with clinically detectable, cystic precursors, like IPMNs and MCNs.

Although many researchers have previously studied invasion, it is still not clear what exactly gives a 

cell its invasive behaviour. Pathologically, invasion is defined as a breach of the basement membrane 

and the growth of the neoplastic cells beyond this membrane. Normal cells can show migration and 

invasion during certain physiological processes, like wound healing. However, normal cells stop these 

programs and the displaced cells can form epithelial inclusion cysts, like in the skin or the ovary. Can-

cer cells have lost these breaks and continue their invasion and migration, like wounds that do not 

heal.4 In vitro invasion assays, like the transwell invasion assay or organoid models in collagen I matrix, 

do not recapitulate these basic principles, as normal cells in these assays show unopposed invasion 

that does not halt.5 The assays often quantitatively measure invasion in order to differentiate ‘normal’ 

invasive behaviour versus ‘pathologic’ invasive behaviour. But the assays do not address what causes 

normal cells to halt invasion when cancer cells do not. 

Therefore, to address this issue, we turned to other assays and techniques to study invasion in resec-

tion samples from patients with sporadic pancreatic cancer. We also study samples from patients with 

germline mutations in specific genes, which predispose these patients for pancreatic cancer. These 

cancer syndromes are very interesting to study the origin and the pathogenesis of cancer.

Next-generation DNA sequencing has made it possible to obtain a huge amount of data through mas-

sive parallel sequencing of millions of small reads (50-400 bases). This allows for the study of large 

regions cancer cell genomes, like the part of the genome that is eventually translated into proteins: 

the exonic regions of the genome or the exome. Whereas in the past, researchers would use one 

Sanger-sequencing experiment to study the sequence of a specific gene or gene-region, we can now 

investigate the sequence of all 20,000 genes of multiple patients and even of multiple samples from 

the same patient in one experiment.6 This allows for the characterization not only of the driver genes of 
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cancer, but also the passenger mutations. Although passenger mutations are defined as not having an 

impact on the fitness of the neoplastic cell in its environment, studying them can inform us about the 

clonal evolution of a neoplasm or the relatedness of multiple neoplasms.7 Using the principles of evolu-

tion, the clonal relationships of different samples can be inferred from the gradual accrual of driver-mu-

tations and passenger-mutations. In the past, information about directionality of evolution often came 

from histopathologic assessments of the differentiation-grade of a sample from a neoplasm, which was 

not always without subjectivity. Passenger mutations are more abundant than driver mutations and 

can inform us about evolution at a higher resolution. Used as a molecular clock, we can estimate the 

timing between the origin of different clones, which allows us to relatively order clones with the same 

driver-mutations, but with different amounts of passenger-mutations.

For pathologists, the diagnosis of cancer is daily practice, and a combination of architectural and cy-

tologic features serve as input for their trained eye to output a specific diagnosis. These features are 

extracted from tissue-slides: thin sections of the tissue of patients that can be transilluminated in order 

to get a two dimensional picture. Although 2D pictures have been proven to contain enough information 

for pathologists to make a diagnosis, we must acknowledge that we cannot appreciate all the features 

of what is inherently a space-occupying, three-dimensional disease.8 Radiologists use three-dimen-

sional scans in daily practice to study anatomy. The study of histopathology in three dimensions re-

mains challenging. Serial tissue sectioning has been used, but this is labor-intensive and is associated 

with artefacts.9,10 Modern tissue clearing techniques were developed to study the organization of neu-

rons and their axons in the central nervous system of animal models.11 The technique makes it possible 

to make the tissue translucent, which enables the excitation of fluorochromes on penetrated antibodies 

and the detection of the emitted light. We have optimized these techiques for use on human pancreatic 

samples, which have a dense extracellular matrix, which makes the penetration of antibodies more 

difficult. Our goal of studying cancer in three dimensions was to find out how cancers move through 

tissues and study their relationship with other structures like blood vessels and nerves. 

Outline

In this thesis, we have utilized the described methods to investigate the evolution of pancreatic cancers 

and their precursors. In the first part, we focus on the precursors of pancreatic ductal adenocarcinoma. 

In chapter 2, we provide a summary of the literature on the pathology of pancreatic precursor lesions, 

with a focus on the pitfalls of diagnosing these lesions. Chapter 3 describes our evolutionary analysis 

of IPMNs and MCNs with an associated PDAC through whole-exome sequencing of multiple locations 

in these neoplasms, in order to identify molecular alterations that are specific to invasion. Chapter 

4 evaluates the presence of driver-mutations in high-grade PanIN lesions without PDAC. In chapter 

5, we compare the relatedness of IPMNs and PDACs through targeted sequencing of driver genes. 

Chapter 6 describes the lesions found in the GI-tract of patients with McCune-Albright syndrome and 

the presence of an activating GNAS mutation in these lesions. McCune-Albright syndrome patients 

are at risk for multiple abnormalities, among which IPMNs in the pancreas. In the second part of the 

thesis, we use tissue-clearing techniques to investigate pancreatic ductal adenocarcinomas. Chapter 7 

1
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evaluates the different tissue clearing principles and technologies. Chapter 8 describes the application 

of this technique on human pancreatic cancers with an antibody against CK-19. Chapter 9 expanded 

the study by the use of multiple antibodies against different proteins, to highlight specific structures in 

the tissue. Our tissue clearing techniques led to the observation of pancreatic cancer cells in the lu-

mens of pancreatic veins. This observation is evaluated as an important factor in the dismal prognosis 

of pancreatic cancers in chapter 10. In the last part of this thesis, have studied molecular alterations in 

patients with pancreatic neuroendocrine tumor. In chapter 11, we compare the molecular features of 

small, pancreatic neuroendocrine tumors that metastasized to the liver and that did not metastasize. 

Chapter 12 is the molecular study of somatostatinomas, a pancreatic neuroendocrine tumor that is fre-

quently observed in patients with neurofibromatosis type 1 (NF1). In chapter 13, we describe a patient 

with FAMMM-syndrome (germline CDKN2A-mutations), who is at high risk to develop a pancreatic 

ductal adenocarcinoma, in which a small neuroendocrine tumor was found in the pancreas.
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ABSTRACT

To better understand pancreatic ductal adenocarcinoma (PDAC) and improve its prognosis, it is es-

sential to understand its origins. This article describes the pathology of the 3 well-established pan-

creatic cancer precursor lesions: pancreatic intraepithelial neoplasia, intraductal papillary mucinous 

neoplasm, and mucinous cystic neoplasm. Each of these precursor lesions has unique clinical findings, 

gross and microscopic features, and molecular aberrations. This article focuses on histopathologic 

diagnostic criteria and reporting guidelines. The genetics of these lesions are briefly discussed. Early 

detection and adequate treatment of pancreatic cancer precursor lesions has the potential to prevent 

pancreatic cancer and improve the prognosis of PDAC.
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OVERVIEW

Noninvasive precursor lesions in the pancreas have been recognized for more than a century.1 They 

have the ability to progress to pancreatic ductal adenocarcinoma (PDAC). However, it was not until 

1999 that an international consensus meeting formed the basis for the current classification and defi-

nition of these precursor lesions.2 Since then, multiple consensus meetings have been organized, 

updating the classification system with new insights.3,4 Three precursor lesions are recognized: pancre-

atic intraepithelial neoplasia (PanIN), intraductal papillary mucinous neoplasm (IPMN), and mucinous 

cystic neoplasm (MCN). All of these meet the criteria for precursor lesion, as defined by a consensus 

conference, sponsored by the National Cancer Institute.5 These precursors show a unique multistep 

morphologic and genetic progression to invasive carcinoma.

PANCREATIC INTRAEPITHELIAL NEOPLASIA

Clinical features

PanIN is the most common precursor lesion of PDAC. These lesions were first described a century ago 

by Hulst.1 Both men and women are equally affected and the incidence tends to increase with age.6–8 

PanINs can be found in 82% of pancreata with invasive carcinoma, in 60% of pancreata with chronic 

pancreatitis, and in 16% of normal pancreata.7 PanINs occur multifocally in patients with a family histo-

ry of pancreatic adenocarcinoma.9,10 Because of their small size (by definition <0.5 cm), these lesions 

cannot be seen on noninvasive abdominal imaging and they are not associated with clinical signs or 

symptoms. However, lobular atrophy and fibrosis can be clues for their presence. PanINs are typically 

found incidentally in resections or biopsy specimens.6,11,12

Pathologic features

PanINs are noninvasive, microscopic, epithelial neoplasms and by definition involve pancreatic ducts 

less than 0.5 cm in diameter.2–4 PanINs are characterized by cuboid to columnar cells with varying 

amounts of apical cytoplasmic mucin and varying degrees of cytologic and architectural atypia. PanINs 

almost always show gastric foveolar differentiation.4

 

Hruban and colleagues2 described the generally accepted PanIN scheme to classify these lesions in 

2001. Three grades are discriminated in this scheme, based on the degree of epithelial atypia: PanIN-1, 

PanIN-2, and PanIN-3. PanIN-1 lesions are characterized by minimal nuclear atypia, inconspicuous 

nucleoli, and absent mitotic figures and can be further subdivided into flat (PanIN-1A) and micropapil-

lary (PanIN-1B) types. Moderate nuclear atypia, pseudostratification, loss of polarity, hyperchromasia, 

and rare mitotic figures are features of PanIN-2. PanIN-3 lesions have marked atypia; contain (atypical) 

mitotic figures; show loss of polarity; and have a papillary, micropapillary, or occasional flat architecture 

(Figure 1). Cribriform structures, necrosis, and tufting of epithelial cells in the lumen may be present. 

PanIN-3 is almost exclusively found in association with invasive PDAC.6,7 This feature is so striking 

that, in pancreata without a PDAC, a PanIN-3 lesion may serve as a surrogate marker for invasion 

2
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elsewhere.7,13 Another pitfall is the extension of an infiltrating carcinoma in pancreatic ducts (ie, ductal 

cancerization) mimicking a PanIN-3 lesion. The close proximity of an invasive carcinoma to a ductal 

lesion, the abrupt transition from highly atypical epithelium to normal ductal epithelium, luminal ob-

struction, and ductal destruction are clues to consider ductal cancerization.2,3,14

The clinical significance of PanIN-1 and PanIN-2 has been questioned by studies, because these 

lesions show little progression to PDAC.7,15 Grading the lesions also showed poor interobserver agree-

ment.16 For these reasons, the latest consensus meeting advised the use of a 2-tiered grading system 

with low-grade PanIN (formerly PanIN-1A, PanIN-1B, and PanIN-2) and high-grade PanIN (formerly 

PanIN-3). Moreover, the presence of PanIN lesions of any grade at the surgical margin of pancreata re-

sected for invasive PDAC does not influence patient prognosis and additional surgery is not required.17

 

PanINs show an increased expression of MUC 1 (Mucin 1) and MUC5AC (Mucin 5AC) in higher grades 

of dysplasia.18–21 The opposite is seen for MUC6 (Mucin 6), showing reduced expression in higher 

grades of dysplasia.19,22

 

Molecular features

The early lesions with minimal cytologic atypia were not originally regarded as neoplastic, but instead 

were designated as hyperplasia or metaplasia.23 After finding KRAS mutations, these lesions were 

considered neoplastic and the term pancreatic intraepithelial neoplasia was proposed.2,13,24–27 It has 

been established that progression from low-grade PanIN to high-grade PanIN requires accumulation 

of genetic alterations, starting with an activating KRAS mutations and telomere shortening, followed by 

CDKN2A mutations and later P53 and SMAD4 mutations (Figure 1).21,28–31

 

Figure 1. The progression of PanIN is associated with an increase in cellular atypia and accumulation of genetic 
mutations. PanIN-1 shows minimal nuclear atypia. PanIN-1A has a flat growth pattern, whereas PanIN-1B shows for-
mation of micropapillae. PanIN-2 shows loss of cellular polarity. PanIN-1 and PanIN-2 are both grouped as low-grade 
PanIN. PanIN-3 or high-grade PanIN has the most severe nuclear and architectural atypia. The PanIN-3 lesion shown 
here is the variant with a flat architecture.
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INTRADUCTAL PAPILLARY MUCINOUS NEOPLASM

Clinical features

The first description of intraductal mucinous neoplasms of the pancreas probably dates back to 

1936.32,33 Until 1994, these tumors were described under various names, each emphasizing a different 

morphologic feature of the tumor. In 1994, all these entities were grouped together under the term 

IPMN, as proposed by Morohoshi and colleagues.34,35

 

Initially, IPMN was considered a disease of older men, often with a history of cigarette smoking. Howev-

er, a meta-analysis showed that there are geographic differences in the gender of patients with IPMN. 

The male/female ratios of main-duct type and branch-duct type IPMNs in Asia are 3 and 1.8, respec-

tively. However, in the United States, these ratios are 1.1 and 0.76, and in Europe 1.5 and 0.66, respec-

tively.36 The mean age of patients at time of diagnosis is 60 to 66 years, irrespective of geographic lo-

cation.37–41 There is a lag time of 3 to 6 years before patients with noninvasive IPMN develop PDAC.37–41

IPMNs are seen most frequently in patients with a family history of pancreatic cancer, Peutz-Jeghers 

syndrome, familial adenomatous polyposis, Lynch syndrome, Carney complex, and McCune-Albright 

syndrome.10,42–48 Because IPMNs are detectable with medical imaging techniques, these lesions can 

serve as a target for a screening test for the early detection of pancreatic neoplasia.10

 

IPMNs are mucin-producing, epithelial neo-

plasms with an intraductal proliferation of 

dysplastic cells that usually form papillae. 

This process leads to cystic dilatation of the 

pancreatic ducts. Although most people di-

agnosed with IPMN are asymptomatic, some 

patients experience nonspecific symptoms, 

including vague abdominal pain, weight loss, 

nausea, jaundice, (recent-onset) diabetes, or 

steatorrhea.49 Mild acute pancreatitis is more 

often seen if the IPMN involves the main duct. 

IPMN involving only small pancreatic ducts is 

most likely to be asymptomatic.37,40,50–52 On en-

doscopy, a classic patulous papilla extruding 

mucus can be seen in 25% of patients with 

IPMN. It is also called a fish eye or fish mouth and is virtually diagnostic for the presence of an IPMN 

(Figure 2).53,54

IPMNs were thought to be rare pancreatic tumors, but the current widespread use of high-quality, 

cross-sectional abdominal imaging techniques has shown that pancreatic cysts and IPMNs are com-

mon. However, epidemiologic studies show great variety in the prevalence of pancreatic cysts because 

Figure 2. A classic patulous papilla extruding mucus also ex-
truding mucus, also called fish eye or fish mouth, as seen on 
endoscopy in a patient with an IPMN.

2
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of the use of different imaging techniques and different study populations.55–64 If only cysts larger than 

0.5 cm in patients imaged for other indications than pancreatic disorder and without a history of pan-

creatic disorder are considered, the prevalence is 10% to 21%.56,57 A different study in a younger and 

partially healthy population scanned at a center for preventive medicine showed a much lower preva-

lence of 2.4%.65 However, not all pancreatic cysts are IPMNs. About a third of resected asymptomatic 

pancreatic cysts seem to be IPMN.52,66

 

IPMNs are most frequently located in the proximal pancreas (the pancreatic head and the processus 

uncinatus). Based on the pancreatic ducts they involve on radiological and pathologic examination, 

IPMNs are classified as main-duct type IPMNs, branch-duct type IPMNs, or mixed type IPMNs, if the 

main duct and the branch ducts are both involved.67 However, there is considerable discrepancy be-

tween the radiological and the histopathologic assessment of the involved ducts. Studies have shown 

that the main duct often shows some degree of involvement, even in IPMNs that were classic branch-

duct type IPMNs by radiological imaging.68 Fritz and colleagues69 showed that 29% of the IPMNs that 

were considered as branch-duct type on preoperative imaging showed involvement of the main duct 

histologically. These branch-duct type IPMNs with minimal involvement of the main duct were very 

similar to pure branch-duct type IPMNs with regard to clinicopathologic features as well as clinical 

outcome.68

 

A compilation of 3568 resected IPMNs from 20 studies showed that invasive carcinoma was present 

in 43.6% of main-duct type IPMNs, in 45.3% of mixed type IPMNs, and in 16.6% of branch-duct type 

IPMNs.70 The limited percentage of cancer in the resected pancreata shows the clinical problem of 

overtreatment of IPMNs and, in particular, of the branch-duct type IPMNs. Several guidelines have 

been proposed for clinical management of IPMNs but the quality of evidence supporting most recom-

mendations is low (Table 1).70–75

Pathologic features

IPMNs have been defined in consensus meetings as “grossly visible, predominantly papillary or rarely 

flat, noninvasive mucin-producing epithelial neoplasm arising in the main pancreatic duct or branch 

ducts.”3 By definition, IPMNs are at least 1.0 cm in diameter.2–4

As for PanIN, a consensus meeting recently recommended to grade the IPMNs with a 2-tiered grad-

ing system. The former IPMN with low-grade dysplasia and IPMN with intermediate-grade dysplasia 

become IPMN, low grade. The former IPMN with high-grade dysplasia becomes IPMN, high grade.4 
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IPMNs can be subtyped by their direction of differentiation as gastric, intestinal, pancreatobiliary, or 

oncocytic.76

• Gastric-type IPMN is characterized by cells that resemble the foveolar epithelium of the stomach 

with a single layer of cells with basally oriented nuclei and abundant mucinous cytoplasm. This ep-

ithelium can show a flat, papillary, or tubular/ductal growth pattern (Figure 3). This subtype is rarely 

associated with high-grade dysplasia compared with other subtypes.77 However, when high-grade 

dysplasia is present, the architecture becomes complex and the cuboidal cells with enlarged nuclei 

become mucin depleted, features that are very similar to pancreatobiliary-type IPMN.78 Some inves-

tigators consider these features as different grades of dysplasia, whereas others consider them as 

different subtypes of IPMN.79,80 Gastric-type IPMNs typically involve the branch ducts.81

Sendai Guidelines, 200671 Updated Sendai Guidelines, 
201270

American Gastroenterological 
Association Guidelines, 201572

Guideline for all cysts originat-
ing from the pancreatic duct 
system, suspected to be IPMN

Criteria:
• Pancreatic fluid cytology with 

high-grade dysplasia or car-
cinoma

• Presence of a mural nodule
• Symptoms
• Main pancreatic duct diame-

ter >0.6 cm
• Branch duct diameter >3.0 

cm

Guideline for all cysts originat-
ing from the pancreatic duct 
system, suspected to be IPMN

High-risk stigmata:
• Obstructive jaundice in a pa-

tient with a cystic lesion of 
the head of the pancreas

• Enhancing solid component 
within cyst

• Main pancreatic duct size 
≥1.0 cm

Worrisome features:
• Pancreatitis
• Main pancreatic duct size 

0.5–0.9 cm
• Cyst size ≥3.0 cm
• Thickened enhanced cyst 

walls
• Nonenhanced mural nodules
• Abrupt change in the main 

pancreatic duct caliber with 
distal pancreatic atrophy

• Lymphadenopathy

Guideline for asymptomatic 
cysts from branch ducts, sus-
pected to be IPMN:

High-risk features:
• Cyst size ≥3.0 cm
• Dilated main pancreatic duct
• Presence of a solid compo-

nent

If at least 1 criterion is present, 
consider resection

• If at least 1 high-risk stigma 
is present: consider resection

• If no high-risk stigmata are 
present, but at least 1 worri-
some feature is present, con-
sider EUS with FNA 

In patients with positive cytol-
ogy or concerning features on 
EUS (definite mural nodule, 
main duct features suspicious 
for involvement), consider re-
section

If at least 2 high-risk features 
are present: consider EUS with 
FNA
 
In patients with positive cytol-
ogy or concerning features on 
EUS (definite mural nodule, 
main duct features suspicious 
for involvement), consider re-
section

Abbreviations: EUS, endoscopic ultrasonography; FNA, fine-needle aspiration.

Table 1. A brief overview of the most important current guidelines for the management of IPMNs

2
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• The pancreatobiliary-type IPMN is lined by cells with nuclei with marked variation in size and shape; 

these nuclei have irregular contours and prominent nucleoli and are most likely to progress to an 

invasive tubular carcinoma (Figure 4).81

Figure 3. Gastric-type IPMN. (A) Gastric-type IPMN with a flat architecture and a single layer of gastric foveolar-type 
epithelium. (B) Gastric-type IPMN with a villous architecture. (C) Gastric-type IPMN with basal tubular/ductal growth. 
When tubular growth is extensive, these lesions have previously been designated as intraductal tubular adenoma, 
pyloric gland type, pyloric gland adenoma, or intraductal tubular adenoma (see Figure 8). (D) IPMN with low-grade 
and high-grade dysplasia. Some investigators consider this as different subtypes of IPMN (ie, gastric-type IPMN and 
pancreatobiliary-type IPMN, respectively) whereas others consider this as different grades of dysplasia of gastric-type 
IPMN.

Figure 4. Pancreatobiliary-type IPMN lined by cells with 
marked atypia and prominent nucleoli.

Figure 5. Intestinal-type IPMN with high-grade dysplasia 
composed of papillae lined by cells with elongated nuclei 
and some degree of pseudostratification reminiscent of a 
colonic villous adenoma. Note the scattered goblet cells.
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• The intestinal-type IPMN is morphologically similar to a colonic villous adenoma. The nuclei of the 

cells are hyperchromatic, elongated, show some degree of pseudostratification, and contain variable 

amounts of intracellular mucin. The papillae are typically long and occasionally branching. This sub-

type most frequently involves the main duct (Figure 5).81

• Oncocytic-type IPMN is a rare entity, char-

acterized by cells with abundant eosinophilic 

cytoplasm, caused by the accumulation of mi-

tochondria. The nuclei of these oncocytic cells 

contain a single, prominent, eccentric nucleo-

lus. The growth pattern of these oncocytic-type 

IPMNs is distinctive, consisting of arborizing 

papillae, lined by 1 to 5 layers of cuboidal cells. 

A specific feature is the punched-out spaces in 

the epithelium (Figure 6).

The 2010 World Health Organization classification of tumors of the digestive system provided an im-

munohistochemical aid for subtyping these IPMNs based on mucin stains. However, several studies 

have shown that some IPMNs are unclassifiable because of their uncharacteristic morphology and 

immunophenotype.82–86 Mixed epithelial differentiation makes subtyping impossible in 25% of cases. 

For these reasons and because of the moderate interobserver agreement for morphologic subtyping of 

pancreatic IPMNs, subtyping of IPMNs has a poor reproducibility.87 Studies have reported differences 

in prognosis between the various subtypes of IPMNs, despite the poor reproducibility, which suggests 

that associations between histologic type and prognosis may be even stronger than reported.77,81,83,87–90 

A recent meta-analysis reviewed 14 studies and showed that the pancreatobiliary-type IPMN is as-

sociated with the most aggressive behavior and gastric-type IPMN has the lowest risk of invasive 

carcinoma.81

Molecular features

Whole-exome sequencing of IPMNs revealed an average of 26 mutated genes per IPMN.91 KRAS and 

GNAS are the most frequently mutated genes in 50% to 80% and 40% to 60% of IPMNs, respective-

ly.91,92 Moreover, RNF43, an E3 ubiquitin–protein ligase acting as a negative regulator of the Wnt-sig-

naling pathway, is also frequently mutated in IPMN.91 In addition, P53 and SMAD4 mutations can be 

found in high-grade dysplasia.

Evidence is accumulating for the existence of 2 distinct molecular progression pathways in IPMN20,93:

• Pancreatobiliary-type IPMN is highly associated with tubular carcinoma, which has a mutation profile 

resembling conventional pancreatic adenocarcinoma including KRAS mutations.93–95 GNAS muta-

tions are less common in this presumed pathway.

• Intestinal-type IPMNs and associated colloid carcinomas typically harbor GNAS mutations, which is 

another similarity between intestinal-type IPMN and colonic villous adenomas.96

Figure 6. Oncocytic-type IPMN, composed of cells with 
abundant eosinophilic cytoplasm, reflecting the accumula-
tion of mitochondria.
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These different pathways are also reflected in a different immunophenotype with colloid carcinomas be-

ing MUC1 negative (0%) and MUC2 positive (100%), whereas tubular carcinomas are typically MUC1 

positive (63%) and MUC2 negative (1%).20 Colloid carcinomas have a less aggressive behavior and 

a better prognosis than tubular carcinomas.83,84 In gastric-type IPMNs, KRAS and GNAS mutations 

are identified equally. This finding suggests that gastric-type IPMNs are a heterogenic group of early 

lesions with a similar morphologic appearance, but, on a molecular level, are already committed to one 

of the 2 progression pathways.93

DIFFERENTIAL DIAGNOSIS: PANCREATIC INTRAEPITHELIAL NEOPLASIA VERSUS INTRA-

DUCTAL PAPILLARY MUCINOUS NEOPLASM

 

By definition, PanINs are smaller than 0.5 cm and IPMNs are at least 1.0 cm, which means that there 

is an indeterminate range between PanIN and IPMN for intraductal neoplastic precursor lesions with 

a diameter of greater than or equal to 0.5 cm and less than 1.0 cm. These lesions can be either large 

PanINs or small IPMNs. Differentiation of the epithelium toward intestinal-type, pancreatobiliary-type, 

or oncocytic-type epithelium or a mutation specific for IPMN (such as GNAS mutation) are clues for 

an IPMN.4,76 If these clues are present, these lesions can be called incipient IPMN. However, small, 

gastric-type lesions, without features of an IPMN, should be documented descriptively.4

 

Initially, PanINs were defined as lesions arising from the ductules or small ducts, whereas IPMNs 

involve the main pancreatic duct or its major branches.2,97,98 However, several case reports suggested 

that some PanINs arise from larger ducts, including the main duct.11,97,99 Some of these PanINs may 

cause obstruction and retrograde dilatation of the duct, causing it to expand beyond the 1.0 cm cutoff. 

To address these large and main duct PanINs, the 2004 consensus guidelines defined diagnostic cri-

teria, apart from the size criteria, to distinguish PanINs from IPMNs3:

• Papillae in PanIN are not as tall and complex as those in IPMN

• Abundant luminal mucin production is a feature of IPMN

• MUC2 expression is a specific, but insensitive, marker of an IPMN and is generally not present in 

PanIN

 

INTRADUCTAL TUBULOPAPILLARY NEOPLASM

 

Clinical features

Intraductal tubulopapillary neoplasms (ITPNs) are rare intraductal neoplasms of the pancreas. They 

occur equally in men and women. Symptoms are nonspecific and include abdominal pain, diabetes, 

vomiting, and weight loss. About 50% of these neoplasms involve the head of the pancreas, 30% 

diffusely involve the pancreas,100 15% are localized in the tail of the pancreas,101 and 40% of cases 

harbor an associated invasive carcinoma. With a 5-year survival of more than 30%, prognosis of an 

ITPN-associated invasive tumor is significantly better than the prognosis of conventional PDAC. Re-

currence or metastasis to lymph nodes or to the liver is seen in about a third of cases. Even these 
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patients sometimes experience a protracted clinical course over more than 2 years, which is unusual 

for conventional PDAC.100

Pathologic features

ITPN is characterized by densely packed tubules 

that frequently lie back to back, forming large 

sheets. Tubulopapillary growth is sometimes seen. 

The cells are cuboidal with modest amounts of 

eosinophilic cytoplasm and do not contain appar-

ent mucin. There is moderate nuclear atypia and 

increased mitotic activity (Figure 7). Extracellular 

mucin production is not prominent and cyst for-

mation is less evident than in IPMN. Comedolike 

necrosis is sometimes present.102

In contrast with IPMN, immunohistochemistry for MUC5AC is typically negative in ITPNs.28,102 MUC1 

and MUC6 are positive in 100% and 60% of cases, respectively.102 Because of similar morphology and 

shared positivity for MUC6 with gastric and duodenal pyloric gland adenomas, ITPNs have previously 

been described as intraductal, tubular adenomas, pyloric gland type.103,104

Pitfalls in diagnostic pathology of ITPN:

• ITPN should be differentiated from gastric-type IPMN with extensive tubular growth (Figure 8). In 

the past, intraductal lesions with extensive tubular growth were distinguished from IPMN and desig-

nated as intraductal tubular adenoma, pyloric gland type or pyloric gland adenoma.103–111 Later, 

this entity was renamed intraductal tubular adenoma (ITA) and intraductal tubular carcinoma (ITC), 

depending on the degree of dysplasia. Further studies showed that ITAs were more related to gas-

tric-type IPMNs and ITCs were a different entity, with a different immunoprofile and different molec-

ular changes, now known as ITPN.112

• Occasionally, acinar cell carcinomas have a component of intraductal polypoid growth.113 When this 

intraductal growth becomes predominant, acinar cell carcinoma can mimic other intraductal neo-

plasms, such as ITPNs (Figure 9). The architecture of both tumors can be very similar with sheets 

of back-to-back acinar structures. The presence of PAS+, diastase-resistant, apical, eosinophilic 

zymogen granules; intraluminal concretions; and prominent, central nucleoli are helpful features to 

distinguish acinar cell carcinomas from ITPNs (Figure 9).114 Moreover, on immunohistochemistry, 

acinar cell carcinomas are positive for trypsin, chymotrypsin, and BCL10, and negative for CK19. 

ITPNs are negative for trypsin, chymotrypsin, and BCL10, but positive for CK19.115

Figure 7. Intraductal tubulopapillary neoplasm with fea-
tures of both tubular and papillary growth.
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Molecular features

ITPNs also differ from IPMNs on a molecular level. KRAS and GNAS mutations, frequently found in 

IPMNs, are found in only 7% and 0% of ITPNs, respectively.116–119 However, PIK3CA mutations are 

frequently seen in ITPNs (21%–27%).116,120 As a component of the mammalian target of rapamycin 

(mTOR) pathway, PIK3CA is a potentially targetable mutation, because multiple drugs (like temsirolim-

us and everolimus) targeting the mTOR pathway have been tested and approved for clinical use.121,122

MUCINOUS CYSTIC NEOPLASMS

Clinical features

MCNs are almost exclusively seen in perimenopausal women. Only a few rare examples are docu-

mented in men.123 This finding is in accordance with their counterparts in the hepatobiliary tree, mes-

entery, and retroperitoneum, and with the mixed epithelial and stromal tumor of the kidney, which are 

also more prevalent in women.124–127 It has been hypothesized that pancreatic MCN develops from 

endodermal immature stroma, stimulated by female hormones.128,129 MCNs are mainly located in the 

pancreatic body and tail and do not communicate with the pancreatic duct system.130,131 The mean 

age of presentation of patients with a noninvasive MCN is 44 years. The mean age of presentation of 

patients with an MCN with associated adenocarcinoma is 55 years.131

 

Patients frequently present with nonspecific symptoms such as mild abdominal pain but some present 

with pancreatitis.131

 

Like IPMNs, MCNs frequently have high levels of carcinoembryonic antigen and mucinous epithelial 

cells in the cyst fluid.132,133 An adenocarcinoma associated with MCN is found in 3% to 36% of resected 

MCNs. Overall, the mean percentage of adenocarcinoma found in 1096 resected MCNs from 9 studies 

was 16%,128,130,131,134–139 which is less than is seen in main-duct type and mixed type IPMNs. Guidelines 

recommend resection of each MCN, irrespective of size.70,71

Figure 8. An intraductal, low-grade neoplasm, formerly 
known as an intraductal tubular adenoma (ITA), now bet-
ter classified as a gastric-type IPMN with an extensive 
tubular/ductal growth pattern.

Figure 9. Intraductal growth of an acinar cell carcinoma 
showing acinar structures composed of cells with single, 
large, central nucleoli.
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Pathologic features

MCNs are lined by columnar cells with abundant 

apical mucin. Dysplastic change of the epithelial 

lining is graded in a 2-tiered system, as recom-

mended by the latest consensus meeting. The for-

mer MCN with low-grade dysplasia and MCN with 

intermediate-grade dysplasia are now both classi-

fied as MCN, low grade.4 Two distinct features that 

distinguish this tumor from an IPMN are the pres-

ence of characteristic ovarian-type stroma and 

lack of communication with the pancreatic duct 

system70,101 (Figure 10). When an MCN evolves into 

an invasive carcinoma, this is typically a tubular 

adenocarcinoma. MCNs rarely evolve into a colloid carcinoma, although an early study showed fo-

cal staining for CDX2 indicating intestinal differentiation in 51% of MCNs.137,140 MCNs with malignant, 

sarcomatous stroma have been reported but are more likely spindle cell carcinomas rather than true 

mesenchymal neoplasms.141–144

Ovarian-type stroma may be only focally present or not obvious because of fibrosis or hypocellulari-

ty.128,136 Sometimes, nests of epithelioid cells are seen in the stroma, suggesting luteinization. Rarely, 

a corpus luteum can be seen in the stroma. The cells of the ovarian-type stroma frequently express 

progesterone and estrogen receptor, inhibin, caldesmon, alfa-SMA, and desmin.124,135

Molecular features

Whole-exome sequencing of the MCNs showed on average 16.0 ± 7.6 nonsynonymous somatic mu-

tations and few loss of heterozygosity events compared with IPMNs,91 which could explain the lower 

frequency of progression to an invasive carcinoma in MCNs, because there is a correlation between 

aneuploidy and a poor prognosis.145 Only 1 region on chromosome 17q, containing the gene RNF43, 

was lost in more than 1 tumor. In 3 MCNs, intragenic mutations were found in the RNF43 gene. Fur-

ther analysis showed mutations in the 4 main pancreatic cancer genes KRAS, CDKN2A, P53, and 

SMAD4.91

 

SUMMARY

In the last 2 decades, a morphologic classification of precursor lesions to invasive adenocarcinoma 

of the pancreas has been established. Three precursor lesions are distinguished: PanIN, IPMN, and 

MCN. Each of these lesions has its own clinicopathologic manifestations. PanIN is the most prevalent 

precursor lesion, but is microscopic and not reliably detectable on imaging. IPMN is a macroscopic, 

cystic lesion, detectable on imaging and may therefore serve as a target for screening and prevention 

of pancreatic cancer. In addition, MCN is almost always found in the pancreatic body and tail of peri-

Figure 10. MCN with mucinous epithelium with low-grade 
dysplasia and characteristic ovarian-type stroma.
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menopausal women. When detected in an early stage without associated adenocarcinoma, resection 

of IPMN and MCN is curative. However, because of the lack of biomarkers for high-risk lesions, selec-

tion of patients who benefit from resection is difficult. Further high-quality clinical and molecular studies 

are essential to improve clinical decision making in the management of these precursor lesions.73–75
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ABSTRACT

Intraductal papillary mucinous neoplasms (IPMNs) and mucinous cystic neoplasms (MCNs) are non-in-

vasive neoplasms that are often observed in association with invasive pancreatic cancers, but their 

origins and evolutionary relationships are poorly understood. In this study, we analyzed 148 samples 

from IPMNs, MCNs, and small associated invasive carcinomas from 18 patients using whole exome 

or targeted sequencing. Novel alterations not previously appreciated in these lesions were identified in 

ATM, GLI3, and SF3B1, among others. Using evolutionary analyses, we established that both IPMNs 

and MCNs are direct precursors to pancreatic cancer. While mutations in most driver genes were 

shared between matched non-invasive and cancer samples, we identified mutations in SMAD4 and 

TGFBR2 that were restricted to invasive carcinoma and RNF43 alterations that were largely in non-in-

vasive lesions. Genomic analyses revealed genetic heterogeneity in non-invasive lesions even among 

driver genes and suggested an average window of over three years between the development of high-

grade dysplasia and pancreatic cancer. Taken together, these data establish non-invasive IPMNs and 

MCNs as origins of invasive pancreatic cancer, identifying potential drivers of invasion, highlighting 

the complex clonal dynamics prior to malignant transformation, and providing opportunities for early 

detection and intervention.
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INTRODUCTION

Pancreatic cancer is a deadly disease with a dismal prognosis that is predicted to soon be the second 

leading cause of cancer death in the United States.1 However, like other epithelial malignancies, pan-

creatic cancer arises from non-invasive precancerous lesions that are curable if detected and treated 

early enough. Although the majority of pancreatic cancers are believed to originate in microscopic pre-

cancerous lesions (pancreatic intraepithelial neoplasia or PanIN), a significant minority arise in associ-

ation with larger cystic neoplasms that can be detected using currently available imaging technologies.2 

These neoplasms, which include intraductal papillary mucinous neoplasms (IPMNs) and mucinous 

cystic neoplasms (MCNs), are frequently diagnosed incidentally on abdominal imaging, identifying a 

cohort of at-risk patients with an important opportunity for prevention of invasive pancreatic cancer.2 

However, prevention must be balanced with potential overtreatment of low-risk lesions, as pancreatic 

resection carries significant morbidity and even occasional mortality.3 There is a critical need to under-

stand the molecular alterations that are associated with the development of invasive cancer, as these 

represent potential biomarkers to identify cysts at high risk for progression to carcinoma and thus 

requiring clinical intervention.

Although genomic analyses have been performed on hundreds of invasive pancreatic cancers, rela-

tively few non-invasive neoplasms have been analyzed comprehensively. Whole exome and targeted 

sequencing of small cohorts of IPMNs and MCNs have revealed driver genes characteristic of each 

type of cystic neoplasm,4–6 while targeted analyses in larger cohorts have confirmed the prevalence 

of specific driver gene mutations that correlate with grade of dysplasia or histological subtype.7 These 

studies have confirmed that hotspot mutations in the oncogenes KRAS and GNAS occur in low-grade 

lesions while mutations in other driver genes, including CDKN2A, TP53, RNF43, and SMAD4, occur 

with increasing prevalence in lesions with high-grade dysplasia or associated invasive carcinoma.8 

Targeted next generation sequencing has been used to analyze pancreatic driver genes in different re-

gions of IPMNs, revealing a surprising degree of intratumoral genetic heterogeneity, even with respect 

to well-characterized driver gene mutations.9–11 However, the above analyses were based on studies of 

either single regions from each neoplasm or a limited number of genes from multiple regions, and did 

not provide an analysis of the evolutionary relationship between different regions of pancreatic cysts 

and associated cancers. These limitations highlight the need for comprehensive genomic analysis of 

these cysts and associated invasive cancers to understand the molecular alterations that underlie the 

transition to invasive carcinoma.

In this study we performed whole exome sequencing of IPMNs and MCNs and their associated inva-

sive carcinomas. Importantly, we focused our study on small invasive carcinomas (less than 2.5 cm) 

in order to more precisely analyze the genetic alterations that occur at malignant transformation in 

pancreatic tumorigenesis. In addition, in a subset of our samples, we performed deep targeted next 

generation sequencing on a larger set of additional tissue samples in order to assess mutated loci 

through entire neoplasms, including areas of low-grade dysplasia, high-grade dysplasia, and invasive 

3
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carcinoma. These analyses revealed important features of pancreatic tumorigenesis, including evolu-

tionary relationships between different regions within cystic neoplasms as well as molecular alterations 

that may drive the transition from a non-invasive precursor lesion to invasive cancer.

RESULTS

Overall approach

In order to dissect the molecular relationships between non-invasive dysplastic lesions and invasive 

pancreatic cancers, we performed whole exome sequencing of 39 neoplastic tissue samples from 

18 patients with small invasive carcinomas (<2.5cm) associated with neoplastic pancreatic cysts, in-

cluding 16 patients with IPMNs and 2 patients with MCNs (Supplementary Table 1). Whole exome se-

quencing was performed on one sample from the non-invasive component with high-grade dysplasia 

and one sample from the invasive cancer in each case, and for three cases an additional non-invasive 

sample with low-grade dysplasia was also analyzed by whole exome sequencing. Matched normal 

samples were analyzed by whole exome sequencing in each case to exclude germline variants and to 

identify somatic mutations. Whole exome sequencing was performed with an average total coverage 

of 177x (distinct coverage of 145x), generating 1.3TB of sequencing data (Supplementary Table 2).

In addition to whole exome analyses, we performed targeted next generation sequencing of 109 micro-

dissected tissue samples from 7 of the above cases (6 IPMNs and 1 MCN). For these targeted analy-

ses, we performed laser capture microdissection to isolate neoplastic cells from every available tissue 

block of the non-invasive cyst and cancer specimens. Separate samples were microdissected based 

on grade of dysplasia, cell morphology, architecture, and spatial location. This resulted in 8 to 22 addi-

tional samples per case. The targeted panel analyses included all mutated loci identified in the whole 

exome sequencing of these seven cases, as well as the entire coding regions of 15 well-characterized 

pancreatic driver genes (Supplementary Table 3). The targeted sequencing had an average coverage 

of 508x (distinct coverage of 460x) (Supplementary Table 2).

We developed an integrated mutation calling pipeline to rigorously assess mutations in all sample 

types in our analyses in order to confidently identify even subclonal alterations in samples with low 

neoplastic purity (see Methods) (Figure 1). In addition, we utilized both on target and off target reads to 

examine focal copy number changes as well as loss of heterozygosity throughout the genome (Figure 

2). From our whole exome sequencing analyses, we identified an average of 66 somatic mutations 

in samples from non-invasive components (range 26-111) and an average of 65 somatic mutations 

in invasive carcinoma samples (range 31-105) (Figure 1a, Supplementary Table 4). An average of 47 

somatic mutations were shared between the non-invasive and invasive components, while 19 somatic 

mutations were unique to samples from non-invasive components and 20 somatic mutations were 

unique to samples from invasive cancer (Figure 1a).
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Analysis of our combined whole exome and targeted sequencing data provided multiple insights into 

IPMN and MCN tumorigenesis. In every analyzed case, there were multiple shared mutations between 

the non-invasive and invasive components. These included both driver and passenger mutations, indi-

cating that they shared a common phylogenetic ancestor (Figure 1a-1b). In addition, accumulation of 

unique mutations in both non-invasive and invasive components demonstrated independent evolution 

after the divergence of the subclone that gave rise to the invasive cancer (Figure 3, Supplementary 

Figures 1-18). Analysis of additional adjacent low-grade or high-grade samples from the same lesions 

revealed a subset of shared mutations, suggesting that these dysplastic lesions preceded the develop-

ment of the invasive carcinoma (Figure 3, Supplementary Figures 1, 2, 3, 5 & 16). Evolutionary anal-

yses showed a branched phylogeny in each case, with multiple clonally related but distinct dysplastic 

samples from each neoplasm (Figure 4). Overall, these data provide evolutionary evidence that IPMNs 

and MCNs were precursors to invasive pancreatic cancer, with low-grade regions usually preceding 

high-grade regions and ultimately resulting in invasive carcinoma.

Driver genes of IPMN/MCN tumorigenesis

Through whole exome and targeted sequencing analyses of 18 IPMNs/MCNs and associated invasive 

carcinomas, we confirmed the high prevalence of mutations in previously identified pancreatic driver 

genes, including mutations of KRAS (89% of cases), GNAS (28%), CDKN2A (44%), TP53 (67%), 

SMAD4 (50%), and TGFBR2 (17%) (Figure 1b). Somatic mutations were also identified in RNF43 

(56%), which has been previously highlighted for its role as a driver in mucin-producing pancreatic 

cysts.4 Somatic mutations were observed at low prevalence in key positions in the PI3K (PIK3CA, 

TSC2) and WNT (APC, CTNNA2, CTNNB1) signaling pathways as well as in STK11 (Figure 1b, Sup-

plementary Table 4). Alteration of these genes and pathways has been previously reported in a fraction 

of IPMNs.4,7,12,13 The two MCNs analyzed were similar to the IPMNs in the cohort, with hotspot muta-

tions in KRAS, homozygous deletion of CDKN2A, and inactivating mutations in RNF43, among others, 

but as expected these MCNs did not have GNAS alterations (Supplementary Figures 3 & 7).6

In addition to driver genes previously reported in IPMNs, our data provide an opportunity to discover 

novel drivers of IPMN tumorigenesis. We identified somatic mutations in the DNA damage response 

gene ATM in 17% of lesions, including one nonsense mutation (Figure 1b, Supplementary Table 4). In 

addition we identified alterations in Hedgehog pathway member GLI3 in 5 of 18 cases (28%) (Figure 

1b, Supplementary Table 4). We also identified somatic mutations in a previously described hotspot in 

SF3B1, which encodes a protein critical for RNA splicing (Figure 1b, Supplementary Table 4). Amplifi-

cations of the well-characterized driver genes ERBB2 and MYC were each observed in a single case 

and have not been previously reported in IPMNs (Supplementary Table 5). Other altered genes with 

a previously unknown role in IPMN tumorigenesis include MUC16 (4 cases), PTPRT (4 cases), and 

CNTN5 (3 cases) (Figure 1b). Intriguingly, in one case, an STK11 mutation was found in combination 

with biallelic ATM loss and cancer-specific, biallelic KEAP1 loss – the combination of these three mu-

tations has previously been reported in lung cancers (Supplementary Figure 3).14
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Although KRAS mutations occur in the majority of IPMNs and are thought to initiate tumorigenesis in 

these lesions, two IPMNs lacked mutations in this gene. One case contained a hotspot mutation in co-

don 227 of GNAS, another potential initiator of IPMN tumorigenesis, as well as alterations in TP53 and 

RNF43 (Supplementary Figure 15). The other case lacked mutations in any of the frequently altered 

pancreatic driver genes but contained hotspot mutations in both CTNNB1 (S45P) and SF3B1 (H662Q) 

(Supplementary Figure 10). These cases highlight alternative pathways of initiation and progression in 

IPMNs lacking KRAS mutations.

 

Order of genetic alterations in IPMN/MCN tumorigenesis

Our multiregion sequencing approach of IPMNs/MCNs and associated invasive carcinomas provided 

insights into the order of specific genetic alterations in pancreatic tumorigenesis. In 17 of the 18 cases, 

at least one somatic mutation in the initiating driver genes KRAS and GNAS was shared between the 

non-invasive component and associated invasive cancer, with the remaining case lacking mutations 

in these genes. Somatic mutations in TP53 and CDKN2A were also shared in the non-invasive com-

ponent and associated invasive cancer in the majority of cases. In contrast, SMAD4 had alterations 

confined to the invasive carcinoma in three cases and was shared between non-invasive and inva-

sive samples in four cases (Figure 1b). Alteration of TGFBR2, which functions in the same signaling 

pathway as SMAD4, was also restricted to the cancer in one case (Figure 1b). The other genes with 

mutations restricted to the invasive cancer (CDKN2A, CNTN5, PIK3CA, KEAP1, and RET) only had 

this pattern in a single sample (Figure 1b). 

Figure 1. Somatic mutations identified in matched non-invasive and invasive cancer samples. a In each patient 
sample, multiple mutations were shared between the non-invasive and invasive cancer samples (gray). In addition, 
some mutations were limited to the non-invasive (blue/green), while others were limited to the cancer (red/pink). 
Darker colors indicate alterations that were likely restricted to one component but where sequencing coverage in the 
second component was limited. The proportions of shared and distinct mutations varied between different lesions. b 
Somatic mutations in the most frequently mutated genes are categorized as shared between non-invasive and cancer 
(gray), limited to non-invasive (blue), or limited to cancer (red). Mutations in some genes (such as KRAS were always 
shared), while other were enriched in samples from non-invasive (RNF43) or cancer (SMAD4).
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Our study also identified driver mutations in subclones of non-invasive neoplasms that diverged from 

and were not present in invasive cancer. These included hotspots mutations in well-characterized 

oncogenes and inactivating mutations in tumor suppressor genes (e.g. PIK3CA p.E545K, CTNNB1 

p.S45F, SMAD4 p.E33fs, and multiple inactivating RNF43 mutations in patient MTP3) (Supplementary 

Figure 3). Mutations in RNF43 were a particularly striking finding in these cases, as some non-invasive 

components contained several different RNF43 mutations, each limited to a small number of sections 

and none involving the invasive cancer (Figure 3, Supplementary Figure 3). In addition to heterogeneity 

in RNF43 in early lesions, we also identified two cases with multiple mutations in KRAS in precursor 

lesions, of which only one was present in the invasive cancer. For example, in MTP19, KRAS p.G12V 

was present in the majority of IPMN samples, as well as all the invasive cancer samples, but there 

were an additional four other KRAS mutations (all occurring in hotspot positions) that were present in 

a small number of sections in low-grade IPMN samples (Figure 3). Intriguingly, these three low-grade 

IPMN regions shared no mutations with the invasive cancer, suggesting that they represented geneti-

cally independent clones.

Notably, while there were often many differences in the somatic point mutations identified in the 

matched non-invasive and invasive samples, the copy number profiles were quite similar between 

IPMN/MCNs and invasive cancers (Figure 2, Supplementary Table 6). While homozygous deletion of 

some genes occurred in the invasive cancer but not the non-invasive component, such as CDKN2A in 

MTP8 (Figure 3), analyses of chromosomal gains and losses through assessment of allelic imbalance 

revealed that an average of 91% of the genome was similar in copy number in matched non-invasive 

and invasive samples (Figure 2, Supplementary Table 6).

 

Figure 2. Copy number alterations identified in matched non-invasive and invasive cancer samples. Chromo-
somal gains (red) and losses (blue) are shown for each chromosome in each patient, with non-invasive samples on 
the left and cancer samples on the right.
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Insights into pancreatic neoplasia revealed by sequencing analysis

The samples analyzed by targeted sequencing were characterized morphologically and meticulously 

isolated using laser capture microdissection. Even with this process, we identified samples in two cas-

es that were characterized morphologically as IPMNs but through genomic and evolutionary analyses 

were determined to be identical to or descendants of the associated invasive cancers. For example, 

in MTP19, some of the samples originally identified morphologically as non-invasive IPMN (55, 9, 60, 

and T1) shared all the mutations present in the invasive cancer sample (T2) and contained additional 

Figure 3. Somatic mutations identified in MTP19 and MTP8 in targeted and whole exome sequencing. We 
show mutations identified in each sample, including low-grade IPMN (light blue), high-grade IPMN (dark blue), ductal 
cancer (red), mucinous cancer (pink), and “cancerization” (purple). The type of sequencing analysis (targeted or 
whole exome) performed for each sample is indicated in a track on the bottom. Representative images of neoplastic 
tissue stained by hematoxylin and eosin, as well as isolated regions before and after laser capture microdissection 
are shown for MTP19 and MTP8. 
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mutations, suggesting that these samples descended from the cancer (Figures 3 & 4). Evolutionary 

analyses suggested that some of the morphologically identified IPMN samples in this case (as well as 

MTP1) actually represented intraductal spread of invasive carcinoma, also referred to as “canceriza-

tion” of the ducts. In these cases, after invading the stroma, the carcinoma invaded back into and colo-

nized the cyst such that it was morphologically indistinguishable from IPMN with high-grade dysplasia.

In one case (MTP5), we also identified an interesting pattern of multifocal invasion of the carcinoma. In 

this case, we analyzed five different samples from invasive cancer – three samples were isolated from 

a mucinous carcinoma, and two samples were isolated from a ductal carcinoma. Based on evolution-

ary analyses of the patterns of shared and distinct mutations in the cancers and IPMNs, we conclude 

that there were multiple separate invasion events in this lesion, as represented by the mutations shared 

between the invasive cancers and non-invasive components as well as those that were unique to the 

specific invasive cancers (Figure 4, Supplementary Figure 5).

As our study represents the largest cohort of comprehensively sequenced IPMNs/MCNs, we also ana-

lyzed mutational signatures in our dataset. Intriguingly, our data contrast somewhat with the mutational 

signatures previously reported in pancreatic ductal adenocarcinoma (PDAC).15,16 Like PDAC, the most 

prominent mutational signature is associated with age (Signatures 1A), which is identified in almost 

every case (Supplementary Figure 19). However, we also identified signatures associated with APO-

Figure 4. Evolutionary reconstruction of samples analyzed by whole exome and targeted sequencing. In all 
cases, non-invasive samples (blue/green) precede invasive samples (red/pink) in the evolutionary history. In MTP5, 
different invasive cancer samples are placed in different regions of the phylogeny, highlighting multiple independent 
invasion events in this lesion. In MTP19, a sample of “cancerization” (purple) has descended from invasive cancer 
samples.
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BEC enzymes (four cases), smoking (three cases), and mismatch repair deficiency (eleven cases). 

Although smoking is considered a risk factor for pancreatic cancer, until now the mutational signature 

associated with smoking has not been reported in pancreatic neoplasia.17

 

Evolutionary timeline of high-grade IPMN to PDAC

To estimate the time between the development of high-grade IPMN and PDAC, we evaluated Bayesian 

hierarchical models for the number of acquired mutations under a range of possible mutation rates. 

These models estimate the time interval between a founder cell of a PDAC and the ancestral precur-

sor cell in the associated high-grade IPMN assuming that mutation rates and cell division times are 

constant throughout this period of development (see Methods). We performed this analysis on the 

paired WES data from 17 of our 18 cases (Supplementary Figure 20). We excluded MTP19 because 

our evolutionary analyses demonstrated intraductal spread of invasive carcinoma and as such, we 

lacked WES data from an IPMN sample in this case. In the 17 analyzed cases, the average median 

time to progression from IPMN to PDAC was 3.7 years, but the models showed a bimodal distribution. 

This median time was nearly 3 years for 13 patients, but nearly 7 years for 4 patients with more than 

35 acquired mutations, highlighting potential variability in progression time between patients. For ex-

ample, in patient MTP1, most models suggested an average of 2.8 years between the development 

of the IPMN and the PDAC (90% CI, 1.3–6.7 years). In contrast, for patient MTP2 with 36 additional 

mutations acquired in the PDAC, the transition appears to have been slower with an average estimate 

of 6.6 years (90% CI: 3.9–11.4 years) from the Bayesian models. Overall, these analyses suggest that 

for most patients there is a significant window of time between development of high-grade dysplasia 

and pancreatic cancer, providing an opportunity for surveillance and intervention.

DISCUSSION

This study represents the largest dataset of whole exome sequencing of IPMNs and MCNs to date. Im-

portantly, our data established that both IPMNs and MCNs are direct precursors of invasive pancreatic 

cancer (Figure 4). This conclusion has been previously suggested by the morphological relationship 

between the non-invasive neoplasms and invasive cancer on traditional histologic sections, as well 

as shared driver gene mutations in targeted sequencing studies.6,7,9,10 However, the presence of many 

shared driver and passenger mutations clearly demonstrated the common origin of IPMNs/MCNs and 

invasive pancreatic cancers in our study, and evolutionary analyses revealed that dysplastic lesions 

precede invasive cancers. Evolutionary analyses suggested that high-grade non-invasive lesions oc-

cur over 3 years before invasive carcinoma, providing a window of opportunity for early detection and 

intervention.

In this study, we identified somatic mutations in driver genes that had not been previously implicated in 

IPMNs/MCNs. For example, we identified alterations in the DNA damage response gene ATM in 17% 

of the analyzed cases. Germline mutations in ATM have been recently reported in patients that devel-

oped IPMNs, highlighting the potential importance of this gene in IPMN risk.18 In addition, mucinous 
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(colloid) carcinomas are significantly more common than typical ductal carcinomas in patients with ger-

mline ATM mutations, further highlighting the link between mutations in this gene and IPMNs.19 Somat-

ic mutations in GLI3, which encodes a component of the Hedgehog signaling pathway, were identified 

in 28% of cases. Somatic mutations in GLI3 were recently reported in a distinct morphological variant 

of pancreatic carcinoma (undifferentiated carcinoma with osteoclast-like giant cells) as well as at a 

low prevalence in sporadic PDAC, suggesting that the importance of GLI3 mutations and its signaling 

pathway in pancreatic tumorigenesis may extend beyond IPMNs/MCNs.20–22 The hotspot mutations in 

SF3B1, which encodes a protein critical for RNA splicing, are also novel drivers in the IPMN pathway. 

However, somatic mutations in this gene have been reported in a variety of other neoplasms, including 

hematologic malignancies and uveal melanoma.23–25

We highlight somatic alteration of the SMAD4 pathway as a putative driver of progression to invasive 

cancer, as mutations in SMAD4 or TGFBR2 occurred only in invasive cancer samples in 4 of the 18 

cases analyzed. SMAD4 was the only gene with cancer-specific mutations in more than one case, 

highlighting the potentially unique role this gene plays in pancreatic carcinogenesis. This role has been 

previously suggested by next generation sequencing of high-grade PanINs showing an absence of 

SMAD4 mutations in precancerous lesions, as well as cancer-specific SMAD4 mutations reported in a 

paired PanIN/carcinoma analyses.26,27 Loss of SMAD4 expression limited to invasive carcinomas has 

been reported in MCN- and IPMN-associated invasive cancers, and targeted sequencing of a small 

number of IPMNs and matched cancers identified a single case with a SMAD4 mutation occurring 

only in the cancer.7,27,28 In our data, there were also four cases where mutations in SMAD4 were shared 

between non-invasive and invasive cancer samples, and two where SMAD4 mutations were limited to 

the non-invasive component. This suggests that the role of SMAD4 mutations may not be universal and 

may depend on other factors, including cell intrinsic (such as somatic mutations in other driver genes) 

and cell extrinsic (such as stromal and immune microenvironment) mechanisms.

Although some of our cases had SMAD4 mutations limited to the invasive cancer, most of the IPMN/

MCN-associated cancers lacked driver gene alterations that were associated with invasive disease, 

suggesting that malignant progression is not universally driven by point mutations. Previous studies 

have specifically demonstrated the importance of copy number alterations and chromosomal rear-

rangements in pancreatic tumorigenesis. We did not identify large differences in the copy number 

profiles between non-invasive components and associated invasive cancers, suggesting that global 

genomic instability may be important as an early feature of tumorigenesis but is not likely to drive ma-

lignant transformation in many cases.

Our study also revealed prevalent genetic heterogeneity in driver gene mutations in early lesions, 

demonstrating more complex processes than previously suggested by traditional linear tumorigenesis 

models. Similar to our recently reported polyclonal origin of IPMNs,11 we identified multiple independent 

clones initiated by distinct KRAS mutations in two cases in the current study. In addition, our study 

identified multiple distinct inactivating mutations in RNF43 limited to unique tumor subclones, a pattern 
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previously observed by our group and not shared by other genes in our whole exome sequencing anal-

yses.11,29 In most cases, RNF43 mutations were enriched in non-invasive components and absent from 

the associated invasive cancers. More generally, we observed multiple instances of clear driver muta-

tions (including hotspot mutations in oncogenes as well as inactivating mutations in tumor suppressor 

genes) that were limited to the non-invasive components and not present in the associated invasive 

cancer. Thus, these mutations occur and clonally expand in the IPMN or MCN but are not present in 

the subclone that subsequently invades. These observations suggest unique selective processes at 

different time points in tumorigenesis, such that mutations selected in the precancerous lesion are not 

selected for (or are even selected against) in the invasive cancer.

In addition to these observations about clonal evolution in non-invasive lesions, our data also provide 

genetic evidence for multiple underappreciated processes in pancreatic neoplasia. First, we provide 

genetic evidence for intraductal spread of invasive carcinoma, also known as “cancerization”.30 In two 

of our cases (MTP1 and MTP19), the identified somatic mutations suggested that samples that were 

morphologically thought to be IPMN were actually of the same clone or clone descended from invasive 

cancer. These cases confirmed the morphological impression of the prevalence of this “canceriza-

tion” phenomenon, which likely has confounded many previous studies of precancerous pancreatic le-

sions.30 In addition, we describe one case of IPMN with multiple independent invasion events (MTP5). 

This case contained invasive cancer with two different morphologies, one with typical ductal morphol-

ogy and one with mucinous (colloid) morphology. Evolutionary analyses demonstrated that the ductal 

and mucinous carcinomas arose through independent invasion events and suggested that the multiple 

mucinous cancer samples comprised unique subclones that invaded independently from the IPMN. 

Although multifocal invasion has been described morphologically in IPMNs with multiple anatomically 

discrete invasive foci, in this case all the invasive carcinoma samples came from the same grossly de-

fined “tumor”, suggesting that multifocal invasion may be an underappreciated phenomenon in IPMNs.

The results of our study should also be considered in the context of studies of other precancerous le-

sions and associated invasive cancers. In particular, complementary studies that have employed whole 

exome sequencing to characterize microscopic pancreatic precancerous lesions (PanINs) and their 

co-occurring invasive carcinomas highlight the common evolutionary origin of PanINs and co-occurring 

PDACs.26,31 Similar to our study, these studies reported a lack of consistent specific driver genes asso-

ciated with invasive cancer, although cancer-specific SMAD4 mutations were reported in two cases in 

one study.26 Importantly, in our study the sequencing of additional precancerous samples (beyond the 

original paired samples analyzed by whole exome sequencing) provided a more detailed analysis of 

precancerous clonal evolution than previous studies.

As with all genomic analyses, our study does have some limitations. Compared to other genomic anal-

yses of invasive pancreatic cancer, the sample size in our study is relatively small, with multi-region 

whole exome sequencing performed on 18 patients. Nevertheless, the whole exome and targeted anal-

yses of 148 samples from these patients represents the largest genomic study of precancerous pan-
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creatic lesions to date. In addition, our combined approach of whole exome and targeted sequencing 

may not have identified all mutations in all regions of these comprehensively analyzed IPMNs. Despite 

these limitations, the analyses provide a detailed view of the acquisition of mutations that characterize 

the invasive carcinoma, as well as genetic heterogeneity in well-characterized pancreatic driver genes. 

Finally, in this study, we focused entirely on genetic alterations, as the role of these mutations in driving 

tumorigenesis has been well documented. Our study provides evidence that the evolution to invasive 

cancer is likely to be driven by non-genetic mechanisms in some lesions, highlighting an important 

direction of future investigation.

In this study, we present a comprehensive evolutionary analysis of precancerous pancreatic cysts and 

associated invasive carcinomas. We demonstrate that IPMNs and MCNs are precursors of invasive 

pancreatic cancer, that novel alterations in ATM, GLI3, and SF3B1 are present in these lesions, and 

that SMAD4/TGFBR2 alterations are likely drivers of invasion in a subset of cases. Analyses of the 

evolutionary timeline between high grade precancerous lesions and pancreatic cancer suggest a win-

dow of more than 3 years for acquisition of these invasive characteristics. These data provide critical 

insights into pancreatic tumorigenesis and highlight an opportunity for surveillance of precancerous 

pancreatic cysts and early detection of pancreatic cancer.
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ABSTRACT

High‐grade pancreatic intraepithelial neoplasia (HG‐PanIN) is the major precursor of pancreatic ductal 

adenocarcinoma (PDAC) and is an ideal target for early detection. To characterize pure HG‐PanIN, we 

analysed 23 isolated HG‐PanIN lesions occurring in the absence of PDAC. Whole‐exome sequencing 

of five of these HG‐PanIN lesions revealed a median of 33 somatic mutations per lesion, with a total 

of 318 mutated genes. Targeted next‐generation sequencing of 17 HG‐PanIN lesions identified KRAS 

mutations in 94% of the lesions. CDKN2A alterations occurred in six HG‐PanIN lesions, and RNF43 

alterations in five. Mutations in TP53, GNAS, ARID1A, PIK3CA, and TGFBR2 were limited to one or 

two HG‐PanINs. No non‐synonymous mutations in SMAD4 were detected. Immunohistochemistry for 

p53 and SMAD4 proteins in 18 HG‐PanINs confirmed the paucity of alterations in these genes, with ab-

errant p53 labelling noted only in three lesions, two of which were found to be wild type in sequencing 

analyses. Sixteen adjacent LG‐PanIN lesions from ten patients were also sequenced using targeted 

sequencing. LG‐PanIN harboured KRAS mutations in 94% of the lesions; mutations in CDKN2A, TP53, 

and SMAD4 were not identified. These results suggest that inactivation of TP53 and SMAD4 are late 

genetic alterations, predominantly occurring in invasive PDAC.



49

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the third leading cause of cancer death in the United 

States, with a 5‐year survival rate of only 7.7%.1 Approaches to detect curable disease are crucial to 

improve outcomes, and high‐grade precursors are the ideal target lesions of early detection.2 Pancre-

atic intraepithelial neoplasia (PanIN), the common precursor to PDAC, is classified based on the grade 

of dysplasia of the neoplastic epithelium.3 While low‐grade PanINs (LG‐PanINs) are common and low 

risk, high‐grade PanINs (HG‐PanINs) are regarded as lesions immediately preceding invasive PDAC 

and thus are a primary target for intervention.4,5 Because these lesions cannot be detected by standard 

clinical and radiological approaches, molecular approaches, such as mutational analysis of pancreatic 

juice, will be critical for the detection of HG‐PanIN.6,7

HG‐PanIN lesions are rarely detected clinically, and knowledge about isolated HG‐PanIN is limited. 

Most studies of HG‐PanIN have been conducted using specimens that also harboured an invasive 

PDAC.8–14 These studies are confounded by the fact that invasive carcinomas can grow back into and 

spread within the duct system (‘cancerization of the ducts’), histologically mimicking HG‐PanIN.15 Thus, 

instead of HG‐PanIN, many previous studies may have analysed intraductal invasive cancer, raising 

concerns about the reliability of these data.

To gain knowledge about HG‐PanIN in the absence of invasive carcinoma (isolated HG‐PanIN), we 

conducted a multicentre study investigating its clinicopathological and molecular characteristics. We 

found that while KRAS and CDKN2A were frequently targeted, TP53 mutations were rare and SMAD4 

mutations were absent in isolated HG‐PanIN.

MATERIALS AND METHODS

Our study cohort included 23 isolated HG‐PanINs from 21 patients; samples were retrieved from the 

database of the Department of Pathology of The Johns Hopkins Hospital or collected from the par-

ticipating institutions after the approval of the Institutional Review Board. Neoplastic cells were isolat-

ed from formalin‐fixed, paraffin‐embedded (FFPE) tissue sections by laser capture microdissection 

(supplementary material, Figure S1). DNA was extracted and analysed by targeted next‐generation 

sequencing of pancreatic cancer driver genes using Ion AmpliSeq library preparation on an IonTorrent 

Personal Genome Machine (17 HG‐PanINs and 16 LG‐PanINs) or by whole‐exome sequencing using 

Agilent SureSelect library preparation on an Illumina HiSeq (five HG‐PanINs). In addition, immunohis-

tochemistry for p53 and SMAD4 protein was performed on FFPE sections (18 HG‐PanINs). Additional 

details are provided in the Supplementary materials and methods.
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RESULTS

Clinicopathological features of isolated HG‐PanIN

Twenty‐three HG‐PanIN lesions were characterized from 21 patients (supplementary material, Table 

S1). The preoperative clinical findings included pancreatitis and irregular shape of the main pancreatic 

duct on imaging. Some of the HG‐PanINs were identified incidentally in pancreata resected for oth-

er neoplasms, including neuroendocrine tumour/carcinoma and peri‐ampullary cholangiocarcinoma. 

When HG‐PanIN occurred with cholangiocarcinoma, we confirmed that both lesions harboured differ-

ent mutations of KRAS using pyrosequencing and/or targeted sequencing.

Histologically, the extent of duct involvement by the HG‐PanIN lesions varied (Figure 1 and supple-

mentary material, Table S1). Of 23 lesions, 11 HG‐PanIN lesions in nine patients showed extensive 

spread along the pancreatic duct and were clinically recognized due to pancreatitis or irregular shape 

of the main pancreatic duct on imaging. In contrast, ten HG‐PanIN lesions in ten patients showed focal 

growth and were mostly discovered incidentally in pancreata resected for other lesions. Data were not 

available for two lesions. Importantly, all of the lesions, even those with extensive growth, met histolog-

ical criteria for diagnosis of PanIN, not intraductal papillary mucinous neoplasm (IPMN), a distinct and 

larger precursor lesion.15 LG‐PanIN lesions were detected in all 21 patients.

Targeted sequencing of isolated HG‐PanIN and associated LG‐PanIN

Of 23 HG‐PanIN lesions, sufficient lesional tissue for microdissection and sequencing was available in 

20 lesions (Tables 1 and 2). Sufficient coverage for mutation analysis was obtained from 17 HG‐PanIN 

lesions in 15 patients and 16 LG‐PanIN lesions in ten patients (supplementary material, Tables S2, S3, 

and Figure S2).

KRAS was the most frequently mutated gene in HG‐PanIN, with oncogenic hotspot mutations in 16 

of 17 HG‐PanIN lesions (94%). RNF43 was altered in five HG‐PanIN lesions from four patients, fol-

Figure 1. A representative isolated HG‐PanIN. a The atypical proliferation spreads along the pancreatic duct. b Atypi-
cal cells showed cytological features of high‐grade atypia, including irregular nuclear stratification, coarse chromatin, 
and prominent nucleoli.
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lowed by CDKN2A with mutations in three HG‐PanINs. GNAS and TP53 were each mutated in two 

HG‐PanIN lesions, and PIK3CA, TGFBR2, and ARID1A in one HG‐PanIN lesion each. Notably, no 

non‐synonymous mutations in SMAD4 were detected. LG‐PanIN also frequently harboured KRAS mu-

tations, which were identified in 15 of 16 lesions (94%). In three LG‐PanIN lesions, two different KRAS 

mutations were detected, indicating that two different clones of LG‐PanIN arose in pancreatic ducts in 

a small area (supplementary material, Figure S3). Other mutations in LG‐PanIN included RNF43 (n = 

2) and GNAS (n = 2). No non‐synonymous mutations of CDKN2A, TP53, or SMAD4 were detected in 

LG‐PanINs.

*  Numbers in parentheses indicate the following: (variant reads; total reads).
† Two HG‐PanIN lesions were separately microdissected and sequenced. In PDS‐2, the degree of atypia differed between the two  
 lesions; in PDS‐20, the two lesions were spatially separate.
‡ Loss of heterozygosity (LOH) of RNF43 was manifested by marked reduction of one of the heterozygous SNP signals (at  
 rs115553539 and rs9652855 in PDS‐7, and at rs3744093 in PDS‐20).

Table 1. Somatic mutations of isolated HG‐PanINs identified by targeted sequencing
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Copy number analysis of gene loci of CDKN2A, TP53, and SMAD4 could be reliably performed in ten 

HG‐PanINs and six LG‐PanINs using the data from targeted next‐generation sequencing. We identified 

loss of CDKN2A in three HG‐PanINs from two patients. No copy number alterations in the assayed 

genes were identified in LG‐PanINs.

HG‐PanIN and adjacent LG‐PanIN(s) were analysed by targeted sequencing in ten patients, including 

16 pairs of HG‐PanIN and LG‐PanIN lesions. Interestingly, we found that 13 of 16 pairs of HG‐PanIN 

and LG‐PanIN fell into the group of molecularly independent, even though some were located on the 

same glass slide (Table 3 and supplementary material, Figure S3). There was only one pair of LG‐

PanIN and HG‐PanIN that was ‘likely related’.

Whole‐exome sequencing of five isolated HG‐PanINs

We performed whole‐exome sequencing of five HG‐PanIN lesions that were also analysed by targeted 

sequencing. The total number of somatic mutations in isolated HG‐PanINs ranged from 30 to 175 (me-

dian 33) (supplementary material, Table S4). All somatic mutations identified in targeted sequencing 

were again detected (supplementary material, Table S5 and Figure S2). No mutations were identified 

in TP53 or SMAD4.

Interestingly, one of the HG‐PanIN lesions harboured 175 somatic mutations. This lesion harboured a 

somatic frameshift mutation, Q146Kfs of MLH1, likely resulting in the large number of somatic muta-

tions in this lesion.16,17

*  Numbers in parentheses indicate the following: (variant reads; total reads).

Table 2. Somatic mutations of isolated LG‐PanINs identified by targeted sequencing
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*  Copy number alteration of CDKN2A could not be assessed in HG2 (HGPN‐3).
† Two types of KRAS mutations were observed in the same LG‐PanIN lesion, indicating that two different clones were present.  
 When the LG‐PanIN lesion contained both discordant and identical KRAS mutations, both correlation categories of ‘independent’  
 and ‘indeterminate’ were designated.

Table 3. Relatedness of HG‐PanIN and LG‐PanIN

4
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Copy number analysis of the whole‐exome sequencing data 

revealed variations in 0 to 10 chromosomal loci (with a medi-

an of 5) (supplementary material, Table S6). Of these, deletion 

of the CDKN2A locus on chromosome 9 was detected in one 

HG‐PanIN lesion. Other notable copy number variations included 

amplification of MYC in one lesion. The amplification of MYC was 

confirmed by fluorescence in situ hybridization (FISH) (supple-

mentary material, Figure S3).

Immunolabelling for p53 and SMAD4

We performed immunolabelling for p53 and SMAD4 on HG‐

PanIN lesions (supplementary material, Figure S4). Aberrant 

expression of p53 was observed in 3 of 16 successfully labelled 

HG‐PanINs, including two with diffuse nuclear labelling and one 

with lack of expression. Of note, only one of the three lesions with 

aberrant p53 expression had a somatic TP53 mutation, while the 

other two were wild type. SMAD4 immunolabelling was retained 

in all 17 HG‐PanIN lesions successfully stained.

DISCUSSION

HG‐PanINs are a critical step in pancreatic tumourigenesis and 

potentially a key target of early detection approaches.6,7 In order 

to understand this lesion, we used whole‐exome and targeted 

DNA sequencing approaches to define the genetic alterations in 

HG‐PanIN lesions. We overcame the confounding mimicker of 

HG‐PanIN – cancerization of the ducts – by studying only HG‐

PanIN lesions from pancreata without invasive pancreatic cancer.

As expected from previous studies, we found that KRAS and CD-

KN2A are commonly targeted in PanIN lesions.16–19 KRAS was 

mutated in 94% of the HG‐PanIN lesions as well as 94% of the 

LG‐PanIN lesions, consistent with the previous studies.11,13 CDK-

N2A alterations (missense mutation and copy number loss) were 

also observed in HG‐PanINs. In agreement with previous work, 

we did not find mutations or copy number loss of CDKN2A in LG‐

PanINs, suggesting that CDKN2A alteration may be a late event 

during PanIN tumourigenesis.20,21
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Remarkably, in contrast to studies of HG‐PanINs from pancreata with invasive carcinoma, we identi-

fied TP53 mutations in only 2 of 17 HG‐PanIN lesions (12%), and SMAD4 mutations were completely 

absent.9,10,12,14 Immunohistochemistry for p53 and SMAD4 also rarely showed aberrant expression of 

these tumour suppressor genes. What might explain this discrepancy in TP53 and SMAD4 alterations 

in HG‐PanIN compared with previous studies? The studies that reported frequent TP53 and SMAD4 

alterations all analysed HG‐PanIN in the setting of invasive PDAC – as such, it is possible that many of 

the ‘HG‐PanINs’ in these studies were actually intraductal spread of invasive cancer (which frequently 

contains these tumour suppressor gene alterations).15 An alternative explanation for the discrepancy is 

that isolated HG‐PanIN is biologically different from HG‐PanIN associated with PDAC (which could be 

more advanced and perhaps more likely to have mutations in TP53 and SMAD4).

Other noteworthy alterations in isolated PanINs in our study included mutations in RNF43 and GNAS, 

which are frequent in IPMN. We cannot exclude the possibility that these HG‐PanINs, if left in place, 

may have eventually grown into lesions large enough to meet size criteria for IPMNs.22 Still, the pres-

ence of high‐grade dysplasia argues that these are advanced lesions, not simply early pre‐IPMNs.

In conclusion, we performed genetic analysis of isolated HG‐PanIN lesions using next‐generation se-

quencing. We confirmed KRAS and CDKN2A mutations in PanINs, but mutations of TP53 and SMAD4 

were rarely found in isolated HG‐PanIN. Our results suggest that inactivation of TP53 and SMAD4 is 

limited to, or predominantly occurs in, bona fide invasive carcinomas. These data will profoundly affect 

the interpretation of results from molecular screening approaches for pancreatic cancer.

4
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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 duc-

tal 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 carci-

noma 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 generation sequencing 

of a panel of pancreatic cancer driver genes. We then used the identified mutations to infer the related-

ness 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/carci-

noma 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 IPMNs. 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.



61

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive human cancers.1 PDAC aris-

es 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.2 Due to the potential for pro-

gression to invasive carcinoma, patients with IPMNs are routinely monitored, with surgical interven-

tion 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 preven-

tion with overtreatment.4,5

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 se-

quencing 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 sup-

pressor genes TP53, CDKN2A and SMAD4) as well as a much larger number of genes altered at low 

prevalence.9–13 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 IPMNs from 

other cystic lesions.17,18 Perhaps more importantly, specific late-occurring driver gene mutations, such 

as TP53 and SMAD4, may be able to distinguish low-grade from high-grade premalignant lesions, 

separating patients who benefit from surgical intervention.6,7 This strategy may provide a promising tool 

for earlier detection of pancreatic carcinoma derived from IPMNs 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.

Multiple studies have described multifocal neoplasia in the pancreas, particularly in patients with 

IPMNs.19–21 In 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 patho-

logical features alone.

Genetic alterations can be used as molecular tools to assess the relatedness of IPMNs and co-oc-

curring invasive cancers. For example, the identification of discordant KRAS and GNAS mutations in 

IPMNs and their concomitant invasive carcinomas has been reported and provides evidence for the 
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independent genetic origins of some neoplasms.24,25 An accurate estimation of the proportion of ge-

netically independent PDACs co-occurring with IPMNs 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 inde-

pendent.

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 car-

cinoma, 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 paraf-

fin-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 IPMNs, including 56 duc-

tal 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 morphol-

ogy suggestive of carcinoma arising from an IPMN, and the IPMN and ductal adenocarcinoma shared 

numerous somatic mutations in each case. These related cases 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 tar-

geted next generation sequencing of a custom panel of pancreatic driver genes using Ion AmpliSeq 

library preparation on an Ion 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.27 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 inde-

pendent 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 
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was performed on FFPE sections from selected cases.

RESULTS

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 Hospi-

tal—112 of these patients had ductal adenocarcinoma, 35 had colloid carcinoma and 12 had a carcino-

ma 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, ap-

proximately 8% of patients with ductal adenocarcinoma had a co-occurring IPMN. We obtained suffi-

cient 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/carcino-

mas of the ampullary region. Clinical differences in stage and grade of the carcinoma are readily ap-

parent 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 IPMNs, the IPMNs 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 carci-

nomas, 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 Sup-

plementary Figure S1). 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 IonTorrent 

Personal Genome Machine to an average coverage depth of >600× (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 Supple-

mentary 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 in-

sertions/deletions (4.9%), in-frame insertions/deletions (0.9%) and splice site alterations (0.2%) made 

5
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up only a minor proportion of the identified somatic alterations 

(online Supplementary Table S3).

In our cohort of 56 ductal adenocarcinomas, KRAS was mutat-

ed in 91% and TP53 in 57% of the invasive carcinomas (online 

Supplementary Figure S2). The two other major genetic driv-

ers of ductal adenocarcinoma, CDKN2A and SMAD4, were 

altered by single nucleotide variants at lower prevalence, 11% 

and 30%, respectively. However, as these genes are also fre-

quently altered by homozygous deletion, we performed copy 

number analysis on defined targeted loci which showed dele-

tion of CDKN2A in 7% and SMAD4 in 16% of ductal adenocar-

cinomas (online Supplementary Table S3). GNAS and RNF43 

mutations were frequently present in ductal adenocarcinomas, 

at 16% and 23%, respectively, highlighting that at least a sub-

set of these PDACs likely arose from IPMNs.

GNAS mutations occurred in 85% (11 of 13) of colloid car-

cinomas, which are known to arise almost exclusively from 

intestinal-type IPMNs (online Supplementary Figure S2).29,30 

TP53 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 carcino-

ma cohort (n=76) occurred at the hotspot codon 201, with a 

surprising enrichment of R201C mutations in colloid carcino-

mas (73% of GNAS mutations), in contrast to an enrichment of 

R201H mutations in ductal adenocarcinomas (75% of GNAS 

mutations) (online Supplementary Figure S3). Mutations in 

CDKN2A and SMAD4 were rarely detected in colloid carci-

nomas.

Our cohort also included seven carcinomas of the ampullary 

region (ampullary, distal bile duct and duodenal carcinomas) 

with co-occurring IPMNs. 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 

* Tests were performed via ANOVA test for  
 continuous variables or Fisher-Exact test for  
 categorical variables.
ANOVA, analysis of variance; BD, branch duct; HGD, 
high grade dysplasia; IPMN, intraductal papillary 
mucinous neoplasm; LGD, low grade dysplasia; MD, 
main duct

Table 1. Clinical and pathological features of 
patients with IPMN and co-occurring carci-
noma
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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 CDKN2A (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 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 GNAS mutations are rare in ductal ad-

enocarcinomas 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 des-

ignated 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 specific-

ity 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 algo-

rithm 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 numerous 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 ma-
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* Categorical assessment.
† Statistical assessment.
adj-/dist-IPMN, adjacent/distant IPMN; IPMN, intraductal papillary mucinous neoplasm; N/A, sample not available.

Table 2. Somatic mutations in representative cases of cancer and co-occurring IPMN
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jority 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 shar-

ing 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 demon-

strating the robustness of our classification (online Sup-

plementary Table S5). Also of note, as all of our ‘likely 

independent’ cases shared no somatic mutations, all 

had a probability of >0.9 in this approach, as approx-

imately 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 sequenc-

ing errors that altered relatedness assessment in our 

targeted NGS assay, we conducted a validation exper-

iment by resequencing 16 adj-IPMN/PDAC pairs with 

our assay at a much higher coverage (average cover-

age 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 rese-

quenced samples (see online Supplementary Table 

S6). In all cases, the relatedness classification was con-

firmed 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.

5
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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 GNAS 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 IPMNs and co-occurring ductal 

adenocarcinomas were ‘likely independent’, as they shared no driver gene mutations. The remain-

ing 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 Supple-

mentary 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/PDACs are genetically independent, as they share no somatic 

mutations aside from the KRAS hotspot alteration (online Supplementary Table S8). In contrast, 21 so-

matic 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.

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 indepen-

Figure 1. Relatedness of IPMNs and co-occurring carcinomas. Bars show the fraction of likely related (black), likely in-
dependent (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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dent’ 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 (TP53, 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 (Fig-

ure 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 IPMNs serve as additional 

negative controls, as carcinoma of the ampullary region are not known to arise from IPMNs. As expect-

ed, all cases of carcinoma of the ampullary region and adj-IPMN were classified as ‘likely independent’ 

by our assay (Figure 1C).

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 adeno-
carcinomas with co-occurring IPMNs 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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Genetic heterogeneity in IPMNs

Heterogeneity with respect to driver gene mutations has been reported within grossly contiguous 

IPMNs.8 In order to minimise the likelihood that such heterogeneity resulted in artifactual character-

isation of lesions as ‘likely independent’, we analysed an additional section of IPMN from a separate 

tissue block. In all but one case (IPP12), 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-oc-

curring 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 IPMNs. The relatedness of the remaining paired IPMN samples was ‘in-

determinate’ in our assay. Intriguingly, the 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 carci-

noma, 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 initiat-

ed by oncogenic hotspot mutations. In 56 dissected IPMNs from patients with co-occurring ductal ade-

nocarcinoma, 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). Intrigu-

ingly, 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 het-

erogeneity 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 IPMNs, 

highlighting the challenges of capturing all the genetic alterations in a single tissue sample.
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Spatial distribution of mutant and wild-type clones

Although we used LCM to obtain samples of IPMN and invasive carcinoma with high neoplastic cel-

lularity, 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 discor-

dant mutations. Mutations in two of the tumour suppressor genes analysed, TP53 and 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 ex-

pression in a subset of our IPMN/ductal adenocarcinoma cases analysed by next generation sequenc-

ing. 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 TP53 mutation status between IPMN and 

ductal adenocarcinoma showed the expected expression patterns in both components, with strong 

Figure 3. Immunohistochemistry for p53 and Smad4 confirms discordant genotypes in IPMN and co-occurring can-
cer. A representative H&E stained section shows case IPP04 (20× magnification), which harbours mutations in TP53 
and 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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and diffuse p53 expression limited to the invasive carcinoma (Figure 3). These three cases all had 

missense TP53 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 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.4,33–35 Although imaging findings can stratify the risk of 

progression of pancreatic cysts, additional approaches are needed to further improve diagnostic sen-

sitivity 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 TP53 and SMAD4) are closely associated with the development of high-risk 

neoplasia.6,7,14 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 ge-

netically 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 (TP53, SMAD4) that are expected to be 
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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.6,7,25

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 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 carcino-

mas 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 pan-

creas 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 mul-

tiple mutations in initiating driver genes, raising the possibility of polyclonality within one IPMN. How-

ever, 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 driv-

ing 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 compre-

hensive 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 ap-

proach. 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 
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and PDAC to enrich neoplastic cellularity as much as possible. Second, we performed deep targeted 

sequencing (with an average coverage of >600×), 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 (>2000×) 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.

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 carci-

noma) do not arise from co-occurring IPMNs.

Molecular analysis of cyst fluid is a promising technique for risk stratification in patients with IPMN un-

dergoing surveillance. However, we demonstrate that at least one-sixth of invasive ductal adenocarci-

nomas co-occurring with IPMNs 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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ABSTRACT

McCune-Albright Syndrome (MAS) is a rare sporadic syndrome caused by post-zygotic mutations 

in the GNAS oncogene, leading to constitutional mosaicism for these alterations. Somatic activating 

GNAS mutations also commonly occur in several gastrointestinal and pancreatic neoplasms, but the 

spectrum of abnormalities in these organs in patients with MAS has yet to be systematically described. 

We report comprehensive characterization of the upper gastrointestinal tract in seven patients with 

MAS and identify several different types of polyps, including gastric heterotopia/metaplasia (7/7), gas-

tric hyperplastic polyps (5/7), fundic gland polyps (2/7), and a hamartomatous polyp (1/7). In addition, 

one patient had an unusual adenomatous lesion at the gastroesophageal junction with high-grade 

dysplasia. In the pancreas, all patients had endoscopic ultrasound findings suggestive of intraductal 

papillary mucinous neoplasm (IPMN), but only two patients met the criteria for surgical intervention. 

Both of these patients had IPMNs at resection, one with low-grade dysplasia and one with high-grade 

dysplasia. GNAS mutations were identified in the majority of lesions analyzed, including both IPMNs 

and the adenomatous lesion from the gastroesophageal junction. These studies suggest that there is 

a broad spectrum of abnormalities in the gastrointestinal tract and pancreas in patients with MAS and 

that patients with MAS should be evaluated for gastrointestinal pathology, some of which may warrant 

clinical intervention due to advanced dysplasia.
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INTRODUCTION

McCune-Albright syndrome (MAS) is defined by a clinical spectrum including skeletal, endocrine, and 

skin abnormalities - specifically, fibrous dysplasia of bone, hyperfunctioning endocrinopathies (such 

as precocious puberty), and café au lait macules.1 This rare sporadic syndrome is caused by somatic 

(post-zygotic) activating mutations in GNAS, the gene coding for the G protein-alfa stimulatory subunit, 

leading to ligand-independent signaling, elevated cAMP levels, and activation of downstream signaling 

pathways.2 The same GNAS mutations are also found as somatic alterations in a number of sporadic 

tumor types.

Somatic activating mutations at codon 201 (the same codon targeted in patients with MAS) have been 

reported in several gastrointestinal and pancreatic neoplasms, including intraductal papillary mucinous 

neoplasms (IPMNs) of the pancreas and pyloric gland adenomas (PGAs) of the stomach.3,4 This genet-

ic similarity raises the possibility that patients with MAS are also at increased risk for gastrointestinal 

and pancreatic neoplasms, which has been confirmed by reports of gastrointestinal and pancreatic 

abnormalities in patients with MAS. A small series of four patients with MAS revealed hamartomatous 

duodenal polyps, and pancreatic abnormalities were identified radiologically in approximately 20% of 

patients with MAS, with most believed to be IPMNs.5,6

In the current study, we report thorough upper endoscopic examination of seven patients with MAS, 

all selected for evaluation due to pancreatic cysts on magnetic resonance cholangiopancreatography 

(MRCP). Examination revealed a variety of polyps throughout the esophagus, stomach, and small 

intestine. In addition, all patients underwent endoscopic ultrasound (EUS) of their pancreas, revealing 

that all patients had EUS abnormalities suggestive of IPMN, and two of these patients underwent 

resection of IPMN due to worrisome radiologic features.

METHODS

Patients and samples

As part of a screening protocol at the National Institutes of Health, patients with MAS were screened 

for pancreatic lesions using magnetic resonance cholangiopancreatography (MRCP). All patients gave 

informed consent, and the protocol was approved by the Institutional Review Board of the National 

Institute of Dental and Craniofacial Research. The seven patients with pancreatic cysts on MRCP 

were referred to the Johns Hopkins Hospital for endoscopic evaluation. The clinical features of MAS 

in the patient cohort are described in Table 1. At upper endoscopy, biopsies were taken from the nor-

mal esophagus, stomach, and duodenum, as well as from any visible lesions. Endoscopic ultrasound 

(EUS) was performed, and cyst fluid was sampled for cysts >1.5 cm. Hematoxylin-and-eosin-stained 

sections of all biopsies were reviewed by two gastrointestinal pathologists (LDW and EAM) in order to 

reach a consensus diagnosis. Resection of gastrointestinal and pancreatic lesions was performed as 

clinically indicated, and all sections from resected specimens were reviewed.
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Immunohistochemistry

A single section of each IPMN was analyzed for expression of MUC1, MUC2, MUC5, and CDX2 

in order to determine the direction of differentiation. Immunostaining with MUC1, MUC2, and MUC5 

antibodies was performed on an automated instrument (XT BenchMark, ROCHE-Ventana Medical 

Systems, Inc. Tucson, AZ). Sections were deparaffinized and hydrated and antigen retrieval with a high 

pH buffer (CC1 standard) was performed. Incubation with primary antibody was performed, followed 

by a biotin-labeled secondary antibody and chromogenic substrate as per manufacturer’s instructions 

(I-View detection, 790-091. ROCHE-Ventana Medical Systems, Inc. Tucson, AZ). Immunostaining for 

CDX2 was developed on Bond-Leica automated instrument (Leica Microsystems, Bannockburn, IL). 

Following deparaffinization and heat-induced antigen retrieval, primary and secondary antibody incu-

bation steps were performed. Immunoreactivity was visualized using DAB chromogen and a hematox-

ylin counterstain was applied to all tissue sections. Sections were incubated with the anti-MUC1 and 

anti-MUC5 antibodies (Vector Lab, Burlingame, CA) for 44 min at 1:100 dilution, with the anti-MUC2 

antibody (NCL, LEICA, Bannockburn, IL) for 32 min at 1:50 dilution and with the anti-CDX2 antibody 

(Agilent Technologies, pre-diluted) for 15 min.

GNAS pyrosequencing

On the basis of previously published findings, GNAS mutational analysis was restricted to the codon 

201 hot spot contained within exon 8.7 Mutations in codon 227 have been described in less than 5% 

of fibrous dysplasia cases.8 For small lesions, 10 serial sections of formalin-fixed paraffin-embedded 

(FFPE) tissue were cut onto membrane slides. After deparaffinization in xylene, rehydration in de-

creasing concentrations of ethanol and staining with hematoxylin, lesional cells were captured by laser 

capture microdissection (LMD7000, Leica, Wetzlar, Germany). Tissue from larger lesions was cut onto 

coated glass slides, deparaffinized, rehydrated, and the lesional cells were scraped from these slides 

under a dissection microscope. When sufficient neighboring normal tissue was present, this was also 

selected for further analysis. DNA extraction was performed using the QIAamp DNA FFPE Tissue Kit 

(Qiagen, Valencia, CA, USA) according to the manufacturer’s instructions. Mutations in codon 201 of 

GNAS were assessed by pyrosequencing according the manufacturer’s instructions as previously de-

scribed.9 In brief, extracted DNA was amplified on the Veriti Thermal Cycler (Applied Biosystems, Fos-

ter City, CA, USA), with the following primers: forward primer, 5’-CCAGACCTTTGCTTTAGATTGG-3’ 

and reverse primer, 5’-biotin-TCCACCTGGAACTTGGTCTC-3’ and using the PCR SuperMix High 

Fidelity (Invitrogen, Carlsbad, CA, USA). PCR conditions were as follows: 95 °C × 15 min; 38 cycles 

Table 1. Clinical manifestations of McCune-Albright syndrome in patient cohort

Patient Fibrous 
dysplasia

Café au lait 
macules

Precocious 
puberty

Hyperthyroidism Hypophosphatemia Neonatal Cush-
ing’s syndrome

GNAS mutation for 
initial diagnosis

1 yes yes no yes yes no R201C

2 yes yes yes no yes no not done

3 yes yes yes no no no not done

4 yes yes no yes no no not done

5 yes yes no yes no yes R201H

6 yes yes yes yes yes yes not done

7 yes yes no no no no R201C
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of 95 °C × 20 s, 53 °C × 30 s, 72 °C × 20 s; 72 °C × 5 min. Biotinylated PCR products were bound 

to streptavidin-coated sepharose beads (Streptavidin Sepharose High Performance, GE Health Care 

Bio-Sciences Corp, Piscataway, NJ, USA). After washing, the beads with PCR products were released 

in wells with the sequencing primer, 5’-TTTGTTTCAGGACCTGCTTCGC-3’, and annealing buffer. Se-

quencing was done with the PyroMark Q24 (Qiagen), using the Pyromark Gold reagents (Qiagen).10

Next-generation sequencing

Digital next-generation sequencing on duodenal fluid samples was performed on the Ion Torrent PGM 

as previously described.11 Targeted next-generation sequencing was performed on cyst fluid samples. 

Briefly, DNA was extracted from 200 μL of cyst fluid, and 4 ng of cyst fluid DNA was analyzed in 

duplicate. The target region was amplified using AmpliSeq reagents according to the manufacturer’s 

instructions. The gene panel contained the hotspot regions of KRAS, GNAS, BRAF, and PIK3CA as 

well as the entire coding regions of TP53, CDKN2A, SMAD4, RNF43, ARID1A, FBXW7, TGFBR2, 

and VHL. Variants were identified by the NextGENe software (SoftGenetics) as previously described.11

a At first procedure at JHH
b See text for more complete description of these unusual lesions
c GNAS R201H mutation identified in gastric heterotopia but not in separately analyzed neuroendocrine hyperplasia

Table 2. Gastrointestinal and pancreatic lesions in patients with McCune-Albright syndrome
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RESULTS

The MAS patients in our cohort were selected for 

endoscopic evaluation due to the presence of pan-

creatic abnormalities on magnetic resonance chol-

angiopancreatography (MRCP). All seven patients 

had multiple branch duct IPMNs (>5), and more 

than ten cysts were identified in five of the seven pa-

tients scattered throughout the head, body, and tail 

of the pancreas (average size of the largest cyst 22 

mm, range 9–30 mm). In addition, five of the seven 

patients also had main duct IPMNs—one had dif-

fuse involvement of the main duct, while the other 

four had segmental involvement (average size of the 

pancreatic duct with main duct IPMN 5.4 mm, range 

5–9 mm). Pancreatic glandular atrophy was present 

in four of the five patients with main duct IPMNs. 

There were no mural nodules or pancreatic masses 

seen on contrast enhanced MRI and MRCP. Pan-

creatic EUS was performed at the time of upper en-

doscopy and also demonstrated multiple pancreatic 

cysts in each of the seven patients.

In the upper gastrointestinal tract of all seven patients, polyps were identified (Table 2). The most com-

mon lesion was heterotopic gastric mucosa (polypoid zones of non-neoplastic appearing oxyntic and/

or foveolar-type mucin outside of the stomach), present in at least one location in the esophagus or 

small bowel in all seven patients. Of note, the absence of criteria to definitively distinguish gastric het-

erotopia from gastric metaplasia did not allow us to make this distinction in these samples, although the 

lack of mucosal injury in the adjacent tissues near the biopsied sites suggested heterotopia rather than 

metaplasia. In addition, gastric hyperplastic-type polyps were also common, occurring in 5/7 (71%) 

patients. They were unusual in that they were not associated with gastritis of either the environmental 

or autoimmune type. Fundic gland polyps were identified in two of the seven (29%) patients, while a 

single patient (14%) had a hamartomatous polyp of the ampulla of Vater presenting features similar 

but not identical to those of Peutz Jeghers polyps, with cords of smooth muscle partitioning off nests 

of mucosa with lamina propria (Figure 1). This lesion differed from a classic Peutz Jeghers polyp as it 

featured less smooth muscle and more inflammation than a typical Peutz Jeghers polyp. One patient 

(14%) had intestinal metaplasia at the gastroesophageal junction.

These small non-dysplastic lesions noted above encompassed the disease spectrum in five of the 

seven patients, who were only examined with endoscopic biopsies of the gastrointestinal tract. In addi-

Figure 1. Hamartomatous polyp in patient a This amp-
ullary polyp is characterized by nests of small intestinal 
mucosa partitioned by bands of smooth muscle. b The 
smooth muscle bands are not as prominent as those typ-
ically seen in Peutz Jeghers polyps
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tion, although all had abnormalities on pancreatic EUS suggestive of IPMN (confirming the radiologic 

impression on MRCP), none of these five had sufficiently concerning features on EUS to meet criteria 

for surgical intervention to address pancreatic neoplasia.

The remaining two patients (patients 4 and 5 in Table 1) had additional unusual lesions, and both un-

derwent resection of pancreatic and gastrointestinal lesions. In addition to fundic gland polyps and gas-

tric heterotopia, patient 4 had multiple dysplastic lesions in the proximal stomach and gastroesophage-

al junction (Figure 2). These lesions displayed a variety of directions of differentiation, including gastric 

foveolar, pyloric, oxyntic and intestinal, and at resection were found to have high-grade dysplasia but 

no invasive carcinoma. Resection of one radiologically worrisome IPMN in the pancreatic tail showed 

an IPMN with low-grade dysplasia (Figure 3). Immunohistochemistry revealed that the neoplastic IPMN 

cells strongly expressed MUC5, while expression of MUC1, MUC2, and CDX2 was weak and focal. 

Although the morphology and immunohistochemistry was most similar to a gastric-type IPMN, the 

MUC2 and CDX2 labeling raise the possibility of a mixed-type IPMN with some intestinal features.12

Patient 5 underwent a Whipple resection for an IPMN in the pancreatic head raising clinical concern. 

The resection specimen revealed a 2.3 cm IPMN with high-grade dysplasia (Figure 4). By immuno-

histochemistry, the neoplastic IPMN cells strongly expressed CDX2 and MUC2, while MUC5 was 

Figure 2. Gastric adenoma with high-grade dysplasia in patient 4. a This large glandular lesion at the gastroesopha-
geal junction showed multiple directions of differentiation. b High-grade dysplasia was identified throughout the lesion, 
exhibiting irregularly fused glands, rounded nuclei with striking loss of nuclear polarity, and diffuse nuclear atypia. c 
Areas of pyloric and oxyntic differentiation were prominent. d Focal intestinal differentiation was also present.
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only weakly and focally expressed. Immunohisto-

chemistry for MUC1 was negative in this lesion. 

Overall, the morphological and immunohisto-

chemical findings were most consistent with an 

intestinal-type IPMN in this patient.12 In addition, 

the duodenum showed multiple areas of nodular 

gastric heterotopia with associated neuroendo-

crine proliferation bordering on well-differentiat-

ed neuroendocrine tumors (Figure 5).

In a subset of lesions, selected for the availability 

of adjacent normal tissue, we performed pyrose-

quencing of the mutational hotspot in GNAS on 

formalin-fixed paraffin-embedded (FFPE) tissue 

from each lesion and adjacent normal tissue 

(Table 2). Both IPMNs had hotspot GNAS mu-

tations, as did the unusual gastric adenomatous 

lesion in patient 4. In addition, GNAS mutations 

were also identified in 12 of 17 (71%) gastric het-

erotopic/metaplastic lesions. Intriguingly, in the 

duodenum of patient 5, a GNAS mutation was 

identified in the nodular gastric heterotopia, but 

the nearby neuroendocrine cell proliferation was 

wild-type. Of five gastric foveolar hyperplasia/

gastric hyperplastic polyps, only two (40%) had GNAS mutations. Both fundic gland polyps were wild-

type for GNAS, as was the ampullary hamartomatous-type polyp in patient 1. In all but one analyzed 

sample, the adjacent normal tissue was GNAS wild-type, even if the epithelium sampled was immedi-

ately adjacent to a lesion that had a GNAS mutation.

Pancreatic juice from patient 1 was collected from the duodenum following secretin stimulation and 

sequenced using digital next-generation sequencing (NGS) for pancreatic cancer driver genes. As de-

scribed by Yu and colleagues, this technique necessitates 96 separate NGS reactions for each patient, 

greatly increasing the sensitivity and ability to discriminate true point mutations from false positives 

compared to traditional NGS.11 However, copy number alterations are not accurately assessed due to 

the low prevalence of mutant alleles in these samples. In patient 1, digital NGS revealed the expected 

oncogenic hotspot mutation in GNAS (R201C) with a digital NGS score of 29, as well as a missense 

mutation in RNF43 (R343H) with a digital NGS score of 10.11 In addition, non-digital targeted NGS of 

the same driver genes was performed on aspirated cyst fluid from two patients. Analysis of cyst fluid 

from patient 4 revealed the predicted mutation in GNAS (R201C) with a mutant allele frequency of 

40.3%, as well as hotspot mutations in KRAS (Q61H) with a mutant allele frequency of 4.3% and PIK-

Figure 3. Intraductal papillary mucinous neoplasm in patient 
4. a This cystic lesion was located in the pancreatic tail and 
clearly involves the pancreatic duct system. b The epithelium 
lining the cyst is mostly gastric-type with low-grade dysplasia
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3CA (Q546R) with a mutant allele frequency of 

1.6%. Similarly, cyst fluid from patient 7 contained 

the predicted GNAS mutation (R201C) with a 

mutant allele frequency of 9.1%, as well as an 

inactivating mutation in CDKN2A (V115fs) with a 

mutant allele frequency of 2.6%. Of note, all of 

these NGS analyses were performed on either 

pancreatic juice collected from the duodenum or 

aspirated pancreatic cyst fluid—pyrosequencing 

of the GNAS hotspot as described above was 

the only molecular analysis performed on tissue 

samples.

DISCUSSION

The current study augments previous findings of 

gastrointestinal and pancreatic manifestations of 

MAS. In a study of four MAS patients, Zacharin 

and colleagues reported only hamartomatous 

polyps of the duodenum.6 However, in that study, 

only relatively large polyps were examined his-

tologically, while numerous small polyps of the 

stomach and small bowel were noted endoscop-

ically but not biopsied. It is possible that these 

small unsampled polyps included the frequent 

gastric heterotopia/metaplasia noted in our cohort. Moreover, while the previous study reported sig-

nificant histologic overlap with the hamartomatous polyps similar to those described in Peutz Jeghers 

syndrome, the smooth muscle proliferation in the hamartomatous polyp we examined was less striking 

than typically encountered in Peutz Jeghers syndrome. In addition, all patients in the previous study 

were in their teens or twenties, while our cohort had a broader age range, up to 55 years old, which al-

lowed us to observe more advanced gastrointestinal manifestations of the syndrome. While our cohort 

is too small to make any statistically robust correlations between age and progression of the lesions, it 

is intriguing that the dysplastic gastric lesion manifested in the oldest patient, supporting the hypothe-

sis that dysplasia takes decades to develop, even in patients with embryonic GNAS mutations. Overall, 

our study greatly broadens the spectrum of gastrointestinal findings in patients with MAS, adding fre-

quent heterotopias as well as infrequent glandular dysplasia.

Gaujoux and colleagues previously reported imaging findings in hepatic and pancreatobiliary lesions 

in 19 MAS patients.5 Four of these patients had pancreatic lesions, three of which were radiologically 

consistent with IPMNs. In addition, in a study of 272 unselected IPMN patients, Parvanescu and col-

Figure 4. Intraductal papillary mucinous neoplasm in patient 
5. a This cystic lesion was located in the pancreatic head 
and shows prominent papillae. b The epithelial lining shows 
intestinal differentiation and focal high-grade dysplasia, with 
elongated pencillate nuclei and areas with complete loss of 
nuclear polarity
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leagues report one patient with an intestinal-type IPMN associated with an invasive colloid carcinoma 

who had clinical features strongly suggestive of MAS.13 In our cohort, all patients were selected for 

referral because they had pancreatic abnormalities at MRCP suggestive of IPMN. These findings were 

confirmed by EUS, and at resection two patients had a histologically proven IPMN. Although one pa-

tient had high-grade dysplasia (the patient was only 27 years old at diagnosis of pancreatic lesions), 

we did not find invasive carcinoma in either of the resected pancreata. By providing histologic confir-

mation of these IPMNs in patients with known MAS, our study confirms the association of IPMNs and 

MAS. However, it is not possible to determine the prevalence of IPMNs in unselected MAS patients 

from our study, as our cohort was biased by the criteria for referral to The Johns Hopkins Hospital for 

endoscopic evaluation—all patients in our study had pancreatic cysts on MRCP.

The spectrum of neoplasms reported here in MAS patients fits well with those known to have somatic 

GNAS mutations in sporadic lesions. For example, 60–80% of sporadic IPMNs have activating GNAS 

mutations.3,14 Both of the IPMNs in this study had features of intestinal differentiation, and GNAS muta-

tions have been reported to be more frequent in intestinal-type IPMNs.3,9 In addition, activating GNAS 

mutations have also been reported in several gastrointestinal lesions, namely pyloric gland adenomas 

(PGAs), oxyntic gland adenomas (OGAs), gastric heterotopia, and gastric mucin cell metaplasia.4,15,16 

Figure 5. Nodular gastric heterotopia and neuroendocrine proliferations in patient 5. a At the luminal surface, nod-
ular gastric heterotopia in the duodenum shows nodules of gastric-type epithelium. b No dysplasia is evident in the 
gastric-type epithelium. The presence of parietal cells suggests gastric heterotopia rather than gastric metaplasia. c 
Several areas of nodular gastric heterotopia had nearby underlying neuroendocrine cell proliferations. It is not clear 
whether these represent hyperplasia or neoplasia. d Synaptophysin stain confirms neuroendocrine differentiation of 
these cells. The largest neuroendocrine proliferation measures 10 mm
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The occurrence of GNAS mutations in sporadic cases of ectopic gastric mucosa fits well with our 

finding of this ectopic mucosa in all MAS patients analyzed. In addition, although we did not find any 

PGAs or OGAs, the dysplastic lesion in patient 4 exhibited oxyntic and pyloric differentiation so may 

be a variant of this process.

The previously reported gastric lesions that harbor GNAS mutations, both sporadic and syndromic, 

have a spectrum of overlapping morphology. Gastric tumors that have been described as oxyntic gland 

adenomas and pyloric gland adenomas have differentiation along the lines of chief and parietal cells 

(oxyntic gland adenomas) and antral/cardiac-type glands (pyloric gland adenoma), respectively. Addi-

tionally, some gastric polyps that arise in patients with familial adenomatous polyposis (FAP) can be 

classified as pyloric gland adenomas and also harbor GNAS mutations despite the history of FAP and 

its associated germline APC mutations.17,18

Pyloric gland adenomas consist of proliferations of closely packed tubules, each lined by a monolayer 

of round basally oriented nuclei with apically oriented eosinophilic ground glass cytoplasm.19–21 They 

are most commonly detected in the stomach, where they are likely to arise in patients with autoimmune 

gastritis. Such patients have autoimmune loss of their parietal cells, and their gastric body mucosa is 

replaced by metaplastic glands with pyloric-type differentiation as well as by glands showing intestinal 

metaplasia, the perfect soil for the development of pyloric gland adenomas and other types of gastric 

neoplasms.22 In contrast, the patients with MAS in our series did not have gastritis, yet they had adeno-

mas with pyloric gland differentiation as well as hyperplastic polyps, both of which are often associated 

with gastritis.20,23 Autoimmune gastritis has a female predominance and is found in about 2% of gastric 

biopsies in a tertiary care center.24

On the other hand, oxyntic gland adenomas (which have also been called chief cell adenomas) arise 

in normal oxyntic mucosa unaffected by gastritis and also harbor GNAS mutations. They consist of 

angulated glands that proliferate underneath the foveolar surface and show a variable mixture of cells 

that appear similar to chief cells punctuated by parietal cells. Their bland cytologic features raise the 

possibility that they are hamartomatous and indeed non-neoplastic, but their growth pattern is more 

in keeping with that of a neoplasm. In fact, colleagues in Japan regard lesions that we have termed 

oxyntic gland adenoma (chief cell adenoma) as low-grade adenocarcinomas based on their architec-

tural features, despite the lack of reports of metastases and their indolent growth.25 Other sporadic 

gastric-type proliferations that lack dysplasia found in the duodenum can similarly harbor GNAS mu-

tations.15

It is of interest that the lesions detected in patient 4 showed several lines of differentiation, including 

GNAS mutation-associated gastric forms of differentiation as well as intestinal differentiation, the latter 

presumably a reflection of a more advanced lesion in keeping with the older age of patient 4. Indeed, 

superimposed intestinal differentiation in gastric pyloric gland adenomas can also be encountered in 

the setting of autoimmune gastritis, which features intestinal metaplasia. All of this suggests that GNAS 
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mutations are insufficient in themselves to drive aggressive neoplasms even if they might initiate in-

dolent ones.

Our GNAS mutation analysis demonstrated that the IPMNs and adenomatous gastric lesion had mu-

tations in the hotspot known to underlie the phenotype in MAS. In addition, the majority of samples 

of gastric heterotopia/metaplasia also had GNAS mutations. Considering the previous data reporting 

GNAS mutation in similar sporadic lesions, our results suggest that the early post-zygotic GNAS mu-

tations play a role in the formation of these lesions. However, the lack of GNAS mutations in the fundic 

gland polyps, hamartomatous-type polyps, and other polyps calls into question the role of the mosaic 

GNAS mutations in the development of these lesions, which could be sporadic and thus unrelated to 

the MAS in these patients.

Although we performed targeted next-generation sequencing on samples from only a subset of the pa-

tients in our cohort, we identified mutations in several additional genes previously reported to be critical 

drivers of pancreatic tumorigenesis, including KRAS and CKDN2A.3,26 Although more comprehensive 

sequencing will be necessary to fully describe the genomic landscape of pancreatic neoplasms in 

these patients, these preliminary findings suggest that they may be quite similar to sporadic IPMNs.

In summary, we report the pathologic spectrum of gastrointestinal and pancreatic lesions in patients 

with MAS. Overall, there is enrichment for lesions known to have GNAS mutations when they occur 

sporadically, including pancreatic IPMNs, gastric heterotopia, and gastric adenomas with pyloric gland 

and oxyntic differentiation. Although no patients in our series had invasive cancer, two had high-grade 

dysplasia, one in a gastric polyp and one in an IPMN. This raises the possibility of an increased risk 

for malignant transformation in MAS patients, particularly as they age. Although only a small series 

of patients is reported here since the condition is rare, these data suggest potential clinical utility in 

screening the gastrointestinal tract and pancreas in MAS patients in order to detect and remove high-

risk lesions. Further longitudinal study in MAS cohorts will be necessary to better understand the 

natural history of gastrointestinal and pancreatic neoplasms in these patients.
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ABSTRACT

Although pathologic lesions in the pancreas are 3-dimensional (3D) complex structures, we currently 

use thin 2D hematoxylin and eosin stained slides to study and diagnose pancreatic pathology. Two 

technologies, tissue clearing and advanced microscopy, have recently converged, and when used 

together they open the remarkable world of 3D anatomy and pathology to pathologists. Advances in 

tissue clearing and antibody penetration now make even dense fibrotic tissues amenable to clearing, 

and light sheet and confocal microscopes allow labeled cells deep within these cleared tissues to be vi-

sualized. Clearing techniques can be categorized as solvent-based or aqueous-based techniques, but 

both clearing methods consist of 4 fundamental steps, including pretreatment of specimens, permea-

bilization and/or removal of lipid, immunolabeling with antibody penetration, and clearing by refractive 

index matching. Specialized microscopes, including the light sheet microscope, the 2-photon micro-

scope, and the confocal microscope, can then be used to visualize and evaluate the 3D histology. Both 

endocrine and exocrine pancreas pathology can then be visualized. The application of labeling and 

clearing to surgically resected human pancreatic parenchyma can provide detailed visualization of the 

complexities of normal pancreatic anatomy. It also can be used to characterize the 3D architecture of 

disease processes ranging from precursor lesions, such as pancreatic intraepithelial neoplasia lesions 

and intraductal papillary mucinous neoplasms, to infiltrating pancreatic ductal adenocarcinomas. The 

evaluation of 3D histopathology, including pathology of the pancreatic lesions, will provide new insights 

into lesions that previously were seen, and thought of, only in 2 dimensions.
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INTRODUCTION

The pathologic examination of biopsied or surgically resected tissue is central to advancing our under-

standing of disease mechanisms, establishing diagnoses, determining prognoses, and guiding deci-

sions for treatments. Pathology examination can take place at the gross, microscopic, and molecular 

levels. For microscopic examination, most tissues are routinely formalin-fixed and paraffin-embedded. 

These tissue blocks are then thinly sectioned, stained with hematoxylin and eosin (H&E), and mounted 

on glass slides for examination using a standard light microscope. Although these thin H&E sections 

are immensely efficient and powerful tools for discovery and patient care, we have forgotten that they 

are extraordinarily thin, and therefore incomplete, representations of significantly larger pieces of tis-

sue. As a result, lesions with complex and informative 3-dimensional (3D) anatomy are incompletely 

conceptualized as flat 2D architectures.

This 2D histology does not completely represent important characteristics of 3D lesions and can be 

misleading. For example, in the cancer biology field the budding of neoplastic cells at the leading edg-

es of infiltrating adenocarcinomas had been interpreted in 2D to be the migration of single detached 

cancer cells, while, in fact, 3D reconstruction of consecutive sections of slides immunohistochemically 

labeled for cytokeratin revealed that in many instances these cells that appeared isolated in 2D were, in 

fact, 3D branch-like projections of collective cancer cells.1 Perhaps more importantly, 3D relationships 

are lost in thin H&E sections. Cross sections of perineural invasion are easily appreciated in 2D sec-

tions in cancers, but in 2D one cannot define the point at which the cancer invaded the nerve. Histology 

viewed in 2D also leaves some questions unanswered. For example, immune cells are often appre-

ciated in the neighborhood of neoplastic cells, but their distribution in 3D is unclear in 2D sections. 

Are they randomly scattered or is there a 3D architectural organization? As pathologists have viewed 

sections in 2 dimensions for so long, we have forgotten to think in 3 dimensions and to ask important 

architectural questions.

3D imaging has been adopted in other specialties, often with stunning results. 3D ultrasonography, 3D 

computed tomography, and 3D magnetic resonance imaging, have not only fundamentally changed 

clinical care, but they have also improved our understanding of diseases.2–4 For example, 3D computed 

tomography of the pancreas can reveal the relationship of cancers of the head of the gland to major 

vessels such as the superior mesenteric artery and vein.5,6 Similarly, 3D organoid cell culture systems 

of murine and human pancreata have recently been generated to recapitulate the characteristics of 

infiltrating pancreatic ductal adenocarcinomas better than flat 2D-cultured cell lines.7 3D visualization 

of 3D pancreatic lesions has great potential to expand our understanding of a broad variety of pathol-

ogies.

Recently, several groups have examined mouse and human pancreata in 3D using clearing and the 

results have been eye-opening.8–12 For example, as discussed in greater detail later, our group applied 

clearing with immunolabeling for cytokeratin 19 to a series of surgically resected human pancreatic 
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cancers and showed that neoplastic glands of invasive cancer often track in the connective tissue 

parallel to muscular arteries.12

Clearing with 3D histopathologic evaluation of normal or pathologic lesions will provide new insights 

into the pathogenesis of diseases, and may provide an understanding of the 3D basis for diagnostic 

features appreciated in 2D.13 In this review, we will discuss tissue clearing, and 3D microscopic exam-

ination with emphasis on the application of these technologies to the pancreas.

TISSUE CLEARING

Tissues are composed of a diverse mixture of cells, connective tissues, and fluids. Water is the most 

prominent fluid, and the structural components of cells are predominantly made of lipids and proteins. 

Each of these tissue components has a different refractive index (RI), and when light waves pass from 

a medium with one RI into a medium with a different RI, the light waves bounce (reflect) and bend 

(refract).14 It is this irregular scattering, as well of absorption and reflection, of light as it passes through 

tissues that makes tissues opaque.

More specifically, RI is defined by ratio of the speed of light when light passes through a substance 

relative to the speed of light when it passes through a vacuum. For example, the RI of air is 1, that of 

water is 1.33, and that of the oil is 1.52.15 As light passes from water rich tissues with a relatively low RI 

into lipid rich structures, such as cell membranes, with a higher RI, light will bend and scatter, creating 

optical nontransparency.16

Tissue clearing techniques work by creating tissues with a uniform RI which reduces the scattering 

light.16 For example, the hydrogel embedding method creates tissues with uniform RIs in the range 

of 1.33 to 1.47, simple emersion methods create tissues with uniform RIs in the range of 1.42 to 1.52, 

and solvent-based methods create tissues with uniform RIs of 1.56 to 1.57.17 The scattering of light is 

reduced in these tissues with uniform RIs, and when combined with the removal of pigments to reduce 

the absorption of light, the tissues become transparent.

Although this all sounds very new, tissue clearing has actually been around for almost a century. 

Tissue clearing was first introduced by the German anatomist Werner Spalteholz in 1911.18 In order 

to study the coronary arteries, Spalteholz created transparent muscle tissue by sequentially soaking 

the tissues in alcohol, clover oil or xylene, and Canada balsam.18 He finally established clearing solu-

tions that included methyl salicylate, benzyl benzoate, and even wintergreen oil.18 Over the ensuing 

decades, many different methods have been developed to clear tissues. The techniques can be di-

vided into solvent-based clearing and aqueous-based clearing. Prototypes of solvent-based clearing 

techniques are benzyl alcohol, benzyl benzoate (BABB), an improved version of the clearing method 

used by Spalteholz, 3D imaging of solvent-cleared organs (3DISCO), immunolabeling-enabled 3DIS-

CO and ultimate 3DISCO.19–22 The aqueous-based clearing techniques can be subdivided in tech-
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niques that use only simple immersion and techniques that use a hydrogel. The prototypes of the 

simple immersion technique are FocusClear, 2,2’-thiodiethanol, sucrose, ClearT, and see deep brain 

(SeeDB).23–27 These techniques do not remove lipids, but replace the liquid in and around the tissue 

with a high RI, water-based solution. Although Scale and clear unobstructed brain imaging cocktail 

and computational analysis (CUBIC) are also aqueous-based clearing techniques, they also exploit 

the removal of lipids from the tissue and the use of urea to penetrate, partially denature and thus 

hydrate the hydrophobic regions of high RI proteins, to decrease the overall RI of the tissue.28,29 Hy-

drogel-based clearing techniques immobilize the proteins in an acrylamide-based matrix and clear the 

tissue through the complete removal of all lipids from the tissue. Prototypes of this method are clear 

lipid-exchanged acrylamide-hybridized rigid imaging/immunostaining/in situ hybridization–compatible 

tissue hydrogel (CLARITY), passive clarity techniques and perfusion-assisted agent release in situ.30,31 

Each of these methods have their own strengths and weaknesses which have been well summarized 

elsewhere.16,17,32,33 Although many different clearing methods have been developed, only a few of these 

methods have been applied to the pancreas, and even fewer to the dense fibrotic tissues that charac-

terize human pancreatic cancer.10–12,34–40

Solvent-based clearing methods typically use methanol, with or without hexane, or tetrahydrofurane 

as extra dehydrant.16,20 These reagents remove water and lipids from the tissues, resulting in homog-

enously dehydrated protein-rich dense samples with an average RI, higher (>1.5) than those of water 

and lipid.16 More of the remaining lipids can be removed and the tissues further RI matched using 

a second step that includes BABB, dibenzyl ether, or methyl salicylate.16–18 There are several short 

comings to these solvent-based clearing approaches: first, since water is essential for maintaining 

emissions from fluorescent protein chromophores, these solvent-based methods, which remove water, 

result in the rapid quenching of fluorescent signals.16 Second, these solvent-based methods, again 

because they remove water, can cause significant tissue shrinkage.30

Aqueous-based methods have also been widely used to clear pancreatic parenchyma, especially nor-

mal tissues that are less fibrotic than are cancers.10,11,35–40 These aqueous-based methods include 

SeeDB, CUBIC, and CLARITY, and they have the advantage of greater preservation of the fluorescent 

signals.27–29 These methods use 1 of 3 approaches, (1) simple immersion of specimens into a wa-

ter-based solution with a higher RI (1.42 to 1.56), similar to the RI of the lipids and proteins, (2) partial 

removal of lipids in combination with the hydration of the hydrophobic regions of proteins (hyperhydra-

tion) to lower the RI, or (3) hydrogel embedding in combination with the complete removal of lipids.16 

Aqueous-based methods have some limitations including the requirement of electrophoresis devices, 

constant perfusion, or high temperatures,41–44 which may prevent complete tissue clearing of dense 

fibrotic pancreatic parenchyma (desmoplastic reaction).

Although aqueous-based methods may be ideal to clear normal tissues, including normal pancreas 

tissue, these techniques may not be effective with abnormal tissues with dense fibrosis. Therefore, sol-

vent-based methods may be preferred with dense fibrotic tissues. For example, as discussed in detail 
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below, we recently reported a modified iDISCO method to clear surgically resected human pancreas 

tissue and showed that this method could be used to visualize a number of pancreas lesions, including 

pancreatic intraepithelial neoplasias (PanINs) and intraductal papillary mucinous neoplasms (IPMNs), 

and even infiltrating pancreatic ductal adenocarcinomas.12

Irrespective of which specific approach is used, tissue clearing techniques, as noted above, can be 

thought of as having 4 basic steps: (a) pretreatment of specimens, (b) permeabilization and/or re-

moval of lipid (delipidation), (c) immunolabeling (antibody penetration), and (d) clearing (RI matching) 

steps.17 There are some exceptions, for example the hydrogel-based techniques, where the clearing 

step is performed before the immunolabeling step.

Pretreatment

Pretreatment steps are used for various reasons in the different protocols. In general, during this step, 

pigments are removed from the specimens as pigments may absorb light. Hydrogen peroxide (H2O2) 

is often used, because it reduces the internal pigments of the tissue and reduces autofluorescence 

of other proteins by oxidizing them.21,45 Recently, N-butyldiethanolamine has also been shown to be a 

potent agent for decolorization.46

In the hydrogel-based methods, pretreatment is used to introduce acrylamide as a monomer into the 

tissue. This is carried out in combination with formaldehyde, to crosslink proteins, nucleic acids, and 

other small molecules to the monomer. Eventually, the monomer is polymerized at 37°C to form the 

hydrogel that keeps the bound molecules in place during delipidation.

Other agents can also be applied during pretreatment, depending on the tissue type. Bones can be 

demineralized with EDTA.47

Permeabilization and/or removal of lipid (delipidation)

A permeabilization step can help enhance the penetration of the clearing solution and the penetration 

of antibodies into tissue specimens. Lipid removal (delipidation) also contributes to tissue clearing, 

because lipids usually contribute to the inhomogeneity of RIs in biospecimens. However, lipid removal, 

when extreme, will also result in the removal of membrane proteins. Hydrogel-based methods use the 

hydrogel to keep the membrane proteins in place allowing for more extreme delipidation and tissue 

clearing.30 Permeabilization and delipidation typically are accomplished using solvents (dichlorometh-

ane, methanol, tertiary butanol, tetrahydrofuran, dimethyl sulfoxide), sorbitol, urea, or detergents (sodi-

um dodecyl sulfate, saponin, or triton X-100).16

Immunolabeling (Antibody Penetration)

Cell membranes are significantly more porous after lipids have been partially removed, facilitating the 

delivery of antibodies inside of the cells. Traditional immunolabeling of 5-µm sections depends on the 

simple diffusion of antibodies. However, antibody diffusion into the thick slabs of tissue used in clearing 
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is a slow process and can take several weeks.30 Several methods have therefore been developed to 

improve antibody penetration in thick slabs of tissue.

Kim et al. devised a stochastic electrotransport system which enhances antibody penetration without 

affecting the low-electromobility molecules and which can be used together with CLARITY.41 They 

further used a rotational electric field to selectively deliver antibodies throughout porous samples.41

Centrifugal forces applied with a bench-top centrifuge at a speed of 600 rcf have also been shown to 

improve the delivery of antibodies deep into tissue.42 A similar effect can be achieved with the appli-

cation of convectional flow forced by placing tissues and antibodies into the chamber of a syringe and 

then pumping the syringe under pressue.42

An alternative method, system-wide control of interaction time and kinetics of chemicals (SWITCH), 

has been introduced to improve antibody distribution.43 In SWITCH the binding of antibodies is sup-

pressed until antibodies reach even distribution throughout the tissue, then antibodies are “SWITCHED 

ON” to bind their target epitope using pH-dependent reactivity.43

Clearing (Refractive Index Matching)

As discussed earlier, in this step the RI of the specimens is homogenized using a variety of solutions, 

producing transparent specimens. The RI achieved with the hydrogel embedding method ranges from 

1.33 to 1.47, while of the RIs achieved with simple emersion methods range from 1.42 to 1.52. The RIs 

with solvent-based methods range from 1.56 to 1.57.17

MICROSCOPY

Although conventional light microscope is good for the evaluation of thin 2D H&E slides, it is not suit-

able for evaluation of 3D architecture in thick slabs of cleared tissue. Therefore, light sheet microscopy, 

confocal microscopy, or 2-photon microscopy is used to evaluate the 3D histology of cleared samples. 

Familiarity with a few terms is needed before we discuss these different types of microscopes. The 

working distance of microscope is defined by the distance from the front edge of the microscope ob-

jective to the plane at which an area of the sample to be studied is in focus.15 The numerical aperture 

of a microscope defines the ability of the objective to capture sample details and how much light enters 

the objective.15 In general, long working distance (>5 mm) and high numerical aperture (>0.9) is rec-

ommended for evaluating the 3D histology of cleared tissues.15,16

Light Sheet Microscopy

Light sheet microscopy was developed to enhance the 3D visualization of large specimens.48 Light 

sheet microscopy can be used to visualize volumetric specimens ranging in size all the way from <1 

to up to 15  mm.49 Light sheet microscopy works by optical sectioning with 2 thin counter-propagating 

sheets of LASER beams that are perpendicular to the focal plane of the objective.50 The objective 

collects fluorescent light which is emitted only from this thin optical section.49 3D reconstruction of the 
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volumetric specimens can then be obtained by serial stacking of the images in the axial dimension.50 

Schematic illustration of how light sheet microscopy works to visualize 3D pancreatic tissues is depict-

ed in Figure 1.

Light sheet microscopes tend to cause less photobleaching effect and can produce 3D images that 

cover larger volumes at higher speeds than can confocal microscopes.15 Another strength of light sheet 

microscopy is that it can be applied to large specimens as long working distances can be obtained 

when the objective is immersed into the specimen chamber medium.49 However, lenses with longer 

working distances tend to have lower resolution.15 As described below, confocal LASER microscopy 

can be used to obtain higher resolution images when needed.

Confocal (LASER Scanning) Microscopy

Confocal scanning microscopy has been used to characterize structural and cytologic details based 

on excitation of endogenous or exogenous fluorophores with or without the use of a LASER. Confocal 

LASER scanning microscopy works as a computer-assisted epifluorescent microscope, which rejects 

much of the out-of-focus fluorescent light. A LASER light is precisely focused to illuminate a highly 

delineated spot in the specimen. This reduces the fluorescent light emitted by tissues outside the 

Figure 1. Schematic illustration of how light sheet and confocal LASER microscopy can be utilized to visualize 3D 
pancreatic tissues.Light sheet microscopy (top upper left) uses optical sectioning with 2 thin counter-propagating 
sheets of LASER beams that areperpendicular to the focal plane of the objective. The objective collects fluorescent 
light which is emitted only from this thin opticalsection. In confocal LASER microscopy (lower left), a LASER light 
illuminates only a highly delineated spot in the specimen. Only in-focusfluorescent light is allowed into the objective, 
and much of the out-of-focus fluorescent light is rejected. Serial stacking (right) of theobtained images from light sheet 
and confocal LASER microscopies enable 3D volumetric reconstruction of the images from pancreasspecimens.
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focal plane of the objective lens.50 At each illuminated spot, fluorescent light emitted by the tissue is 

separated from the incident exciting LASER light using a dichroic mirror. In order to be detected the 

light also has to pass through a confocal pinhole, which rejects fluorescent light generated outside of 

the focal plane of the objective, and therefore most of the unwanted light scattered by the specimen 

is not seen.50 Images are created by scanning diffraction limited spots in a raster pattern across the 

specimen with 2 mirrors mounted on coordinating galvanometer motors.50 The light passing through the 

confocal pinhole is detected with a photomultiplier tube, and the signal is processed by a computer to 

create a digital image.50 Schematic illustration of how confocal LASER microscopy works to visualize 

3D pancreatic tissues is depicted in Figure 1.

Confocal microscopy can obtain near-real time images with histologic resolution.51 Historically the im-

aging depth of confocal LASER scanning microscopy has been limited by the working distance of the 

objectives of the microscope, which typically do not exceed 4 mm.52 However, microscope makers have 

recently developed customized objectives for use with specific clearing reagents. For example, Leica 

sells customized microscope specific for CLARITY, Olympus provides objectives for CLARITY, Scale, 

and SeeDB, and Zeiss makes objectives for several clearing reagents. The working distance for these 

specialized objectives is now to 5.6 to 8 mm,15 theoretically allowing for the evaluation of 3D histology 

of tissues with up to 8 mm in thickness.

Two-photon (LASER Scanning) Microscopy

Two-photon LASER scanning microscopy uses long wavelength near-infrared LASERs, which can re-

duce light scattering and increase depth of penetration.53 High-power pulsed LASERs are restricted to 

the focal plane resulting in excitation of 2 lower energy photons, which cause optical sectioning.54 The 

lower energy 2 photons reduce phototoxicity and bleaching compared with confocal LASER scanning 

microscopy.54 Imaging depth reach up to 1 mm.54 Therefore, 2-photon microscopy can only be used for 

the evaluation of 3D histology of small sized tissues that are 1 to 2 mm in thickness.

SELECTED APPLICATIONS

Recently the successful clearing of pancreatic tissue has been reported by several groups.10,12,34,35,37–39,45 

Most of the previous studies have focused on clearing normal (nonfibrotic) pancreas and on imaging 

the endocrine components of the gland.8,11,34,35,37–39 There have been only a few studies of the exocrine 

pancreas.12 Previous studies that have applied clearing to the pancreas are summarized in Table 1.

Mouse Pancreas

Most of the previous studies that applied tissue clearing to the pancreas used the mouse pancreata, 

since the mouse pancreas is small and therefore more easily cleared and imaged.34 Kim et al. char-

acterized green fluorescent protein (GFP)-tagged beta-cell distribution in mouse pancreas after tissue 

clearing with sucrose.34 Fu et al. reported islet microstructures and the vasculature of the mouse pan-

creas cleared with FocusClear.35 The same group later reported streptozosin-treated injured islets had 
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Schwann cell and pericyte plasticity.38 Tang et al. cleared mouse and human pancreata and identified a 

pancreatic neurovascular network and the coupling of ganglionic and islets via the network.37,39

Wong et al. applied a simplified CLARITY method that used acrylamide-free sodium dodecyl sulfate–

based tissue delipidation to mouse pancreas tissue.11 With this modified technique, they demonstrated 

differences in the distribution of beta-cells between wild type and mouse insulin 1 promoter GFP mice, 

the latter of which express enhanced green fluorescent protein (EGFP) under the control of the mouse 

insulin 1 promoter.11

Tainaka et al. cleared the whole body of a mouse, including the pancreas, using CUBIC-perfusion tech-

niques, and demonstrated the superiority of CUBIC-perfusion over SeeDB methods in clearing tech-

niques.45 Lee et al. also cleared the whole body of a mouse, but they used the CLARITY technique.40 

They observed that the optimal electrical current conditions for the clearing of different mouse organs 

vary based on the consistency of the organs, and found that 250 mA was the best condition for clearing 

the mouse pancreas with the CLARITY technique.40

CLARITY indicates clear lipid-exchanged acrylamide-hybridized rigid imaging/immunostaining/in situ hybridization; CUBIC, clear unob-
structed brain imaging cocktail and computational analysis; ECT, electrophoretic tissue clearing; GFAP, glial fibrillary acidic protein; GFP, 
green fluorescent protein; iDISCO, immunolabeling-enabled 3D imaging of solvent-cleared organs; KO, knock out; MIP, mouse insulin 1 
promoter; NG2, neuron-glial antigen 2; seeDB, see deep brain; STZ, streptozotocin; TH, tyrosine hydroxylase; vAChT, vesicular acetyl-
choline transporter; WT, wild type

Table 1. Summary of celaring methods used to study mouse or human pancreas
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Human Pancreas

There have only been a handful of reports of clearing applied to the human pancreas.8,12,37 These stud-

ies have provided novel insights into human diseases not appreciated in conventional 2D histology sec-

tions. Tang et al. cut surgically resected human pancreas to 350 μm thick sections using a vibratome, 

cleared the sections with RapiClear clearing solution, and observed the endocrine pancreas in these 

sections.37 They were able to demonstrate subtle 3D relationships between the vasculature and the en-

docrine pancreas.37 They observed alfa-cell distributions in the core and mantle layer of islets of Lang-

erhans, and showed that as arterioles entered the core of the islets they break into capillaries. They 

also mapped the distribution of sympathetic nerve fibers along the islet microvasculature.37 They found 

that condensed nerve fiber networks encircle the islets of Langerhans, and showed connections of 

nerve fibers from islets with microvasculature and ganglia.37 In a separate study Fowler et al. sectioned 

pancreatic tissue at up to 5 mm of thickness, and cleared the sections by immersing them in fructose 

and thioglycerol.8 Their observations were similar to those of Tang and colleagues. They demonstrated 

large islet vessels branching off into small capillaries.8 Using 3D histologic evaluation, they were able to 

capture larger numbers of islets, which increased the statistical power of their observations.8

We applied a modified iDISCO method to clear thick slabs of grossly normal human pancreas paren-

chyma (up to 1.5-mm thick) and to slabs of human pancreatic ductal adenocarcinoma (0.6 mm in thick-

ness) obtained from surgically resected specimens and the results were dramatic (Figure 2A).12 Normal 

pancreatic tissue, intraductal precursor lesions of invasive cancer, including PanINs and IPMNs, and 

pancreatic ductal adenocarcinomas were all successfully cleared and visualized in 3D.12 This allowed 

us to visualize features in 3D which were difficult to appreciate in previous thin 2D sections.

In normal pancreatic parenchyma, we observed the stunning 3D branching of the pancreatic duct 

system, as well as regularly distributed small periductal glands extending off of larger normal ducts.12 

We observed that some ductules, rather than separating as they branched as branches of a tree 

would, instead looped back to apparently rejoin the duct system (Supplemental Video 1, Supplemen-

tal Digital Content 1, http://links.lww.com/PAP/A23). Secondary changes of focal ductal obstruction 

were observed, including focal dilation of the lumina and acini in a lobule producing a ball of grapes 

appearance.12 These cleared human pancreata could also be used to visualize, in 3D, the architecture 

of both PanINs and IPMNs (Supplemental Video 2, Supplemental Digital Content 2, http://links.lww.

com/PAP/A24). The full size and shape of these lesions could be determined when the lesions were 

fully contained in the slab of tissue studied, and the intraluminal papillary projections were beautiful-

ly visualized.12 When invasive cancers were cleared, the cancer cells were haphazardly arranged in 

3D, forming, in some cases, sheets of mesenchymal appearing cells, and in others irregular-shaped 

tubular structures with numerous blunt-ended projections (Figure 2B). Invasive cancer growing into 

preexisting ducts (cancerization of ducts) was visualized in 3D.12 In contrast to the nice uniform papillae 

of PanIN lesions, the invasive cancer cells in cancerization of ducts irregularly grew across the duct 

lumina, forming jagged bridges that spanned the lumina. The use of several different antibodies and 

fluorophores allows for the visualization of the expression of multiple proteins in 3D (Figures 2C, D).

7
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The 3D visualization of cleared human pancreatic cancer highlighted invasive carcinoma growing with-

in blood vessels and a unique finding not fully appreciated in 2D sections. Long tubules of neoplastic 

cells were visualized growing in the surrounding connective tissue parallel to blood vessels. Although 

we labeled pancreatic tissues with cytokeratin 19, the blood vessels could also be detected by the dis-

tinct autofluorescent signal generated by their tortuous elastic lamina (not all autofluoresence is bad!). 

The finding of long tubes of invasive cancer growing parallel to blood vessels helps explain the 2D clin-

ical finding that a gland next to a muscular vessel supports the diagnosis of cancer.55 It also suggests a 

mechanism for this—there may be something structural in the perivascular connective tissue, perhaps 

a weak tissue plane, or small channels in the connective tissue, that leads to the preferential growth of 

neoplastic cells in this location.12,56,57

DISCUSSION

The confluence of advances in microscopy and tissue clearing has opened the door to the 3D visu-

alization of human anatomy and diseases, and provides an extraordinary opportunity to advance our 

understanding of the true complexity of human diseases.33,36,58 Several questions remain to be asked, 

and several opportunities are yet to be explored.

Figure 2. a Gross image of cleared human pancreas in a tube. b Imaging of pancreatic ductal adenocarcinoma 
demonstratedirregular-shaped branching cancer glands in the upper half, while normal pancreatic parenchyma is 
well-preserved on lower half (bar, 300 μm). c Dual p53 and cytokeratin 19 labeling of pancreatic ductal adenocarci-
noma. Cytoplasmic cytokeratin 19 is labeled with greenand nuclear p53 is labeled with orange (bar, 30 μm). d Dual 
cytokeratin 19 (green) and desmin (blue) immunolabeling of a normalpancreatic duct. A subtle branching pattern of 
small vessels (arrowheads) is observed with dense blue staining at periphery of the duct(bar, 30 μm).
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What is the maximal thickness of pancreatic parenchyma that can be visualized with current technolo-

gies? Using human exocrine pancreatic tissues, we evaluated up to 1.5-mm thick slabs of normal pan-

creas parenchyma and 0.6-mm thick slabs of pancreatic ductal adenocarcinoma sections.12 Fowler et 

al. reported that they were able to evaluate up to 5-mm thick sections of normal pancreas parenchyma.8 

Considering the working distance for the specialized objectives used is currently as high as 8 mm, one 

could theoretically visualize sections as thick as 16 mm (flipping the piece over one can visualize 8 mm 

from each surface) with confocal LASER scanning microscopy.15 With a light sheet microscope, one 

could go even deeper, but the cost would be that only lower power magnification would be available.49 

Future technical advances with development of advanced microscopic techniques may extend the limit 

of lesions that can be visualized in 3D.

Can antibody penetration be improved? Antibody penetration in thick pancreatic tissues, especially 

dense fibrotic desmoplastic stroma of pancreatic ductal adenocarcinomas, is a significant hurdle in 

the 3D study of these tissues. Several strategies can be applied to improve antibody penetration. 

Single-domain antibodies (Fab’)2 or nucleic acid aptamers, which are smaller than standard antibod-

ies, can penetrate thick pancreatic tissue may reduce time for labeling.16 In addition, forces, such as 

centrifugal, pressure, or electrophoretic fields, can facilitate antibody penetrations.40–42 We applied sin-

gle-domain antibodies (Fab’)2 and also used centrifugal forces to enhance antibody penetration and 

to reduce needed incubation times.12 New technologies that improve antibody penetration will allow 

even more to be seen.

The application of multicolor immunolabeling to cleared pancreatic tissues provides unique opportuni-

ties to evaluate the 3D relationships of normal ducts, precursor lesions, invasive carcinoma, immune 

cells, islets of Langerhans, vessels, and nerve fibers (Supplemental Video 3, Supplemental Digital 

Content 3, http://links.lww.com/PAP/A25).8,39 Fowler et al. demonstrated immunolabeling with 8 differ-

ent primary antibodies using conjugated primary antibodies with a combination of fluorophores.8 By 

using direct conjugation of fluorophores with probes may reduce the incubation time for secondary 

antibodies.16 In addition, chances of nonspecific antibody bindings between multiple primary and sec-

ondary antibodies may be reduced. However, longer exposure times may be needed to visualize the 

weaker signals generated by conjugated primary antibodies. In contrast, Tang et al. showed immuno-

labeling with 5 different nonconjugated primary antibodies from 2 different species, including guinea 

pig and rabbit.39 Although both groups used different methods, they wonderfully demonstrated multiple 

immunolabeling in endocrine pancreas. The potential here is clearly great.

New insights

The 3D visualization of cleared human pancreas will provide an extraordinary opportunity to under-

stand the true complexity of human pancreatic lesions in many aspects. First, some genetic mutations 

are associated with changes in protein expression that can be visualized in 3D, potentially allowing for 

the 3D visualization of the patterns of driver gene mutation in precursor lesions and in invasive cancers. 

This 3D visualization may provide novel insight into pancreatic ductal adenocarcinoma tumorigenesis.
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Recently developed 3D organoid systems of pancreatic ductal adenocarcinomas can be used as pow-

erful research tools for drug screening and evaluation of new biomarkers for pancreatic ductal ade-

nocarcinomas.7,59 The parallels between 3D organoids and 3D cleared tissues, potentially will allow 

researchers to validate hypothesis generated studying organoids using cleared tissue and vice-versa.

Third, recent advances in therapies that modulate the immune system to treat patients with cancers of 

a number of organs, including lung, head and neck, and stomach, suggest great potential in defining 

the 3D relationships of immune and cancer cells.60 3D evaluation of microenvironment of pancreatic 

ductal adenocarcinomas, including special associations among cancer cells, stromal cells, and im-

mune cells, may provide insights for immune-suppressive environments for pancreatic ductal adeno-

carcinomas and overcoming ways for immunotherapy-resistant mechanisms of cancers.

Fourth, vascular invasion is one of the most important mechanisms underlying distant metastases of 

pancreatic ductal adenocarcinomas.61 Identifying mechanisms of vascular invasions with cleared pan-

creatic ductal adenocarcinoma tissues will be helpful for making therapeutic regimens for preventing 

vascular invasion of pancreatic ductal adenocarcinomas.

SUMMARY

Thanks to recent technological advances of tissue clearing and advanced microscopy, the remarkable 

world of 3D anatomy and pathology to pancreatic pathologists are newly opened to pathologists. The 

application of labeling and clearing to human pancreatic parenchyma can provide detailed visualiza-

tion of normal pancreatic anatomy and it can be used to characterize the 3D architecture of various 

disease processes, including precursor lesions, such as PanINs and IPMNs, to infiltrating pancreatic 

ductal adenocarcinomas.
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ABSTRACT

Visualizing pathologies in three dimensions can provide unique insights into the biology of human 

diseases. A rapid and easy-to-implement dibenzyl ether–based technique was used to clear thick sec-

tions of surgically resected human pancreatic parenchyma. Protocols were applicable to both fresh and 

formalin-fixed, paraffin-embedded tissue. The penetration of antibodies into dense pancreatic paren-

chyma was optimized using both gradually increasing antibody concentrations and centrifugal flow. 

Immunolabeling with antibodies against cytokeratin 19 was visualized using both light sheet and con-

focal laser scanning microscopy. The technique was applied successfully to 26 sections of pancreas, 

providing three-dimensional (3D) images of normal pancreatic tissue, pancreatic intraepithelial neopla-

sia, intraductal papillary mucinous neoplasms, and infiltrating pancreatic ductal adenocarcinomas. 3D 

visualization highlighted processes that are hard to conceptualize in two dimensions, such as invasive 

carcinoma growing into what appeared to be pre-existing pancreatic ducts and within venules, and the 

tracking of long cords of neoplastic cells parallel to blood vessels. Expanding this technique to forma-

lin-fixed, paraffin-embedded tissue opens pathology archives to 3D visualization of unique biosamples 

and rare diseases. The application of immunolabeling and clearing to human pancreatic parenchyma 

provides detailed visualization of normal pancreatic anatomy, and can be used to characterize the 3D 

architecture of diseases including pancreatic intraepithelial neoplasia, intraductal papillary mucinous 

neoplasm, and pancreatic ductal adenocarcinomas.
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INTRODUCTION

Since the days of Virchow, pathologists have been studying diseases in two dimensions.1 For centu-

ries, standard hematoxylin and eosin (H&E)-stained slides have framed our field of vision and therefore 

have narrowed the conceptual framework through which diseases are viewed. Although radiologists 

and experimental pathologists have broken through this framework with technologies such as three-di-

mensional (3D) computed tomography and organoid models, most morphologic studies of in situ hu-

man pathology still are viewed and conceptualized in two dimensions.2,3

Visualizing pathologies in three dimensions provides insight into the biology of human diseases. Le-

sions can be measured accurately, the spatial relationships of various tissue and cell components can 

be defined, and morphologic changes can be put in the appropriate multidimensional context.2,4 The 

addition of immunolabeling for protein and in situ hybridization for RNA would allow one to visualize 

protein and gene expression in 3D space, creating a true multidimensional landscape.

We present a simple clearing and labeling method to visualize intact thick sections of normal and 

diseased human pancreatic parenchyma in three dimensions.5–7 Organic solvents were selected to 

clear stroma-rich human tissues.8,9 Proteins are preserved, allowing for immunofluorescent labeling of 

protein expression with an optimized protocol for penetration of antibodies in dense pancreatic tissue. 

In this study, cytokeratin 19 (CK19) was labeled to visualize the pancreatic ductal system, and the aut-

ofluorescent features of collagen and elastin were exploited to visualize blood vessels.

This methodology has a number of potential applications. The volume of small lesions, such as pan-

creatic intraepithelial neoplasia (PanIN) lesions, may be determined, the 3D relationships of cells (neo-

plastic, inflammatory, and so forth) to important structures (vessels, nerves, ducts, and so forth) may 

be defined, and changes in protein expression may be defined as cells interact, such as when neoplas-

tic cells invade into tissues. When DNA and RNA studies are added in the future, the methodology may 

be used to define the drivers of 3D morphology.10,11

MATERIALS AND METHODS

This study was approved by our Institutional Review Board. Briefly, intact slabs (up to 2.0 × 2.0 × 0.5 

cm) of excess normal or diseased surgically resected human pancreatic parenchyma were harvested. 

These included 17 slabs of grossly normal pancreatic parenchyma, 7 slabs of infiltrating pancreatic 

ductal adenocarcinoma with adjacent pancreatic parenchyma, and 2 slabs with a grossly dilated pan-

creatic duct, grossly suspicious for intraductal papillary mucinous neoplasm. Four of the 17 slabs of 

normal pancreatic parenchyma were first formalin-fixed and paraffin-embedded.

Fresh samples

Fresh tissues were fixed as quickly as possible after surgical resection in 80% methanol/20% dimethyl 

8



116

sulfoxide (DMSO) to dehydrate the tissues and precipitate proteins to stop autolysis of the tissue by 

pancreatic enzymes. Fixation was performed overnight at room temperature. The following day, the 

tissues were rehydrated and fixed in neutral-buffered 10% formalin or 4% paraformaldehyde for 24 

hours at room temperature. Next, the tissues were dehydrated with 70% methanol, 95% methanol, and 

3 × 100% methanol, followed by chilling the tissue for an hour at 4°C in 100% methanol. Tissues then 

were incubated overnight in 66% dichloromethane/33% methanol at room temperature. Samples then 

were washed twice in 100% methanol and then 5% hydrogen peroxide was added to the 100% meth-

anol for overnight incubation to oxidize endogenous pigments and autofluorescent proteins, resulting 

in increased tissue clearing and decreased tissue autofluorescence. Tissues were rehydrated in 1× 

phosphate-buffered saline (PBS) and then washed twice for an hour each in PBS/0.2% Triton X-100 

(Millipore Sigma, St. Louis, MO). Next, the tissues were incubated for 4 days in a permeabilization 

solution of PBS/20% DMSO/0.2% Triton X-100/0.3 mol/L glycine at 37°C. Glycine was added to prevent 

background labeling.

Formalin-fixed, paraffin-embedded samples

After harvesting, four of the tissues were formalin-fixed and paraffin-embedded. The tissues were re-

leased from the block by dissolving the paraffin in xylene at 37°C. The tissues then were washed 

3 times in 100% methanol and chilled for an hour at 4°C, followed by incubation overnight in 66% 

dichloromethane/33% methanol at room temperature. Samples were washed twice in 100% metha-

nol. Five percent hydrogen peroxide was then added to the 100% methanol for overnight incubation. 

Tissues were rehydrated in PBS and washed twice for an hour each in PBS/0.2% Triton X-100, and 

then incubated for 2 days in PBS/20% DMSO/0.2% Triton X-100/0.3 mol/L glycine at 37°C. Glycine was 

added to prevent background labeling.9

Immunolabeling

Antigen blocking was performed by incubating the tissues in PBS/0.2% Triton X-100/10% DMSO/6% 

donkey serum for 2 days at 37°C. Samples then were washed twice in PBS/0.2% Tween-20 with 10 μg/

mL heparin for 1 hour each at 37°C. Heparin was added to prevent background labeling.9 The extracel-

lular matrix is a significant physical barrier for the penetration of antibodies.12–14 Two approaches were 

used to increase the penetration of the primary antibody, rabbit anti-human CK19. First, the antibody 

concentration was increased gradually over 4 days from a starting dilution of 1/800 to a final dilution 

of 1/200. Specifically, primary antibody (rabbit anti-human CK19; Abcam, Cambridge, UK) incubation 

was performed in PBS/5% DMSO/3% donkey serum/0.2% Tween-20 with 10 μg/mL heparin at a di-

lution of 1/800 on the first day. For the next 3 days, the antibody concentration was increased every 

day by 1/800 (1/800, 2/800, 3/800, and so forth) until a final dilution of 1/200. As a second approach, 

centrifugal flow (600 × g) was also used to promote antibody penetration.14 During these 4 days of 

antibody incubation, the tissues were centrifuged consecutively for 12 hours at 600 × g and shaken for 

12 hours at 37°C. After the primary antibody was applied to the tissues, they were washed 5 times with 

PBS/0.2% Tween-20 with 10 μg/mL heparin for 1 hour each at room temperature. A pepsin-digested 

secondary antibody fragment with a smaller molecular weight than an intact IgG antibody was used 
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to increase tissue penetration of the secondary antibody. The secondary antibody fragment (Alexa 

Fluor 488 AffiniPure F(ab’)2 fragment, donkey anti-rabbit IgG; Jackson ImmunoResearch, West Grove, 

PA) was incubated for 4 days and protected from light. During this time, the tissues were alternatively 

centrifuged for 12 hours at 600 × g and shaken for 12 hours at 37°C. The tissues were then washed 

5 times with PBS/0.2% Tween-20 with 10 μg/mL heparin for 1 hour each at room temperature and 

protected from light.

Tissue Clearing

The tissues were dehydrated with 70% methanol, 95% methanol, and 3 × 100% methanol, followed 

by a 3-hour incubation in 66% dichloromethane/33% methanol at room temperature while shaking. 

Right before clearing in dibenzyl ether (DBE) for at least 48 hours, the tissues were incubated in 100% 

dichloromethane for 15 minutes.

Imaging

Immunolabeled tissues were visualized in three dimensions using either the Ultramicroscope II (Light 

Sheet Microscope; LaVision BioTec, Bielefeld, Germany) or the LSM800 (confocal laser scanning mi-

croscope; Carl Zeiss, Jena, Germany). The Ultramicroscope II is equipped with a Neo sCMOS camera 

(Andor Technology, Belfast, UK) and a 4× objective lens that was immersed in DBE in the imaging 

chamber. Alexa 488 signals of ductal cells were visualized with a bandpass filter set with an excitation 

range of 480/40 nm and an emission range of 525/50 nm. Although autofluorescence of the tissues 

was reduced as described in Fresh Samples and Formalin-Fixed, Paraffin-Embedded Samples, the 

elastic lamina and collagen of blood vessels still had detectable autofluorescence. This autofluores-

cence, combined with the unique morphology of elastic lamina, was used to identify vessels without 

the use of additional labeling. Autofluorescence was observed in an additional filter set of the LaVision 

Ultramicroscope II (excitation, 405/40 nm; emission, 460/50 nm). For the LSM800 microscope, the 

tissue was submerged in DBE in a petri dish to match the refractive index and to obtain a flat surface at 

the interface between materials of different refractive indices. We used both the 5× and 10× objectives. 

The 488-nm argon laser was used to excite the Alexa 488 fluorochrome, and the range of visualized 

emitted light was set at 510 to 615 nm. Autofluorescence was observed best in the LSM800 microscope 

when the 405-nm laser was used and the range of visualized emitted light was set between 410 and 

470 nm. However, the autofluorescence signal also was observed while visualizing the Alexa 488 fluo-

rochrome with both the Ultramicroscope II and the LSM800. 3D reconstructions were made with Imaris 

Software version 8.4 (Bitplane, Zurich, Switzerland).

Validation

Four of the cases were embedded in paraffin after labeling, clearing, and visualization. DBE was re-

moved by washing it away with methanol (5 times for >1 hour), followed by rehydration with PBS. 

Tissues then were formalin-fixed and paraffin-embedded, and sectioned for routine H&E staining. The 

pathologies observed in the cleared tissues were compared with those in the H&E-stained slides.

8
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RESULTS

All 26 thick sections of human pancreatic pa-

renchyma were cleared successfully (Figure 

1). Normal parenchyma, fatty parenchyma, and 

even densely fibrotic parenchyma were cleared. 

All sections were labeled with an antibody target-

ing CK19. CK19 was selected as the first marker 

to examine in three dimensions because it allows 

visualization of the normal epithelial components 

of the pancreas, pancreatic cancer precursor le-

sions, and invasive pancreatic cancer, providing 

broad insights into normal and neoplastic pro-

cesses in the human pancreas. Although the 

penetration of antibody into the dense fibrotic tissue of human pancreatic cancer was increased by ap-

plying centrifugal flow, the penetration obtained with fibrotic cancerous tissues was not as great as that 

observed with normal pancreatic parenchyma. CK19 labeling could be visualized from 0.7 to 1.5 mm 

into the normal tissue sections and 0.3 to 0.6 mm into the pancreatic ductal adenocarcinoma sections. 

Because depth-based limitations were not encountered when visualizing autofluorescent signals in the 

tissue, it can be concluded that the depth of visualization was limited by antibody penetration, not by 

efficacy of clearing or visualization capabilities of the light sheet microscope.

Normal Parenchyma

The 3D branching of ducts was visualized easily, and small periductal glands extending off of larger 

ducts into the stroma could be appreciated (Figure 2A and Supplemental Videos S1, S2, and S3). 

As has been described in rat pancreatic parenchyma, some of the ductules in the normal pancreas 

formed loops instead of linear branches (Figure 2A and Supplemental Video S2). Localized dilation of 

the ductules in a lobule was seen in one case, probably secondary to downstream obstruction (Sup-

plemental Video S3).

Precursor Lesions

Immunolabeling highlighted microscopic PanIN and intraductal papillary mucinous neoplasm lesions. 

The neoplastic papillary projections of the PanIN and intraductal papillary mucinous neoplasm lesions 

into the lumina of ducts was readily appreciated (Figure 2B and Supplemental Video S4). A PanIN in 

one case measured 2.8 mm × 0.5 mm × 0.5 mm.

Invasive Carcinoma

Invasive ductal adenocarcinomas were also well visualized (Figure 2C). The appearance of the neo-

plastic cells varied greatly, from sheets of individual cells embedded in the stroma (Supplemental 

Video S5), to large hollow globular clusters of cells with numerous blunt projections, to haphazardly 

Figure 1. Gross image of cleared human pancreatic paren-
chyma. In this 5-mm–thick cleared section of pancreatic tis-
sue, the refractive index matching reduces light scattering 
and produces cleared tissue that enables fluorescent mi-
croscopy of deeper structures. Original magnification, ×2.5.
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arranged discrete long thin tubes (Figure 2C and Supplemental Video S6). Visualization in 3D allowed 

for the identification of cancerization of a duct (Supplemental Video S7), with bridging of neoplastic 

cells across the duct lumen. A remarkable finding was of invasive carcinoma growing in the connective 

tissue parallel to blood vessels (Figure 2D and Supplemental Video S8), as well as invasive carcinoma 

growing within blood vessels (Supplemental Videos S9 and S10). The blood vessels could be identified 

based on the autofluorescence and distinct morphology of the arterial elastic lamina. Specific CK19 

labeling and nonspecific autofluorescence of the arterial elastic lamina could be distinguished reliably 

by careful visualization of the tissue and use of different excitation wavelengths and filters. The arterial 

elastic lamina produced a distinct narrow bright wavy line that was unique in fluorescent intensity, pat-

tern, and thickness, distinguishing it from specific CK19 labeling of neoplastic epithelial cells. Moreover, 

the autofluorescence of the arterial elastic lamina remained in wavelengths and filters outside of the 

488-nm Alexa Fluor filter that highlighted specific CK19 labeling.

Figure 2. Three-dimensional imaging of normal and neoplastic human pancreatic parenchyma. Sections of grossly 
normal and neoplastic human pancreas were immunolabeled with antibodies for cytokeratin 19 and then cleared. a 
In the normal pancreas, the branching morphology at the edge of a lobule can be seen, including one of the ducts 
with looping (arrow). b PanIN precursor lesions are identified in sections of grossly normal human pancreas—these 
lesions have intraluminal papillary projections of columnar epithelial cells. c Imaging of grossly identified pancreatic 
ductal adenocarcinoma shows multiple patterns of invasion, including growth as invasive long and thin ductal struc-
tures. d Analysis of pancreatic ductal adenocarcinoma shows a unique pattern of perivascular spread of malignant 
cells. The blood vessel passing from the upper left to the lower right is identifiable by its autofluorescence. In this 
tumor, invasive carcinoma grows in the perivascular space, parallel to the vessel. Scale bars: 200 μm (a, c, and d); 
150 μm (b).

8
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Validation

With the exception of slight retraction of some epithelial cells into the lumina of ducts, tissue morphol-

ogy was remarkably well preserved in the H&E sections taken after the tissue clearing. These H&E 

sections validated the interpretation of the 3D findings in all four cases (Supplemental Figure S1).

DISCUSSION

The 3D visualization of cleared human solid organs provides an extraordinary opportunity to under-

stand the true complexity of human diseases.2,4–7 The application of labeling and clearing to human 

pancreatic parenchyma provides detailed visualization of normal pancreatic anatomy, and can be used 

to characterize the 3D architecture of disease processes ranging from PanIN to invasive carcinoma. 

Importantly, with the addition of multicolor immunolabeling, the 3D relationships of normal ducts, pre-

cursor lesions, invasive carcinoma, immune cells, islets of Langerhans, vessels, and nerves should be 

visualizable.10,15

Clearing methodologies have been described for 100 years.7 The more recent addition of immunola-

beling using fluorescent antibodies has opened the door to 3D microscopy. These techniques were first 

applied to small pieces of tissue from experimental models, but technological improvements in large-

scale microscopy have opened up this technology to the study of a broad array of human diseases.4 

The basic principle underlying clearing is that light scattering, which occurs when photons transition 

through tissues with different refractive indices, can be reduced by matching refractive indices within 

tissue.8,16 Lipid-containing membranes have a high refractive index, whereas water-based cytosol and 

interstitial fluid have a low refractive index. Dehydration and replacement of the cytosol and the inter-

stitial fluid with a material with a high refractive index (such as DBE), followed by submersion of tissue 

in DBE during imaging, reduces light scattering, the main cause of tissue opaqueness. In contrast, 

other clearing techniques [eg, Clear Lipid-exchanged Acrylamide-hybridized Rigid Imaging/Immunos-

taining/in situ-hybridization-compatible Tissue hYdrogel (CLARITY)] exploit the removal of membranes 

to match the refractive indices.11 Unlike 3D reconstruction of histology from serially sectioned tissues, 

clearing avoids artifacts introduced when tissue is physically sectioned.

Poor antibody penetration can limit the application of clearing to dense tissues.14 This problem was 

addressed by gradually increasing the concentration of antibody and with centrifugal flow.14 A novel 

feature of our protocol is the combination of these strategies to increase antibody penetration with 

DBE-based tissue clearing to effectively visualize fibrotic human pancreatic tissue in three dimensions. 

In so doing, we were able to visualize processes such as cancerization of the ducts and cancer growing 

within a long segment of a vein. In addition, although it is known that the two-dimensional histologic 

finding of a gland next to a muscular vessel is suggestive of invasive cancer, here we show using 3D 

visualization that such proximity is not a random event.17,18 Cords of neoplastic cells often run parallel to 

muscular blood vessels. Thus, this novel finding, observed in three dimensions, explains a long-known 

diagnostic aid in surgical pathology. For years, the presence of a gland next to a muscularized blood 
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vessel in the pancreas has been recognized as a two-dimensional histologic feature of malignancy in 

the pancreas.18 Until our study, it was not clear whether this co-localization was simply owing to the 

haphazard growth of the neoplastic glands of pancreatic cancer or a more directed process. Our results 

show preferential invasion of malignant glands in the interstitium parallel to blood vessels. The mech-

anism for this preferential invasion remains to be elucidated—possibilities range from cancer growing 

within longitudinal perivascular interstitial tracks as well as chemical attractants.19,20

We anticipate that this approach will provide new understandings of a wide range of processes, from 

the 3D anatomy of immune responses to neoplastic cells, to the events that take place at the leading 

edges of cancers as the neoplastic cells interact with normal parenchyma. In addition, this technique 

can also be applied to animal models of human disease (such as genetically engineered mouse mod-

els or xenograft models) to interrogate 3D anatomy at specific time points in disease progression.21–23 

Importantly, just as the two-dimensional microscopic visualization of human diseases helped generate 

new hypotheses hundreds of years ago, so too is our hope that the 3D visualization of diseases of the 

pancreas will generate new hypotheses and new biological insights.

8



122

1. Weller, C. V. Rudolf Virchow--Pathologist. Sci. Mon. 
13, 33–39 (1921).

2. Qiu, H. et al. Comparison of conventional and 
3-dimensional computed tomography against his-
topathologic examination in determining pancre-
atic adenocarcinoma tumor size: implications for 
radiation therapy planning. Radiother. Oncol. 104, 
167–172 (2012).

3. Boj, S. F. et al. Model organoids provide new re-
search opportunities for ductal pancreatic cancer. 
Mol Cell Oncol 3, e1014757 (2016).

4. Tanaka, N. et al. Whole-tissue biopsy phenotyping 
of three-dimensional tumours reveals patterns of 
cancer heterogeneity. Nature Biomedical Engi-
neering 1 (2017).

5. Richardson, D. S. & Lichtman, J. W. Clarifying Tis-
sue Clearing. Cell 162, 246–257 (2015).

6. Richardson, D. S. & Lichtman, J. W. SnapShot: Tis-
sue Clearing. Cell 171, 496–496.e1 (2017).

7. Seo, J., Choe, M. & Kim, S.-Y. Clearing and Label-
ing Techniques for Large-Scale Biological Tissues. 
Mol. Cells 39, 439–446 (2016).

8. Azaripour, A. et al. A survey of clearing techniques 
for 3D imaging of tissues with special reference to 
connective tissue. Prog. Histochem. Cytochem. 51, 
9–23 (2016).

9. Renier, N. et al. iDISCO: a simple, rapid method 
to immunolabel large tissue samples for volume 
imaging. Cell 159, 896–910 (2014).

10. Lin, P.-Y., Peng, S.-J., Shen, C.-N., Pasricha, P. J. 
& Tang, S.-C. PanIN-associated pericyte, glial, and 
islet remodeling in mice revealed by 3D pancreatic 
duct lesion histology. Am. J. Physiol. Gastrointest. 
Liver Physiol. 311, G412–22 (2016).

11. Lee, H., Park, J.-H., Seo, I., Park, S.-H. & Kim, S. 
Improved application of the electrophoretic tissue 
clearing technology, CLARITY, to intact solid or-
gans including brain, pancreas, liver, kidney, lung, 
and intestine. BMC Dev. Biol. 14, 48 (2014).

12. Flessner, M. F., Choi, J., Credit, K., Deverkadra, 
R. & Henderson, K. Resistance of tumor interstitial 
pressure to the penetration of intraperitoneally de-
livered antibodies into metastatic ovarian tumors. 
Clin. Cancer Res. 11, 3117–3125 (2005).

13. Calve, S., Ready, A., Huppenbauer, C., Main, R. & 
Neu, C. P. Optical clearing in dense connective tis-
sues to visualize cellular connectivity in situ. PLoS 
One 10, e0116662 (2015).

14. Lee, E. et al. ACT-PRESTO: Rapid and consistent 
tissue clearing and labeling method for 3-dimen-
sional (3D) imaging. Sci. Rep. 6, 18631 (2016).

15. Tang, S.-C. et al. Pancreatic neuro-insular network 
in young mice revealed by 3D panoramic histology. 
Diabetologia 61, 158–167 (2018).

16. Becker, K., Jährling, N., Kramer, E. R., Schnorrer, 
F. & Dodt, H.-U. Ultramicroscopy: 3D reconstruc-
tion of large microscopical specimens. J. Biopho-
tonics 1, 36–42 (2008).

17. Hruban, R. H. & Klimstra, D. S. Adenocarcinoma of 
the pancreas. Semin. Diagn. Pathol. 31, 443–451 
(2014).

18. Sharma, S. & Green, K. B. The pancreatic duct and 
its arteriovenous relationship: an underutilized aid 
in the diagnosis and distinction of pancreatic ad-
enocarcinoma from pancreatic intraepithelial neo-
plasia. A study of 126 pancreatectomy specimens. 
Am. J. Surg. Pathol. 28, 613–620 (2004).

19. Friedl, P. & Alexander, S. Cancer invasion and the 
microenvironment: plasticity and reciprocity. Cell 
147, 992–1009 (2011).

20. Benias, P. C. et al. Structure and Distribution of an 
Unrecognized Interstitium in Human Tissues. Sci. 
Rep. 8, 4947 (2018).

21. Fu, X., Guadagni, F. & Hoffman, R. M. A metastatic 
nude-mouse model of human pancreatic cancer 
constructed orthotopically with histologically intact 
patient specimens. Proc. Natl. Acad. Sci. U. S. A. 
89, 5645–5649 (1992).

22. Hingorani, S. R. et al. Trp53R172H and KrasG12D 
cooperate to promote chromosomal instability and 
widely metastatic pancreatic ductal adenocarcino-
ma in mice. Cancer Cell 7, 469–483 (2005).

23. Hiroshima, Y. et al. Selective efficacy of zoledronic 
acid on metastasis in a patient-derived orthotopic 
xenograph (PDOX) nude-mouse model of human 
pancreatic cancer. J. Surg. Oncol. 111, 311–315 
(2015).

REFERENCES



123

8



124



125

Chapter 9
Three-dimensional visualization of cleared human 

pancreas cancer reveals that sustained 

epithelial-to-mesenchymal transition is not required 

for venous invasion

Seung-Mo Hong, DongJun Jung, Ashley Kiemen, Matthias M. Gaida, Tadashi Yoshizawa, Alicia M. 

Braxton, Michaël Noë, Gemma Lionheart, Kiyoko Oshima, Elizabeth D. Thompson, Richard Burkhart, 

Pei-Hsun Wu, Denis Wirtz, Ralph H. Hruban, Laura D. Wood

Modern Pathology, November 2019



126

ABSTRACT

Venous invasion is three times more common in pancreatic cancer than it is in other major cancers 

of the gastrointestinal tract, and venous invasion may explain why pancreatic cancer is so deadly. To 

characterize the patterns of venous invasion in pancreatic cancer, 52 thick slabs (up to 5 mm) of tissue 

were harvested from 52 surgically resected human ductal adenocarcinomas, cleared with a modified 

iDISCO method, and labeled with fluorescent-conjugated antibodies to cytokeratin 19, desmin, CD31, 

p53 and/or e-cadherin. Labeled three-dimensional (3D) pancreas cancer tissues were visualized with 

confocal laser scanning or light sheet microscopy. Multiple foci of venous and even arterial invasion 

were visualized. Venous invasion was detected more often in 3D (88%, 30/34 cases) than in conven-

tional 2D slide evaluation (75%, 25/34 cases, P < 0.001). 3D visualization revealed pancreatic cancer 

cells crossing the walls of veins at multiple points, often at points where preexisting capillary structures 

bridge the blood vessels. The neoplastic cells often retained a ductal morphology (cohesive cells form-

ing tubes) as they progressed from a stromal to intravenous location. Although immunolabeling with 

antibodies to e-cadherin revealed focal loss of expression at the leading edges of the cancers, the 

neoplastic cells within veins expressed e-cadherin and formed well-oriented glands. We conclude that 

venous invasion is almost universal in pancreatic cancer, suggesting that even surgically resectable 

PDAC has access to the venous spaces and thus the ability to disseminate widely. Furthermore, we 

observe that sustained epithelial mesenchymal transition is not required for venous invasion in pan-

creatic cancer.
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is one of the leading causes of cancer death in the United 

States. It is estimated that about 56,770 Americans will be diagnosed and 45,750 patients will die of 

PDAC in 2019.1 Most patients with pancreatic cancer are diagnosed with advanced disease, usually liv-

er metastases, and only 10% of patients have localized disease.1 Even patients with low-stage disease 

who undergo surgery only have a 34% 5 year-survival rate.1 Although the aggressiveness of PDAC is 

clearly due to several factors, it has been hypothesized that the high prevalence venous invasion in 

PDAC explains the rapid development of liver metastases and therefore the aggressiveness of disease 

in most patients with PDAC.2

The reported prevalence (65%) of venous invasion is higher in PDAC than in cancers of other abdomi-

nal organs.3,4 Because veins in the pancreas drain directly into the liver, venous invasion in PDAC may 

explain the almost universal development of liver metastases in patients with this disease.2–6 Venous 

invasion in PDACs is not only very common, but it also has a distinctive morphology. The neoplastic 

cells within the veins replace the endothelial cells and grow as well-oriented lumen-forming cells along 

the inner wall of the vessels, creating a unique pancreatic intraepithelial neoplasia-like histology.3 Our 

understanding of the process of venous invasion of PDAC beyond this is limited in part due to empha-

sis on thin two-dimensional (2D) hematoxylin and eosin (H&E) tissue sections.7 Therefore, the goal of 

the present study is to characterize venous invasion in human PDAC in 3D.

Technical advances in tissue clearing, antibody penetration, and advanced microscopes now enable 

the 3D visualization of dense fibrotic tissues, including human PDACs.7,8 We previously reported the 

3D analysis of human PDAC using clearing and a single marker (cytokeratin 19).8 We reported that in-

filtrating cancer cells preferentially grow in the connective tissue parallel to blood vessels, and we also 

observed neoplastic cells growing within blood vessels.8 In order to more precisely define the process 

of venous invasion in PDAC, we now apply multiple markers (antibodies to cytokeratin 19, desmin, p53, 

CD31, and e-cadherin) to a larger well-characterized series of cleared surgically resected PDACs. We 

confirm that venous invasion occurs in the vast majority of PDACs and observe that sustained epithe-

lial–mesenchymal transition (EMT) is not required for venous invasion.

MATERIALS AND METHODS

Patients and tissue preparation

After approval from the institutional review boards, a total of 52 pancreas tissue slabs (up to 

20 × 10 × 5 mm3) were examined. These included 34 fresh cancer tissues harvested from 34 patients 

who underwent pancreatic resection at the Johns Hopkins Medical Institutions for PDAC, and 18 pan-

creas tissue slabs from formalin-fixed paraffin embedded (FFPE) PDAC samples from 18 patients who 

underwent surgical resection at the University Hospital Heidelberg, Heidelberg, Germany. These latter 

cancers were selected because they were known to have venous invasion by 2D H&E microscopy.

9
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Fresh samples

All fresh pancreatic tissues were processed as previously described.8 In brief, tissues were fixed over-

night at room temperature in 80% methanol/20% dimethyl sulfoxide (DMSO) to dehydrate the tissues 

and precipitate proteins to prevent autolysis by pancreatic enzymes, and then the tissues were rehy-

drated and fixed in 4% paraformaldehyde at room temperature for 1 day. They were then dehydrat-

ed with serially concentrated methanol (1 × 50% methanol, 1 × 80% methanol, 1 × 90% methanol, and 

3 × 100% methanol), chilled at 4 °C for 1 h in 100% methanol, and incubated overnight in 66% dichloro-

methane/33% methanol at room temperature. To oxidize endogenous pigments and autofluorescent 

proteins, tissues were washed twice in 100% methanol and then 5% H2O2 was added for overnight 

incubation. Tissues were rehydrated in 1x phosphate-buffered saline (PBS) and then washed twice for 

1 h each in PBS/0.2%Triton X-100 (Millipore Sigma, St. Louis, MO). Next, the tissues were incubated for 

2 days in a permeabilization solution of PBS/20% DMSO/0.2% Triton X-100/0.3 mol/L glycine at 37 °C. 

Blocking reagent of 6% donkey serum, 10% DMSO in PTx.2 was incubated for 2 days.

Formalin-fixed, paraffin-embedded samples

Eighteen FFPE tissues were released from the paraffin block by dissolving the paraffin in xylene at 

37 °C. The tissues then were washed three times in 100% methanol and chilled at 4 °C for 1 h, followed 

by overnight incubation in 66% dichloromethane/33% methanol at room temperature. The tissues were 

then washed twice in 100% methanol, and 5% H2O2 was added to the 100% methanol for overnight 

incubation. Tissues were rehydrated in PBS and washed twice for an hour each in PBS/0.2% Triton 

X-100, and then incubated in PBS/20% DMSO/0.2% Triton X-100/0.3 mol/L glycine at 37 °C for 2 days. 

Glycine was added to prevent background labeling.

Multiplex immunolabeling

Nonspecific antigens were blocked by incubating the tissues in PBS/0.2% Triton X-100/10% DMSO/6% 

donkey serum at 37 °C for 2 days. Samples then were washed twice in PBS/0.2% Tween-20 with 

10 mg/mL heparin each at 37 °C for 1 h. Heparin was added to prevent background immunolabeling. 

Multiple primary antibodies, including cytokeratin 19 (EP1580Y, rabbit monoclonal; final dilution, 1:200; 

Abcam, Cambridge, UK), desmin (goat polyclonal; final concentration, 1:100, LifeSpan Biosciences, 

Seattle WA), CD31 (JC/70A, mouse monoclonal; final concentration, 1:100, Thermo Fisher Scientific, 

Waltham, MA), p53 (DO-7, mouse monoclonal; final concentration, 1:100, Thermo Fisher Scientific), 

and e-cadherin (M168, mouse monoclonal; final concentration, 1:150; Abcam) were used. These an-

tibodies were applied in varying combinations, with a maximum of four antibodies used on any one 

tissue. Tissue from all 34 freshly harvested PDAC cases were labeled with at least both cytokeratin 19 

and desmin. In addition, 24 of the 34 freshly harvested PDAC cases were also labeled with antibodies 

to p53, 24 PDAC cases with antibodies to CD31 and 8 with antibodies to e-cadherin. Diffuse nuclear 

p53 labeling was noted in 14 of the 24 cases (58%), which aided in the identification of invasive carci-

noma. Similarly, all 18 FFPE PDAC cases were labeled with at least both cytokeratin 19 and desmin. 

In addition, 7 of these 18 PDACs were also labeled with antibodies to CD31 and 8 with antibodies to 

e-cadherin.
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Because dense desmoplastic stroma in PDACs is a significant physical barrier for the penetration of 

antibodies, four approaches were used to increase antibody penetration: First, the antibody concen-

tration was gradually increased for 4 consecutive days. Second, during these 4 days of antibody incu-

bation, the tissues were centrifuged consecutively for 12 h at 600 × g and shaken at 37 °C for 12 h. After 

the primary antibody was applied to the tissues, they were washed five times with PBS/0.2% Tween-20 

with 10 mg/mL heparin for 1 h each at room temperature. Third, pepsin-digested secondary antibody 

fragments with smaller molecular weights than intact IgG antibodies were used to increase tissue 

penetration of the secondary antibodies. The fragmented secondary antibodies, including Alexa Fluor 

488-conjugated AffiniPure F(ab’)2 fragment donkey anti-rabbit IgG (Jackson ImmunoResearch,West 

Grove, PA), DyLight 405-conjugated AffiniPure F(ab’)2 fragment donkey anti-goat IgG (Jackson Immu-

noResearch), and Cyanine 3-conjugated AffiniPure F(ab’)2 fragment, donkey anti-mouse IgG (Jackson 

ImmunoResearch), were incubated for 4 days and protected from light. During this time, the tissues 

were alternatively centrifuged for 12 h at 600 × g and shaken for 12 h both at 37 °C. Fourth, after cen-

trifugation and shaking, the tissues were sonicated for 1 h at 37 °C. The tissues were then washed five 

times with PBS/0.2% Tween-20 with 10 mg/mL heparin for 1 h each at room temperature and protected 

from light exposure.

Tissue clearing

After the immunolabeling, the tissues were dehydrated with serially concentrated methanol (70% meth-

anol, 95% methanol, and 3 × 100% methanol), incubated with 66% dichloromethane/33% methanol for 

3 h, and 100% dichloromethane for 15 min twice, and were finally transferred to dibenzyl ether (DBE) 

overnight.

Tissue imaging

Immunolabeled tissues were visualized in 3D primarily with a confocal laser scanning microscope 

(LSM800; Carl Zeiss, Jena, Germany) and when lower power views were needed with a Light Sheet 

Microscope (Ultramicroscope II; LaVision BioTec, Bielefeld, Germany). The Ultramicroscope II is 

equipped with a Neo sCMOS camera (Andor Technology, Belfast, UK) and a 4× objective lens that 

was immersed in DBE in the imaging chamber.

Alexa 488 signals of CK19 expressing epithelial cells (normal ductal and cancer cells) were visualized 

with a bandpass filter set with an excitation range of 480/40 nm and an emission range of 525/50 nm. 

DyLight 405 signals of desmin-expressing cells (smooth muscle cells) were visualized with a filter 

set with an excitation range of 400/40 nm and an emission range of 421/50 nm. Cyanine 3 signals 

of CD31expressing endothelial cells, of e-cadherin labeled cells, or p53 labeled cancer cells were 

visualized using a filter set with an excitation range of 550/40 nm and an emission range of 570/50 nm. 

Although autofluorescence of the tissues was reduced as described in the “Methods” section, the elas-

tic lamina and collagen of blood vessels still had detectable autofluorescence. This autofluorescence, 

combined with the unique morphology of elastic lamina, was used to identify vessels in addition to 

desmin labeling. Autofluorescence was observed in an additional filter set of the LaVision Ultramicro-

scope II (excitation, 405/40 nm; emission, 460/50 nm).

9
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For the LSM800 microscope, the tissue was submerged in DBE in a glass bottom cell culture dish to 

match the refractive index and to obtain a flat surface at the interface between materials of different 

refractive indices. We used the 5×, 10×, and 20× objectives. Consecutive 2D images with Z stacks were 

visualized with Zen (Ver. 2.3, Zeiss) and 3D images were reconstructed with IMARIS software (Ver. 9.4, 

Bitplane, Zurich Switzerland).

Validation

Seven cases were embedded in paraffin after the tissues had been cleared and visualized. These 

seven cases were then sectioned, stained with H&E, and the findings in the cleared tissues were 

compared to the H&E findings.

Briefly, DBE was removed by washing with serially diluted methanol, and the tissues were rehydrated 

with PBS. Tissues then were FFPE, and sectioned for routine H&E staining. The pathologies observed 

in the cleared tissues were then compared with those features in the H&E stained slides. In five of the 

seven cases, the entire tissue block was serially sectioned and one slide taken every 13 μm. These 

serial slides were stained with H&E and then digitized (NanoZoomer-XR, Hamamatsu, Hamamatsu 

City, Japan). The scanned slides were then registered in 3D and areas with venous invasion were 

reconstructed. Serial H&E sections were aligned to each other with rigid image registration using MAT-

LAB 2019a. Registration between adjacent images was achieved by finding the rotational angle and 

translation which maximized cross correlation between images. This resulted in a continuous digital 

volume of H&E sections. By manually annotating foci of venous invasion on these serial sections, 3D 

reconstructions of venous invasion were created and allowed 3D H&E validation of the observations 

made in the cleared tissues.

RESULTS

Patient and tumor characteristics

Clinicopathologic characteristics of the 34 fresh PDAC cases included in this study are summarized 

in Supplementary Table 1. Briefly, the mean age (± standard deviation) of the patients was 69.7 ± 11.2 

years. Male to female ratio was 1:1. The mean tumor size was 3.3 ± 0.9 cm (range, 1.8–5.7 cm). Twen-

ty-three cases (68%) were located in the pancreatic head, 18 (53%) were moderately differentiated, 

and 25 (74%) had vascular invasion of any type (lymphatic and or venous) present in the original 2D 

H&E sections utilized for clinical diagnosis. Seven patients had received neoadjuvant therapy before 

resection.

Of the 18 FFPE PDACs, the mean age (± standard deviation) of the patients was 58.1 ± 10.9 years. 

Male to female ratio was 2:1. The mean tumor size was 3.8 ± 0.7 cm (range, 2.5–5.5 cm). Fourteen cas-

es (78%) were located in the pancreatic head. All 18 FFPE cases were selected based on the presence 

of vascular invasion on the original diagnostic H&E slides and so they were not considered in analyses 

of the prevalence of venous invasion. None of these 18 had received preoperative neoadjuvant therapy.
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Identifying muscular vessels in cleared tissues

Blood vessels and ducts were identified based on 

desmin labeling and the distinct morphology of the 

ducts and of the arterial elastic lamina. Ducts were 

easily distinguished from vessels. Ducts are in the 

center of lobular units, while vessels are at the pe-

riphery.9 As a result, normal interlobular ducts are 

surrounded by acinar cells. In contrast, vessels, 

because they are in the stroma at the periphery of 

lobules in the pancreas, are not surrounded by aci-

nar cells.9 In addition, desmin labeling of the media 

of blood vessels was distinguished from the weaker 

desmin labeling of the walls of pancreatic ducts. The 

media of veins is thicker and label more intensely 

than do the walls of ducts.

Veins and arteries were distinguished using sever-

al features. In general, desmin immunolabeling of 

arterial walls was more intense than the labeling of both ducts and veins, and the media of arteries 

was thicker than those of muscular veins. In addition, arterial walls contain elastic lamina, which was 

visualized as auto-fluorescing regularly concentric wavy lines (Figure 1). The autofluorescence of ves-

sels was easily distinguished from other sources of autofluorescence, including fibroblasts and their 

associated collagen. First, the nonspecific autofluorescence from fibroblasts provided weaker signals 

on different excitation wavelengths with different LASERs, including 405 and 488 nm. Second, most 

muscular veins run parallel to an artery in the pancreas.9

Cells of invasive carcinoma were easily distinguished from lobular collections of acinar cells. Unlike 

acinar cells, the cells of invasive carcinoma vary in size and form irregular haphazard 3D clusters or 

single cells.

Comparison of detection of venous invasion between 2D and 3D analyses

All 2D diagnostic H&E slides were rereviewed from the 34 fresh cases, and the prevalence of venous 

invasion identified in the fresh cleared tissue was compared with the prevalence of venous invasion in 

the original 2D diagnostic H&E slides prepared before clearing. Thus, the venous invasion evaluated 

in the 2D diagnostic H&E slides was from an adjacent but separate block of tumor. Venous invasion 

was detected more often in 3D (88%, 30/34 cases) than in conventional 2D H&E slide evaluation (74%, 

25/34 case; chi-square test, P < 0.001). The 18 FFPE cases were not included in these analyses, as 

they had been selected specifically because venous invasion was identified on diagnostic H&E slides.

Figure 1. The combination of morphology and patterns 
of immunolabeling can be used to define key structures 
in cleared tissues. Desmin immunolabeling of arterial 
walls (A) is more intense and the media of arteries is 
thicker than those of muscular veins (V). The concen-
tric wavy autofluorescent lines of the elastic lamina also 
highlights arterial walls. Blue labeling for desmin high-
lights the muscular layer in blood vessels

9
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Figure 2. Representative images of multicolor immunofluorescent labeling of pancreatic ductal adenocarcinoma 
tissues with venous invasion. a A cord of cancer cells approaches and then infiltrates a muscular blood vessel. b 
Arterial wall is surrounded by cancer cells. Some cancer cells show nuclear p53 labeling (orange nuclei, lower left). c 
Cohesive cancer cells infiltrate into a muscular vein. d Cancer cells from tubular structure inside of a vein and a well-
formed tube of neoplastic cells crosses the media of the vein. e Small clusters of cancer cells grow into a vein (lower 
right). Note the adjacent artery (upper left). f Cords of cancer cells form well-oriented tube within a vein, and cross the 
media of the vein at several points (arrows) along the vein. Focal cross reactivity of the antibody to desmin to islets 
of Langerhans is noted in this case. Green labeling for cytokeratin 19 highlights the neoplastic cells, blue labeling 
for desmin highlights the muscular layer in blood vessels, red labeling in b–e for CD31 marks endothelial cells, and 
nuclear red labeling for p53 in b.
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3D pathologic features of PDAC in the stroma adjacent to muscular blood vessels

The neoplastic cells of invasive PDAC typically formed tubes/cords, larger globular masses, or single 

cells. As previously described using a single antibody, when cords of neoplastic cells approached ves-

sels, they tracked parallel to the vessels (Figure 2a, b, and Supplementary Movies 1 and 2).8

3D pathologic features of vascular invasion

Venous invasion was identified in 30 of the 34 fresh cases. In 23 of these 30 cases we observed neo-

plastic cells crossing the media of the involved veins (Figure 2c–f). Rather than individual cells crossing 

the media of veins, we most often observed (21 of 23 foci of venous invasion) cords and tube-like 

growths of cancer cells crossing the media of veins (Figure 2c, d and Supplementary Movies 3 and 4). 

These cords and tubes often appeared intact, that is the cords were long and relatively uniform without 

disruption. This pattern was not universal, as in some instances small clusters and individual neoplastic 

cells were observed spanning the media of veins (Figure 2e). When venous invasion was identified, the 

neoplastic cells frequently crossed the muscular venous wall at multiple points along the length of the 

vessel (Figure 2f, Supplementary Movie 5). For example, in Figure 2f and Supplementary Movie 5, at 

least three separate foci can be identified at which the neoplastic cells cross the media of the involved 

vessel. Some of the points at which neoplastic cells traversed the media of vessels were associated 

with the presence of endothelial cells (Figure 2d and Supplementary Movie 4), raising the possibility 

that the neoplastic cells exploit local weaknesses in the vessel wall created by these preexisting capil-

lary structures. Arterial invasion was much less common (seen in six cases), and when it occurred the 

pattern was usually that of individual cells or a few clusters of cells within arterial lumina (Figure 2e). 

We did not observe tumor cells penetrating the media of muscular arteries.

The 3D morphologic features of vascular invasion in the 18 FFPE PDAC cases matched those ob-

served in the 34 fresh PDAC cases.

E-cadherin expression

E-cadherin plays an important role in cell-to-cell adhesion, cell-to-cell recognition, and epithelial po-

larity, and loss of e-cadherin is considered to be one marker of EMT.10–14 As expected, e-cadherin 

labeling was intact in neoplastic cells that formed well-oriented tubes and clusters (Supplementary 

Figure 2 and Supplementary Movie 8). However, the patterns of e-cadherin expression as neoplastic 

cells approached, crossed and then populated the intraluminal portions of vessels was unexpected. 

We observed small tongues of cells projecting out from the leading edges of larger globular masses of 

neoplastic cells in the stroma (Figure 3a). The neoplastic cells within the globular masses expressed 

e-cadherin, while these tongues of cells did not label. A similar pattern was observed as the neoplastic 

cells crossed the media of veins, with intact e-cadherin labeling in the large cohesive cluster of neo-

plastic cells and loss of e-cadherin only in the tips of small tongues of cells extending out from these 

clusters (Figure 3b). In contrast, the neoplastic cells entirely within the lumina of veins often had diffuse 

e-cadherin labeling and formed tubes of well-oriented cells with well-defined lumina (Figure 3c, d, 

Supplementary Figure 1 and Supplementary Movies 6 and 7).

9
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The combined findings of cell morphology, including cohesive cells forming well-oriented ductal struc-

tures, and intact e-cadherin expression suggest that although there may be transient EMT, the neo-

plastic cells rapidly reexpress markers of epithelial differentiation once inside the veins; thus sustained 

EMT is not required for venous invasion.

H&E validation

After clearing, seven slabs of tissue with multiple foci of venous invasion in 3D were selected and 

processed for routine H&E microscopy. These sections revealed definite foci of vascular invasion in 

Figure 3. Epithelial-to-mesenchymal transition is not sustained in venous invasion. a Loss of e-cadherin expression 
(arrows) in small tongues of neoplastic cells projecting out from a larger globular mass of neoplastic cells with intact 
e-cadherin expression. b Loss of e-cadherin expression (arrows) in small tongues of neoplastic cells projecting into 
the lumen of a vein. A detached cluster of neoplastic cells within the vein also show loss of e-cadherin labeling. c A 
well-formed tube of neoplastic cells with intact e-cadherin labeling extending within the lumen of a vein. d Well-orient-
ed cancer cells form a long tube growing within a vein. Note the adjacent artery with wavy elastic lamina to the right of 
the vein. Focal cross reactivity of the antibody to desmin to islets of Langerhans is noted in this case. Green labeling 
for cytokeratin 19, blue labeling for desmin, and red labeling in a–c for e-cadherin.
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all seven representative cases, and these foci matched the foci of vascular invasion observed in the 

cleared 3D images. In addition, it was noted that foci of venous invasion were associated with mixed 

inflammatory cells, intraluminal fibrin thrombi, and disruption of endothelial cells.15

Serial 2D H&E slides from these seven cases were digitized and 3D reconstructions of the H&E sec-

tions were created. These 3D reconstructions revealed that the neoplastic cells extended within the 

veins for a distance (Figure 4). The mean length of vascular invasion after reconstruction of 3D H&E im-

ages was 565.7 ± 502.3 µm (median, 457.5 µm; range, 65–1800 µm). The neoplastic cells even involved 

several branches of venous structures as these veins branched (Figure 4). Both of these findings are 

consistent with observations made in the 3D immunofluorescently labeled cleared tissues.

DISCUSSION

Here we report a detailed 3D study of the patterns of venous invasion in a large series of surgically 

resected pancreatic cancers using tissue clearing and immunolabeling with multiple antibodies. This 

3D analysis revealed that: (1) venous invasion occurs in almost all pancreatic cancers (~90%); (2) 

pancreatic cancer cells traverse the wall of veins at multiple point; (3) once in veins, the neoplastic cells 

often form well-oriented cohesive tubes of cells that replace the endothelial cells; (4) the neoplastic 

cells extend for a distance (at least 1.8 mm) within the veins; (5) sustained EMT is not required during 

process of vascular invasion.15

Venous invasion is more common in PDAC than it is in cancers of other abdominal organs.2 The previ-

ously reported prevalence of venous invasion in PDACs based on the evaluation of conventional H&E 

slide is 65%3,4, as compared with ~24% in gastric carcinomas and 21% in colon cancers.16–19 Here, us-

Figure 4. 3D validation of H&E slides reveals branching of vascular invasion over a long distance. a Representative 
2D H&E slide image of vascular invasion. Cancer cells within the veins replace the endothelial cells and form a 
well-oriented lumen. Yellow circle indicates outermost contour of cancer cells within vein, b 3D reconstruction of 
venous invasion (red). Yellow color matches location of the representative image shown in a.

9
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ing cleared 3D samples we were able to identify venous invasion in close to 90% of pancreatic cancers 

that were of low enough stage to be surgically resected. This high prevalence in incompletely sampled 

cancers (a portion of each cancer underwent routine processing for clinical diagnosis) suggests that 

venous invasion, even in low-stage disease, is an almost universal process in human PDAC. This 

venous invasion may be one of the reasons for the rapid clinical progression of PDACs from stage I to 

stage IV disease.2,20

One of the advantages of studying tissues in 3D is that one can more accurately calculate the 3D sizes 

and behavior of lesions. In this study we observed pancreatic cancers growing for a mean of 565.7 μm 

as they extended intraluminally within veins. This is remarkable as this represents a minimum number, 

as most of the foci of venous invasion extended to the edges of the tissue blocks. In addition, we ob-

served that as they grew within veins, the neoplastic cells transgressed the walls of the veins at multiple 

points. Similarly, Nguyen et al., using in vitro models, reported that PDAC cells invade through matrix 

and into the lumina of vessels, where they ablate the endothelial cells, leaving behind tumor-filled lu-

minal structures.15 Our observations suggest that intravascular grow may also be responsible for local 

extension and for intra-pancreatic spreading of cancer cells. We also confirm our previous observation 

that invasive carcinoma of the pancreas often tracks parallel to veins within the perivascular connective 

tissue. The presence of a glandular structure next to a muscular blood vessel in the pancreas has been 

used clinically to aid in the diagnosis of pancreatic cancers in 2D H&E stained slides.9

Traditionally, EMT has been believed to play a critical role in dissemination of neoplastic cells from the 

primary tumor site and intravasation into blood vessels.21–23 E-cadherin loss has been reported to be 

a critical part of EMT.24 For example, Onder et al. observed that loss of e-cadherin induced multiple 

downstream transcription factors, including Twist, and resulted in metastatic dissemination.11 We ob-

served intact e-cadherin labeling in cohesive neoplastic cells in the stromal and within the lumina of 

veins. This finding, coupled with the morphologic findings of cohesive cells forming tubes, indicates 

that while transient EMT occurs, sustained EMT is not required for venous invasion in human PDAC. 

Similarly, Brabletz et al. reported heterogeneous EMT at the invasive front of colorectal cancers.25 They 

found that mesenchymal genes are expressed at the advancing edges of colorectal cancers, but the 

central portion of the tumors retain markers of the epithelial phenotype.25 Our observation of hetero-

geneous e-cadherin labeling of small clusters of cancer cells at the leading edges of larger groups of 

cohesive neoplastic cells also parallels observations by Ligorio et al. recently reported in mouse mod-

els of pancreatic cancer.26 They reported heterogeneity of RNA expression at the single cell level within 

individual cancer glands.26 This focal loss of e-cadherin protein expression at the projecting ends of 

cancer cell clusters suggests a transient heterogeneity in the expression of the EMT phenotype which 

can be quickly reversed once the cells grow within veins.

We should acknowledge some limitations of the present study. For technical reasons, we could apply 

up to four antibodies at once in our 3D studies. As such, we were limited in the markers we employed 

to define EMT. While the combination of morphology (loss of cell cohesion and lack of formation of 
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well-oriented glands) and loss of e-cadherin expression was used to define EMT, the assessment of 

additional markers of EMT such as TWIST in future studies could help further solidify our conclusions.11 

In addition, assessment of expression of other proteins in 3D may also help elucidate the mechanisms 

underlying venous invasion in the pancreas. We should also note that we were able to evaluate only 

the cells that remained in the samples studied. We are not able to comment on the nature of the cells 

that gained access to the vasculature and then spread beyond the pancreas. Finally, although review 

by experienced pathologists revealed that neoplastic cells in the stroma, at the point of penetration of 

muscular veins, and within veins all showed intact e-cadherin labeling, there are currently no approach-

es to reliably quantify this labeling in cleared 3D pancreatic tissue specimens to make more detailed 

comparisons. Such comparisons will require development of new approaches for 3D image analysis.

In summary, 3D histopathologic features of venous invasion in human PDACs after tissue clearing 

demonstrate that venous invasion is present in close to 90% of pancreatic cancers. Pancreatic cancer 

cells cross the vascular media at multiple points along a single vessel, and sustained EMT is not re-

quired during process of vascular invasion. It is our hope that future studies will lead to the identification 

of novel approaches to block this process and prevent the rapid progression of disease.

9
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ABSTRACT

The remarkable aggressiveness of pancreatic cancer has never been fully explained. Although clearly 

multifactorial, we postulate that venous invasion, a finding seen in most pancreatic cancers but not in 

most cancers of other organs, may be a significant, underappreciated contributor to the aggressive-

ness of this disease.
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INTRODUCTION

Pancreatic cancer is one of the deadliest of the solid malignancies.1 The 5‐year survival rate for pa-

tients diagnosed with pancreatic cancer is only 9%.2 The actual survival may be even worse as several 

studies have shown that a significant fraction of apparent long‐term survivors were initially incorrectly 

diagnosed with less aggressive neoplasms and, in fact, did not have pancreatic cancer.3 This over‐di-

agnosis may be particularly common for pancreatic cancer as these cancers arise at the anatomic con-

fluence of the distal common bile duct, the ampulla of Vater, and the duodenum, and the histopathology 

of these less aggressive neoplasms can overlap. A number of hypotheses have been put forward to 

explain this extremely poor prognosis and these hypotheses formed the basis for a special session at 

the 2017 Meeting of the American Association for Cancer Research in Washington, DC. This session 

was chaired by Jordan Berlin, MD; Christine Iacobuzio‐Donahue, MD, PhD; and one of the authors 

of this review (RHH). Possible explanations raised at this thought‐provoking session ranged from the 

late onset of symptoms to the poor chemosensitivity of the neoplastic cells of pancreatic cancer.4–6 For 

example, the survival rates for patients diagnosed with pancreatic cancer have increased significantly 

with the introduction of combination chemotherapy, suggesting that the poor prognosis is, at least in 

part, due to unmet opportunities in drug development.7–11

As pathologists who have collectively reviewed thousands of pancreatic cancers, we postulated that 

the pathology of pancreatic cancer, by which we restrict ourselves in this review to invasive ductal 

adenocarcinoma, may provide insight into the aggressiveness of this disease. Here, we systematically 

evaluate each of the components of the pathology of pancreatic cancer and its precursor lesions to 

determine if our understanding of the pathology can provide insights into the deadly nature of this 

malignancy.

PRECANCERS

Almost all epithelial malignancies arise from histologically well‐defined precancerous lesions, and in 

most instances, neoplasms remain in the noninvasive precancerous stage for years, if not decades, 

providing a large window for early detection and cure.12–14 Perhaps the one exception to this is precan-

cerous lesions with genomic instability, as can be seen in individuals with Lynch syndrome, which likely 

progress quickly once initiated.15

Is it possible that pancreatic cancer is so deadly because, unlike precancers in most other organs, the 

precancerous lesions of the pancreas rapidly progress to invasive cancer? To answer this question, we 

must first define the precancers that give rise to invasive pancreatic cancer. Three well‐defined precur-

sors of pancreatic cancer have been defined: intraductal papillary mucinous neoplasms (IPMNs), mu-

cinous cystic neoplasms (MCNs), and pancreatic intraepithelial neoplasia (PanIN).12,13,16 These lesions 

do not rapidly progress to invasive cancer. In fact, the vast majority of these precancerous lesions of 

the pancreas, when clinically recognized, never progress to invasive cancer. IPMNs and MCNs can be 
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detected using currently available imaging technologies and numerous studies have shown that almost 

all of these precursor lesions can be safely followed clinically for years because they do not rapidly 

progress to invasive carcinoma.17–19 These lesions clinically either tend not to progress or, if they do, 

develop detectable ‘worrisome’ features on imaging before they progress to invasive carcinoma.17–19

One could, however, argue that the slow progression of the larger IPMNs and MCNs is misleading as 

PanIN lesions, which are too small to be detected clinically, are the precancers that give rise to most 

invasive pancreatic cancers, and in contrast to IPMNs and MCNs, PanINs progress rapidly. Somatic 

genetic mutations can be used as ‘molecular clocks’ to address this possibility. To define the speed at 

which nonneoplastic cells in the pancreas progress to invasive carcinoma, Iacobuzio‐Donahue and 

co‐workers integrated careful histopathology with genetic sequencing of somatic mutations in pan-

creatic cancer and its precursors, and have shown that, on average, it takes more than a decade for 

noninvasive precursor lesions in the pancreas, including PanIN lesions, to progress to invasive carci-

noma.20,21 Similarly, in a ‘back of the envelope calculation’, Longnecker and co‐workers estimated that 

the probability of a single PanIN lesion ever progressing to invasive carcinoma is less than 1%.22 Taken 

together, these clinical and molecular findings suggest that rapid progression of precancerous lesions 

does not explain the high mortality rate of pancreatic cancer.

STAGE

Is pancreatic cancer so deadly because it is always discovered at an advanced stage? Certainly, this is 

a significant problem as 80% of patients with pancreatic cancer have distant metastases at the time of 

diagnosis and advanced stage clearly explains why most pancreatic cancers are so deadly.2 However, 

one of the more remarkable things about pancreatic cancer is that even small, low‐stage, surgically 

resected pancreatic cancers metastasize and lead to the death of the patient.23–27 For example, Egawa 

et al reported a series of 822 patients with small pancreatic cancers (< 2 cm) and found that close to 

40% had lymph node metastases and that more than 40% died within 5 years.23 Similarly, Jung et al 

followed 74 patients with small (≤ 2 cm) pancreatic cancers and reported that the 5‐year survival rate for 

patients with stage IA disease was only 23%.27 These findings contrast dramatically with the outcomes 

for patients with small cancers of other organs. For example, 5‐year survival rates of 88% have been 

reported for women with small (< 2 cm) node‐negative and hormone receptor‐negative breast cancer.28 

Thus, while advanced stage at diagnosis explains much of the poor prognosis for patients with pancre-

atic cancer, it does not explain all of it. Furthermore, the advanced stage at diagnosis for most patients 

with pancreatic cancer raises the more fundamental question that we will try to answer below – why 

are most pancreatic cancers diagnosed at an advanced stage?

LYMPH NODE METASTASES

Lymph node status is a part of staging, and lymph node metastases are present in the majority of 

patients with pancreatic cancer at the time of diagnosis. Most studies report lymph node metastases in 
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70–80% of surgically resected patients with pancreatic cancer, a group that is selected for early‐stage 

disease.29–33 Lymphatic invasion by the neoplastic cells is also present in most pancreatic cancers, and 

lymphatic invasion correlates with lymph node metastases and poor survival.34 However, some very-

long‐term survivors of pancreatic cancer have lymph node metastases at the time of surgery, indicating 

that spread to lymph nodes does not universally portend a worse outcome.35,36

Although lymph node metastasis is somewhat more common in pancreatic cancer than in other can-

cers, including breast cancer, lymph node metastases by themselves do not sufficiently account for the 

large difference in survival.37 The survival of patients with pancreatic cancer metastatic to lymph nodes 

is significantly worse than it is for patients with breast cancer metastatic to lymph nodes. In one study, 

pancreatic cancer patients with lymph node metastases had a 5‐year survival of 13%.30 By contrast, 

the 5‐year survival for breast cancer patients with lymph node metastases is closer to 80%.38

Taken together, these data suggest that although there is a significant difference in the prevalence of 

lymph node metastasis between pancreatic and other cancers, this phenomenon is unlikely to be the 

entire driver of poor prognosis.39–41

COMPONENTS OF METASTATIC SPREAD

The genetics and pathophysiology of the mechanisms by which pancreatic cancer spreads to other 

organs have been extensively studied, and a number of processes have been identified that contribute 

to the metastasis of pancreatic cancer.20,42–46 These include SMAD4 loss, the release of exosomes by 

the neoplastic cells facilitating liver metastases, the ‘seed and soil’ hypothesis, and the presence of 

circulating tumor cells.20,42–48 These processes clearly may contribute to metastases, but they do not 

fully account for the aggressiveness of this cancer type. For example, no discernible pattern of somatic 

mutations was identified when the genetic changes in a large series of pancreatic cancers from long‐

term survivors were compared with the genetic changes in cancers from short‐term survivors.35

CELL PROLIFERATION AND DEATH

A high proliferation rate combined with a low cell death rate leads to increased cell numbers which can 

contribute to cancer progression. Pancreatic cancer and its precursor lesions proliferate faster than 

normal ductal cells of the pancreas, and the neoplastic cells are relatively resistant to apoptosis.49–57 

Using Ki‐67 as an indicator of cell proliferation, the reported percentage of Ki‐67‐positive cells in inva-

sive pancreatic cancer ranges greatly from around 5% to over 60%, and approximately 90% of pancre-

atic cancers have a Ki‐67 index lower than 50%.58,59 This range is within the spectrum of rates seen in 

cancers of other organs. For example, the vast majority of breast cancers also have Ki‐67 proliferation 

rates of less than 50%, and the median proliferation rates for unselected cohorts of invasive breast 

cancer (between 20% and 40%) are in the range of to those reported in invasive pancreatic cancer.60–63 

Similar proliferation rates, between 20% and 40%, have been reported in carcinomas of the colon and 
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of the lung.63 Of note, breast cancer patients with more than 20% Ki‐67‐positive cells (e.g. luminal B 

phenotype) or distinct histological subtypes such as medullary breast cancer with high proliferation 

rates of more than 50% Ki‐67‐positive cells still have a better overall survival than do patients with 

pancreatic cancer.64,65 These data suggest that the proliferation rate itself is not the dominant driver of 

the aggressiveness of pancreatic cancer.

Perhaps more importantly, if a high proliferation rate combined with a low cell death rate was the ex-

planation of the rapid progression of pancreatic cancer, we would expect pancreatic cancer to have 

a peculiarly high clinical tumor doubling time. Serial imaging of patients who have not been treated 

allow us to calculate the doubling time of pancreatic cancer, and the reported mean clinical volume 

doubling times of pancreatic cancer range from 132 days to 159 days.66–69 Although the doubling time 

of pancreatic cancer tends to be shorter than, for example, the tumor volume doubling time reported 

for the majority of breast cancers (which ranges from 140 days to 185 days), there are some variants 

of breast cancer with a better prognosis than pancreatic cancer, such as triple‐negative breast cancer, 

that have markedly short tumor volume doubling times of only 100 days.70–73 Thus, although a high 

proliferation rate combined with a low cell death rate contributes to the aggressiveness of pancreatic 

cancer, it does not explain it fully.

GENES

The genetic alterations that drive the progression of pancreatic cancer are now well understood, and 

they do not appear to explain this cancer’s aggressiveness. Germline mutations in ATM, BRCA1, 

BRCA2, PALB2, PRSS1, p16/CDKN2A, STK11, and the mismatch repair genes (MLH1, etc.) have 

been shown to predispose to pancreatic cancer.74–76 These germline changes do not explain the ag-

gressiveness of pancreatic cancer as they are found in only 10% of patients; they also predispose to 

cancers in other organs that are less aggressive and when present, can be associated with a better, 

not worse, prognosis.77–79

The four genes most commonly somatically mutated in pancreatic cancer are KRAS, p16/CDKN2A, 

TP53, and SMAD4.80,81 Of these, only inactivating mutations in the SMAD4 gene have been consistent-

ly associated with poor prognosis.44,82,83 The magnitude of the difference in outcome between patients 

with SMAD4 mutant and those with SMAD4 wild‐type cancers is, however, small. Furthermore, as 

noted earlier, the cancers of very‐long‐term survivors have been studied and there is no specific pat-

tern of somatic mutations in this group.35 Thus, the germline and somatic genetic drivers of pancreatic 

cancer, while they explain the better prognosis of some cancers, such as those that arise in patients 

with germline BRCA2 mutations, do not appear to explain this cancer’s aggressiveness.

CELLULAR DIFFERENTIATION

Is the aggressiveness of pancreatic cancer because pancreatic cancer is a uniformly poorly differ-
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entiated neoplasm? There have been several large studies of surgically resected pancreatic cancers 

and most are surprisingly well differentiated.29,30 For example, 48% of the 1423 surgically resected 

pancreatic cancers reported by Winter et al were well or moderately differentiated.29 Similarly, Warshaw 

and co‐workers reported that 60% of the pancreatic cancers resected at the Massachusetts General 

Hospital were well or moderately differentiated, as were 52% of the cancers from long‐term survivors.84 

These percentages are similar to the percentage of well and moderately differentiated carcinomas 

reported for clinically less aggressive breast primaries.85–87 Although the data on differentiation of pan-

creatic cancer are biased towards surgically resected cases, it is clear that degree of differentiation 

alone cannot explain the aggressiveness of pancreatic cancer.

EPITHELIAL-MESENCHYMAL TRANSITION

A lot has been written about epithelial–mesenchymal transition (EMT), the process by which neoplas-

tic cells lose cell–cell adhesion and polarity, spindle out into mesenchymal‐appearing cells, and gain 

migratory properties.88–90 We have reviewed the shortcomings of this concept as applied to pancreatic 

cancer in detail elsewhere, and therefore will not address them extensively here.88 Briefly, since the 

features associated with EMT, such as loss of E‐cadherin and upregulated mesenchymal transcription 

factors, are often very focal in pancreatic cancer, chemoresistance of the bulk tumor in patients is an 

unlikely consequence of EMT.91,92 In addition, examples of metastatic pancreatic cancer cells in vessels 

and in bone with absolutely no evidence for EMT demonstrate that EMT is not a ubiquitous event in 

the dissemination of pancreatic cancer or that cells that have undergone EMT can revert back to an 

epithelial phenotype after they have invaded.93 This observation of widely disseminated pancreatic 

cancer without any evidence of EMT conceptually deflates EMT as a major driver for a poor prognosis 

in pancreatic cancer.88 Furthermore, EMT is not unique to pancreatic cancer. It is observed in many 

other epithelial cancers, particularly in breast, ovarian, lung, colorectal, and liver cancers.94–98

Thus, widely metastatic pancreatic cancer is often gland‐forming, and EMT is not unique to pancreatic 

cancer and therefore EMT does not explain the particular aggressiveness of pancreatic cancer. Of 

course, despite these objections, one cannot rule out the possibility that focal and transient EMT con-

tributes to the aggressiveness of pancreatic cancer.93,99

STROMA

One of the most unique morphological features of pancreatic cancer is its dense desmoplastic stro-

ma.100–103 As reviewed by Tuveson and co‐workers, this stroma is composed of a mixture of extracellular 

matrix and nonneoplastic cells including fibroblasts, blood vessels, and immune cells.100 Moreover, 

it has been suggested that this stroma elevates interstitial pressures within the cancers, preventing 

chemotherapeutic agents from entering the tumor.104 While the stroma is clearly quite distinctive in 

pancreatic cancer, a growing body of evidence suggests that the stroma has both beneficial and dele-

terious effects.105 Efforts to alter the stroma therapeutically have met with, at best, mixed results.101,106–108 
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Perhaps most important from the perspective of trying to understand if the stroma can fully explain the 

aggressiveness of pancreatic cancer is the histological finding of metastases without any stroma that 

were resistant to therapy.88 The stroma, although clearly a distinctive feature of pancreatic cancer, by 

itself does not appear to be the full explanation.

IMMUNE RESPONSE

The immune infiltrate, or tumor immune microenvironment (TiME), is increasingly recognized in multi-

ple tumor types as a potential driver of patient outcome.109,110 The TiME of pancreatic cancer includes 

T cells (both CD4+ and CD8+), B cells, macrophages, neutrophils, and even natural killer cells.109,111,112 

Relative to other cancer types, pancreatic cancer seems to have a relative lack of cytotoxic T cells in 

comparison to immunosuppressive cells and cytokines. Instead, the immune infiltrate of most pancre-

atic cancers is biased towards an immunosuppressive milieu with high numbers of myeloid‐derived 

suppressive cells (MDSCs), FOXP3+ regulatory T cells, and high levels of IL‐10 and transforming 

growth factor TGF‐beta.112–114 When present, T cells within pancreatic tumors are often found to have 

low cytotoxic functionality.115

It should therefore not be surprising that, relative to other tumor types, pancreatic cancers are not 

considered highly immunogenic.116 Melanoma and non‐small cell lung cancer induce much more brisk 

immune responses with more generous T‐cell infiltrates. Differences in the mutational load of these 

tumor types and the subsequent generation of neoantigens for T‐cell recognition may partially account 

for some of these differences.110 Pancreatic cancers have relatively low mutational burdens, with an 

average of one mutation per megabase compared with over ten mutations per megabase in melanoma 

and just under ten mutations per megabase in non‐small cell lung cancer (NSCLC).117 Similarly, there 

is a low prevalence of microsatellite instability in pancreatic cancer.118

While it is tempting to postulate that the TiME may explain the aggressiveness of pancreatic cancer, the 

reality is very complicated and not yet fully elucidated. For example, breast cancers are also generally 

considered to have low immunogenicity and have similar high levels of immunosuppression but over-

all better T‐cell function and more promising responses to immunotherapy than pancreatic cancer.114 

On the other hand, subsets of pancreatic tumors do seem to have functional T‐cell responses and 

when present, this evidence of T‐cell immunity correlates with better survival.119–121 On the far extreme, 

rare, highly inflamed medullary carcinomas of the pancreas, the histologic variant associated with 

mismatch repair defects, have a surprisingly good prognosis and are predicted to respond to immuno-

therapy.79,118,122,123 Conversely, Th17‐dominant immune reactions and alternative p38 MAPK activation 

in tumor‐infiltrating T cells have been associated with aggressive disease.124,125

Recent evidence also demonstrates that the longest‐term survivors of pancreatic cancers are asso-

ciated with both the highest neoantigen levels (determined by whole‐exome sequencing and in silico 

neoantigen prediction) and the most abundant CD8 T‐cell responses, but importantly neither feature 



149

alone was linked to survival.126 This linkage of neoantigen number and T‐cell infiltration implies that the 

quality of neoantigens is crucial. Importantly, clones demonstrating high quality neoantigens were often 

lost in metastases, suggesting a means of immune escape in aggressive metastatic spread of disease.

While the TiME may explain some of the aggressiveness of pancreatic cancer, experiences with at-

tempts to boost the immune response to pancreatic tumors again suggest a more complicated reality. 

Studies have shown that therapeutic targeting of the immunosuppressive milieu can convert the TiME 

in pancreatic tumors into a more active, inflamed environment. However, the overall responses to 

immunotherapy and increases in survival remain disappointing, suggesting that even with the gener-

ation of a functional immune response, other features of pancreatic cancer drive its highly aggressive 

behavior.127

PERINEURAL INVASION

The prevalence of perineural invasion is higher in pancreatic cancer than in most other cancer types. 

Perineural invasion is identified pathologically in the majority (70–98%) of surgically resected pancre-

atic cancers, and it has been claimed that perineural invasion can be found in 100% of pancreatic can-

cers if enough sections are examined.128–133 By contrast, 75–85% of cholangiocarcinomas, 60–75% of 

gastric cancers, and only 33% of colorectal cancers have perineural invasion.134–141 Once the neoplastic 

cells enter the perineural space, they can extend along nerves for several centimeters. This suggests 

a pathway out of the pancreas and, indeed, perineural invasion in the pancreas has been associated 

with poorer overall survival and invasion into the retroperitoneum.133,136,142,143 This involvement of the 

retroperitoneum would explain local recurrence following surgery, but not distant metastases, and it is 

the distant metastases that are the biggest cause of death in this disease.144,145

CANCERIZATION OF DUCTS

Just as pancreatic cancer frequently grows into and then extends along nerves, so too can invasive 

Figure 1. Histology of venous invasion. In panel a note how the neoplastic epithelial cells have partially replaced 
the venous endothelial cells. The cancer cells in panel b have relined the full circumference of the vessel and look 
surprisingly well‐differentiated and benign.
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pancreatic cancer grow back into the normal 

duct system of the pancreas and then extend 

along preexisting ducts.146,147 This process is 

designated ‘cancerization of the ducts’. Cancer-

ization of the ducts has also been reported in 

indolent cancers such as prostate cancer and is 

therefore unlikely to explain the aggressiveness 

of pancreatic cancer.148,149 Instead, this intraduct-

al spread of neoplastic cells may explain the rare 

instances of local recurrence in the remnant pan-

creas following partial pancreatectomy.146 It does 

not explain disease outside of the pancreas and 

therefore is not the cause of pancreatic cancer’s 

aggressiveness.

VENOUS INVASION

The invasion of small veins (vessels with a muscular wall but not a well‐defined internal and external 

elastic lamina) is remarkably common in pancreatic cancer and is a relatively unique feature of this 

disease compared with cancers of other organs.147,150 Venous invasion is identifiable in two‐thirds (65%) 

of surgically resected pancreatic cancers, and when pancreatic cancer invades veins, it has a very 

distinct morphology (Figure 1).147,150 The neoplastic cells replace the endothelial cells and grow along 

the inner wall of the vessels.147,150 It should not be surprising that this venous invasion is associated 

with liver metastases and a poor prognosis, as the veins in the pancreas drain directly into the liver 

(Figure 2).150–153

Stage for stage, the prognosis for patients with 

breast cancer is better than it is for patients 

with pancreatic cancer, and the prevalence of 

vascular invasion in surgically resected breast 

cancer is lower (15–46%) than it is in surgically 

resected pancreatic cancer.154–158 Similarly, as 

shown in Table 1, the reported prevalence of 

venous invasion in gastric cancers (24%) and 

in colon cancer (21%) is only a third of that re-

ported in pancreatic cancer.150,151,159–164

Figure 2. Illustration depicting how venous invasion in the 
pancreas gives the cancer a direct route to spread to the 
liver (artwork by Timothy Phelps; copyright Art as Applied 
to Medicine, Johns Hopkins University School of Medicine. 
Used with permission).

Cancer origin Authors (reference) No of cases examined Percent with 
venous invasion

Gastric cancer Gresta et al162 95 40%

Inada et al163 235 37%

Setälä et al164 255 7%

Colon cancer Hwang et al161 93 15%

Betge et al160 381 23%

Messenger et al159 10435 21%

(compilation of 13 studies)159 (range 8-45%)

Pancreatic cancer Hong et al150 209 65%

Yamada et al151 352 65%

Table 1. Prevalence of venous invasion in cancers of different 
organs
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Venous invasion also explains other unique aspects of pancreatic cancer. For example, venous in-

vasion will obstruct venous outflow from the tumor, which will, in turn, reduce in‐flow to the tumor. 

Decreased blood flow may therefore contribute to the poor delivery of chemotherapy to pancreatic 

cancers as well as to the hypoenhancing nature of these neoplasms on CT scanning.165–167

Venous invasion therefore meets two criteria for an explanation of the aggressiveness of pancreatic 

cancer. First, the finding is much more common in cancers of the pancreas than it is in cancers of other 

organs. Second, because it gives the cancer uninterrupted access to the liver, it can directly lead to 

widespread metastatic disease (Figure 2).

Venous invasion, however, does not entirely explain the lethality of pancreatic cancer. Neuroendocrine 

neoplasms of the small intestine invade veins and metastasize to the liver, but they are not nearly as 

deadly as pancreatic cancer.168,169 In addition, venous invasion has not been reported to be prominent 

in pancreatic cancer metastatic to the liver, and liver metastases are not chemoresponsive. Anatomic 

location, venous invasion, and drainage into the portal vein to the liver do not entirely account for the 

aggressiveness of this disease.

SUMMARY AND CONCLUSIONS

There are clearly a number of factors that contribute to the aggressive nature and poor prognosis of 

pancreatic cancer. By focusing on the pathology, we by no means wish to downplay the importance of 

any of these other factors. Factors from the relative insensitivity of pancreatic cancer to chemotherapy 

and radiation therapy, the associated cachexia, and the lack of access to care contribute to the lethality 

of this disease.170 Our goal here is not to ignore these other very important contributors, but instead to 

shine a light on underappreciated aspects of the pathology of pancreatic cancer that have the potential 

to be significant contributors to the aggressiveness of this disease.

In particular, in reviewing the pathology of pancreatic cancer, we are struck by the prominence of ve-

nous invasion in this disease, and by the potential for venous invasion to explain the rapid development 

of liver metastases and, in so doing, the rapid progression of disease in most patients. An example of 

rapid progression is shown in the supplementary material, Figure S1 and Video. This patient had no 

evidence of liver disease on initial imaging but 4 months later, had numerous liver metastases. Exten-

sive access of the cancer to the venous system would explain this clinical finding as this access would 

give the neoplastic cells a direct portal to the liver, allowing significant numbers of neoplastic cells to 

spread systemically (Figure 2). We also note that the role of the immune response in driving the poor 

prognosis of pancreatic cancer needs to be elucidated further.
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ABSTRACT

Objective: The aim of this study was to investigate the key molecular alterations in small primary pan-

creatic neuroendocrine tumors (PanNETs) associated with the development of liver metastases.

Background: Well-differentiated PanNETs with small size are typically indolent; however, a limited sub-

set metastasize to the liver.

Methods: A total of 87 small primary PanNETs (<3 cm), including 32 metastatic cases and 55 nonmeta-

static cases after a 5-year follow-up, were immunolabeled for DAXX/ATRX and analyzed for alternative 

lengthening of telomeres (ALT) by Fluorescence In Situ Hybridization. A subset of these cases, 24 that 

metastasized and 24 that did not metastasize, were assessed by targeted next-generation sequencing 

and whole-genome copy number variation.

Results: In the entire cohort, high Ki-67 (OR 1.369; 95% CI 1.121–1.673; P = 0.002), N-stage (OR 4.568; 

95% CI 1.458–14.312; P = 0.009), and ALT-positivity (OR 3.486; 95% CI 1.093–11.115; P = 0.035) were 

independently associated with liver metastases. In the subset assessed by next-generation sequenc-

ing and copy number variation analysis, 3 molecular subtypes with differing risks of liver metastases 

were identified. Group 1 (n = 15; 73% metastasized) was characterized by recurrent chromosomal 

gains, CN-LOH, DAXX mutations, and ALT-positivity. Group 2 (n = 19; 42% metastasized, including 5 

G1 tumors) was characterized by limited copy number alterations and mutations. Group 3 (n = 14; 35% 

metastasized) were defined by chromosome 11 loss.

Conclusions: We identified genomic patterns of small PanNETs associated with a different risk for liver 

metastases. Molecular alterations, such as DAXX mutations, chromosomal gains, and ALT, are asso-

ciated with an increased risk of metastasis in small PanNETs. Therefore, targeted sequencing and/or 

ALT analysis may help in the clinical decisions for these small PanNETs.
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INTRODUCTION

The incidence of pancreatic neuroendocrine tumors (PanNETs) is 1 per 100,000 individuals.1 However, 

autopsy studies highlight a prevalence ranging from 1% to 10% in the general population, suggesting 

that most PanNETs do not progress to clinical diagnosis.2,3 In recent years, an increasing number of 

small and asymptomatic PanNETs have been diagnosed incidentally on routine abdominal imaging.4 

As the risk for metastases has been associated with tumor size and high proliferative index, periodic 

observation without resection has been advocated for small tumors.5–7 However, such observational 

approaches have not been universally adopted, due to a small, but existing risk of liver metastases 

among small tumors, particularly with the absence of biomarkers predictive for progression.8,9

Recent whole genome sequencing and expression profiling suggest that an aggressive phenotype is 

associated with genetic changes in telomere maintenance and/or mTOR signaling.10–12 Loss of func-

tion of DAXX or ATRX genes promotes the activation of the alternative lengthening of telomeres (ALT) 

pathway.13,14 ALT is associated with chromosomal instability, larger tumor size, higher Ki67 and, in 

some studies, metastatic spread.10,15,16 Alterations in mTOR pathway genes are also associated with a 

poor prognosis and several therapeutic agents targeting the pathway are available for systemic treat-

ment.10,17–19

Thus, there is an urgent need to define early biological mechanisms responsible for tumor progres-

sion that may serve as clinically useful biomarkers. Here, we analyzed molecular alterations of small 

sporadic well-differentiated PanNETs (<3 cm in size) to identify alterations associated with metastasis. 

In the entire cohort of 87 primary PanNETs, we assessed ATRX and DAXX protein expression, and 

ALT status. In a subset, 24 primary PanNETs that metastasized and 24 primary PanNETs that did 

not metastasize, matched for size and proliferation index, were analyzed by targeted next-generation 

sequencing and for copy number alterations. These genomic analyses identified 3 molecular subtypes 

with differing risks for liver metastases.

METHODS

Study population

This study was approved by the Institutional Review Board (IRB) of the Johns Hopkins Hospital and 

tissue samples were retrieved from collaborating institutes with informed consent according to their 

local Institutional Review Boards. Well-differentiated (G1 and G2) PanNETs < 3 cm in maximum dimen-

sion were identified in the pancreatic resection databases of the Johns Hopkins Hospital, University of 

Verona, Italy; University of Utrecht, The Netherlands; Pederzoli Hospital, Peschiera, Italy. All PanNETs 

included were sporadic, unifocal, and nonfunctional. The study included patients who developed syn-

chronous or metachronous liver metastases and patients who did not develop distant metastases after 

a surveillance period of at least 5 years. PanNETs were graded according to the 2017 World Health 

Organization (WHO) classification based on mitotic rate and Ki-67: < 2 mitoses/10 high-power fields 
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and Ki-67 < 3% for grade 1 (G1), and 2 to 20 mitoses/10 high-power fields, and Ki-67 of 3% to 20% 

for grade 2 (G2).20

Immunohistochemistry (IHC) and Fluorescence In Situ Hybridization (FISH)

IHC for ATRX and DAXX and telomere-specific FISH were performed on formalin-fixed paraffin-em-

bedded (FFPE) tissues. Nuclear labeling was evaluated for DAXX and ATRX and cases were scored 

as negative if nuclear expression was completely lost (despite retaining cytoplasmic expression) and 

adequate internal positive controls were present (eg, nuclear labeling of endothelial cells, lymphocytes, 

islets of Langerhans).13,21,22 ALT-positive tumors were identified by cell-to-cell telomere length hetero-

geneity and the presence of large, ultrabright nuclear foci of FISH signals. As previously defined,13,14,22 

cases were classified as ALT-positive when bright nuclear foci occurred in 1% of tumor cells with at 

least 500 neoplastic cells evaluated.

DNA extraction

Five micrometer sections from FFPE tissues were manually macrodissected to enrich for neoplas-

tic cellularity, DNA was extracted using QIAamp DNA FFPE Tissue Kit (Qiagen, Germantown) and 

quantified by Quantifiler Human DNA Quantification kit (Applied Biosystems, Thermo Fisher Scientific, 

Waltham).

Targeted Next-generation Sequencing

An Ion AmpliSeq Custom Panel (AmpliSeq Designer version 4.4.7; Life Technologies, Thermo Fish-

er Scientific, Waltham) was used to perform multiplex PCR and sequencing of 18 genes known to 

be targeted in pancreatic neuroendocrine or ductal neoplasms (MEN1, DAXX, ATRX, TSC1, TSC2, 

PTEN, PIK3CA, PHLDA3, TP53, KRAS, GNAS, SMAD4, CDKN2A, RNF43, TGFBR2, ARID1A, BRAF, 

MAP2K4).10,12,23,24 Briefly, DNA (4 ng) was amplified using Ampliseq reagents for library preparation, 

which was then loaded and sequenced onto a 318v2 chips using an Ion Torrent Personal Genome 

Machine (PGM; Life Technologies). Postsequencing data analyses, including alignment to the hg19 hu-

man reference genome and variant calling, were performed using NextGENe software (v2.4; SoftGe-

netics, Chicago, IL). Alignments and putative mutations were visually verified using the Integrative Ge-

nomics Viewer (IGV, v2.3; Broad Institute, Cambridge) and the NextGENeViewer (v2.4; SoftGenetics).

SNP Array Analysis

Copy number analysis was performed at the JHU Microarray Core Facility using the Illumina Hu-

manCytoSNP-12 v2.1 BeadChip, according to manufacturer’s protocols. Log R ratios (LRRs) and B 

allele frequencies for each sample were extracted using GenomeStudio software. Prior copy number 

analysis, LRRs were normalized performing a GC-content correction.25 We used the Circular Binary 

Segmentation algorithm to estimate mean LRR for distinct genomic segments, and we applied a mix-

ture model to compute copy number alteration probabilities and to classify each segment accordingly, 

as implemented in the ‘‘CGHcall’’ and ‘‘CGHregion’’ R-Bioconductor packages.24,25 Sex chromosomes 

were not included in this analysis and tumor cellularity was estimated using the ‘‘qPure’’ algorithm.26 We 
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used the hg19 human reference genome assembly (GRCh37) to annotate segments of copy number 

alteration with the associated genes. For regions of normal copy number, we further analyzed the B 

allele frequency distribution, identifying copy neutral loss of heterozygosis (CN-LOH, loss of 1 allele 

with duplication of the remaining allele). Chromothripsis was defined as the shattering and reassembly 

of 1 or more chromosomes and was detected using the CTLP Scanner algorithm.27 

Statistical Analysis

Continuous variables were reported as median and interquartile range or mean and standard deviation 

according to the values distribution. Correlation between clinical-pathological characteristics with ALT 

phenotype and development of liver metastases was assessed by univariate analysis using chi-square 

test or Fisher exact tests for categorical variables, and Student t test or Mann–Whitney U for continuous 

variables. A forward stepwise logistic regression model was used to evaluate independent risk factors 

associated with development of liver metastasis. A 2-tailed P value ≤ 0.05 was considered significant. 

Data were analyzed using SPSS 24.0 for Windows v24.0.

RESULTS

As illustrated in Figure 1, 87 patients who underwent pancreatectomy for unifocal, well-differentiated 

primary PanNET < 3 cm in size met the inclusion criteria. These included 32 patients who developed 

Figure 1. Study workflow
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liver metastases (19 synchronous, 13 metachronous), and 55 patients who remained disease-free after 

at least 5 years of follow-up (mean 117 mo, standard deviation 58 mo).

PanNETs were treated by distal pancreatectomy in 47 patients, pancreatoduodenectomy in 36, and 

enucleation in 4. There were 54 (62.1%) G1 and 33 (37.9%) G2 tumors (Table 1). Lymphovascular and 

perineural invasion were present in 19 (21.8%) and 26 (29.9%) tumors, respectively; AJCC stage28 was 

T1 for 36 (41.4%), T2 for 31 (35.6%), and T3 for 20 (23.0%) tumors. Regional lymph node metastases 

were present in 29 (33.3%) tumors.

DAXX/ATRX immunolabeling and ALT analysis

Immunolabeling for ATRX and DAXX and telomere-specific FISH analysis to detect ALT-positive tumors 

was performed on 85 of the 87 cases. For 2 cases, the material available for research purposes was 

limited and only used in the genomic analyses. Loss of DAXX or ATRX was detected respectively 

in 20/85 (23.5%, 13 metastatic and 7 nonmetastatic) and 6/85 (7.1%, 3 metastatic and 3 nonmeta-

P values in bold represent significant statistical differences.
Table 1. Univariate analysis of clinical, pathological, and biomarker data associated with liver metastases.

Figure 2. Tumor size (a) and Ki67% (b) stratified by ALT status. Box and whisker plots depict median and 10 to 90 
percentile ranges.



167

static) tumors; the loss of protein expression in 

either ATRX or DAXX was mutually exclusive. 

Twenty-seven of the 85 tumors were ALT-positive 

(31.8%, 18 metastatic and 9 nonmetastatic). By 

univariate analysis, ALT was strongly associated 

with loss of DAXX or ATRX nuclear expression (P < 0.001 and P = 0.001, respectively), Ki-67 index 

(Figure 2, P = 0.001) and WHO grade (P = 0.004). In all but 3 cases, results from IHC and ALT assess-

ment were concordant. Discordant cases included 2 ALT-positive cases with retention of DAXX and 

ATRX protein expression, and 1 case with loss of nuclear DAXX expression without concurrent ALT. 

Clinicopathological features associated with the development of liver metastases in univariate analysis 

were larger tumor size as a continuous (P = 0.010) and as a categorical (P = 0.023) variable, Ki-67 

index (P < 0.001), WHO grade (P = 0.001), ALT positivity (P < 0.001), and DAXX loss (P = 0.008). On 

multivariate analysis, only Ki-67 index (OR 1.369; 95% CI 1.121–1.673; P = 0.002), N stage (OR 4.568; 

95% CI 1.458–14.312; P = 0.009), and ALT positivity (OR 3.486; 95% CI 1.093–11.115; P = 0.035) were 

confirmed to be independent risk factors for liver metastases (Table 2).

Mutational and Copy Number Analysis

Genetic analyses were performed on a subset of these cases, which included 48 primary PanNETs, of 

which 24 from the metastatic group, from which the extracted DNA passed the quality controls, and 24 

from the control group matched for tumor size and WHO grade (Table 1, Supplemental material, http://

links.lww.com/SLA/B503).

Targeted next-generation sequencing detected a total of 38 somatic mutations in 7 genes among the 

48 tumors, with a range of 0 to 3 mutations per tumor (Figure 3). MEN1 was mutated in 16 (33%) cases 

and mTOR pathway genes were mutated in 10 cases, more specifically TSC2 in 9 cases (19%) and 

PTEN in 1 case (2%). DAXX was mutated in 9 cases (19%) and ATRX in 1 (2%). TP53 and CDKN2A 

were mutated in 1 case (2%) each. Comparison 

of mutations with metastatic status showed that 

MEN1 was mutated in 9 metastatic and 7 non-

metastatic cases, TSC2 in 6 metastatic and 3 

nonmetastatic, ATRX and CDKN2A were mutat-

ed in 1 nonmetastatic case each, and PTEN and 

TP53 were mutated in 1 metastatic case each. 

Strikingly, DAXX was mutated in 8 metastatic 

cases and 1 nonmetastatic case (P = 0.023).

Genome-wide SNP array analysis revealed large 

chromosomal events including recurrent regions 

of gain and loss. All chromosomal alterations, 

along with associated genes and noncoding re-

Table 2. Multivariate analysis of clinical, pathological, and
biomarker data associated with liver metastases.

Figure 3. Somatic mutations, ATRX/DAXX protein expres-
sion, and ALT status in metastatic and nonmetastatic Pan-
NETs.
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gions, are listed in Supplementary Dataset S1, http://links.lww.com/SLA/B502. Tumors that metasta-

sized were characterized by a higher prevalence of chromosomal gains (1046 regions of gain vs. 661), 

while nonmetastatic tumors had more chromosomal losses (756 regions of loss vs. 701). Copy number 

alterations consisted in broad genomic regions generally spanning entire chromosomes (Figure 4). The 

most frequent chromosomal gains involved chromosomes 4, 5, 7, 9, 14, 18, and 19 with frequencies 

ranging from 25% to 50%, while recurrent chromosomal losses were detected in chromosomes 11, 

16, and 22 with frequencies ranging from 25% to 75% (Figure 4). PanNETs with frequent chromosom-

al gains also exhibited recurrent CN-LOH events, involving the other chromosomes (Supplementary 

Dataset S2, http://links.lww.com/SLA/B502).

Chromosome 11q13.1 containing the MEN1 locus was lost in 16 cases (33%), while several regions 

previously described to be gained in PanNETs were also identified in our study: ERBB2 (chr 17q12) 

in 12 (25%) cases, PSPN (chr 19p13.3) in 10 (21%), and ULK1 (chr 12q24.33) in 15 (31%). AKT2 

(chr 19q13.2), a serine/threonine-protein kinase that inactivates TSC2 and therefore upregulates the 

mTORC1 complex, was amplified in 12 cases (25%), none of which harboring a TSC2 mutation.

Chromothripsis was detected at chromosome 11 in 4 cases (PanNET2, 11, 27, and 37); at chr 7 in 7 

cases (PanNET4, 11, 15, 23, 26, 30, 46); and at chr 9 in PanNET46.

Figure 4. Rate of chromosomal gains (red) and losses (blue) per chromosome in metastatic and nonmetastatic 
PanNETs.
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Genomic Subtypes

Cluster analysis of copy number status stratified the tumors into 3 different molecular subtypes on the 

basis of recurrent chromosomal alterations (Figure 5): Group 1, characterized by chromosomal gains; 

Group 2, with limited number of chromosomal events; Group 3, presenting a recurrent pattern of chro-

mosome loss, mainly affecting chromosomes 11 and 22. Integrating copy number alterations, single 

nucleotide variants, and ALT status revealed distinct molecular and clinical patterns for each subtype. 

Overall, Group 1 was strongly associated with metastases compared with the other groups combined 

(chi-squared test, P < 0.03).

Figure 5. Cluster analysis of the copy number state stratified the tumors into 3 different subtypes characterized by 
different mutational and clinical patterns (as shown at the bottom). Hierarchical clustering was based on copy number 
alterations, using the Manhattan distance and the Ward clustering method.

11
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Group 1 included 15 PanNETs that, all except one (PanNET8), were ALT-positive. Strikingly, 14 cases 

lacked DAXX or ATRX protein expression (respectively in 11 and 3 cases), which was due to mutations 

in 10 cases (DAXX in 9, ATRX in 1). As expected, all cases that were wild type at the genetic level for 

ATRX and DAXX retained nuclear protein expression. MEN1 was mutated in 5 cases and mTOR path-

way genes in 5 cases (TSC2 in 4, PTEN in 1). The majority of Group 1 tumors were G2 (11/15) and 

73% (11/15) were metastatic.

Group 2 included 19 cases characterized by limited copy number and mutational events. TSC2 and 

MEN1 were mutated in 4 (21%) and 3 (16%) cases, respectively. All cases were ALT-negative, wild-type 

for the ATRX/DAXX genes, and preserved nuclear ATRX/DAXX protein expression. In this group, 42% 

(8/19) of tumors developed metastases, including 5 G1 and 3 G2 tumors. 

Group 3 included 14 cases, all exhibiting recurrent loss of chromosome 11q MEN1 locus and associat-

ed with MEN1 somatic mutations in 8 (57%) cases. TSC2 and CDKN2A were mutated in 1 case each. 

Only 1 G2 case that metastasized (PanNET6) was ALT-positive and displayed loss of nuclear ATRX 

protein expression. In this group, 35% (5/14) of the tumors were metastatic (4 G2 cases and 1 G1).

DISCUSSION

PanNETs are characterized by a variable spectrum of clinical behavior.20 Several lines of evidence 

suggest that most small primary PanNETs are indolent tumors, supporting the idea that surveillance, 

rather than surgical resection, could be indicated.4,8,29,30 However, a limited subset of small primary 

PanNETs are aggressive and will metastasize, predominantly to the liver. The discrimination of small 

PanNETs with a high risk of metastasis from those with low risk has important prognostic and thera-

peutic implications. First, we evaluated clinicopathological features and several tissue-based biomark-

ers in a cohort of 87 primary well-differentiated PanNETs that were all <3 cm in size. We observed 

that high Ki-67 (OR 1.369), N-stage (OR 4.568), and ALT-positivity (OR 3.486) were independently 

associated with liver metastases. While our cohort was limited to small PanNETs, these findings are 

similar to other recent studies assessing cohorts encompassing the entire range of tumor sizes.15,16,22

Next, vailing of a recent whole genome sequencing study,10 we investigated a series of small primary 

PanNETs (<3 cm) using whole genome copy number analysis and targeted deep sequencing of 18 rel-

evant genes to assess the genetic alterations associated with metastatic spread. To this end, we com-

pared the genetic alterations in small primary PanNETs that developed liver metastases with those that 

were metastases-free after a long post-resection follow-up period. We identified 3 different molecular 

subtypes of small primary PanNETs on the basis of the copy number status, matching those recently 

described in Scarpa et al,10 which were also characterized by different mutational and clinical features.

In Group 1, a large proportion (11/15, 73%) of tumors were metastatic. The defining molecular features 

of these tumors were recurrent chromosomal gains, CN-LOH, and a high rate of somatic mutations 

in the driver genes in our targeted panel. In addition, 14 (of 15) cases were also ALT-positive and all 
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cases displayed loss of either DAXX or ATRX nuclear protein expression and inactivating mutations 

in either DAXX or ATRX were observed in 10 of 15 cases, indicating the presence of other possible 

mechanisms of loss, such as complex karyotype rearrangements in ALT-positive PanNETs.10 We ob-

served 3 ALT-positive cases, not included in the genetic analysis, which retained DAXX and ATRX nu-

clear protein expression. These observations may indicate potential additional biological mechanisms, 

independent of DAXX and ATRX, that promote ALT in a minority of cases, or by genetic alterations 

conferring a loss-of-function of either DAXX and ATRX (eg, missense mutations), but not loss of nuclear 

protein expression.13,15,16,22,31 In this study, we observed an almost perfect correlation between recurrent 

patterns of chromosomal gains and ALT, suggesting that chromosomal gains may represent an early 

stage of genomic instability associated with ALT. Previous studies that investigated ALT prevalence 

in large cohorts of resected PanNETs described a direct correlation between ALT and larger size or 

higher grade.16,21,22 In our series of small primary PanNETs that metastasized, most of the ALT-positive 

tumors were G2, suggesting that either ALT increases cell proliferation and metastatic potential or that 

a high proliferative index in PanNETs increases the probability of acquiring the requisite mutations that 

promote ALT. Interestingly, TSC2 was mutated in 4 cases (27%), however, all the remnant tumors in 

Group 1 with wild-type TSC2 showed copy number gains of chromosome 19q (11/15, 73%), suggest-

ing that potential proto-oncogenes functioning in the mTOR pathway may be located in this region. 

One possible candidate is AKT2, which may upregulate the mTORC1 complex when TSC2 function 

is retained.32,33

In Group 2, a proportion (8/19, 42%) of tumors were metastatic, despite having a low proliferative index 

in the majority of cases. This group included the majority of G1 metastatic tumors (5 of 9 G1 metastatic 

PanNETs, 55%). Interestingly, these tumors were characterized by the presence of few mutations and 

limited chromosomal alterations.

In Group 3, tumors were characterized by frequent biallelic inactivation of MEN1 and the lowest met-

astatic potential. In total, PanNETs in our series harbored MEN1 locus alterations in 69% (33/48) of 

cases, including chromosomal loss, CN-LOH or chromotripsis, and MEN1 somatic mutations in 33% 

(16/48) of cases, which were distributed mainly between Groups 1 and 3. Our data do not provide 

strong evidence supporting an interaction between MEN1 and the ALT pathway. However, since menin 

has a critical role in the biology of telomeres by negatively regulating telomerase,34,35 it is tempting to 

speculate that tumors at an early disease stage with partial or complete loss of menin may use upreg-

ulated telomerase for telomere maintenance, and thus do not require the ALT pathway. 

While ALT and ATRX/DAXX alterations play pivotal roles in the progression of a subset of PanNETs, 

metastatic tumors are present also in the other subtypes and the absence of recurrent genetic changes 

in Groups 2 and 3 suggests that additional biological mechanisms, or genetic alterations not included 

in our analysis, may contribute to neoplastic progression in these groups. Limitations of our approach 

were represented by the relatively limited size of the study cohort and by the absence of confirmation 

of our results in an independent dataset, which are direct consequences of designing our study around 

11
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rigorous clinical case selection. Our cohort included patients with either synchronous or metachronous 

liver metastases; we therefore cannot exclude the possibility that additional genetic alterations oc-

curred after the development of metastatic disease in PanNETs with synchronous metastases. Howev-

er, in our cohort, no substantial genetic differences were observed between PanNETs with metachro-

nous or synchronous metastases (see Supplementary material, http://links.lww.com/SLA/B503), while 

we observed a high allele frequency for each mutation indicating that these alterations are present in 

the majority of neoplastic clones of the primary tumor, regardless of the timing of metastasis. This is 

also consistent with previous reports evaluating ALT in the primary and metastatic lesions from the 

same patient indicating that molecular alterations that promote ALT occur prior to the development of 

metastases.16

Recent ENETS consensus guidelines for the management of PanNETs suggest that only asymptomat-

ic G1 tumors <2 cm in size may be suitable for close observation, due to their very low risk of neoplastic 

progression.8,36 In our cohort, biased for the development of liver metastases, 9 metastatic cases were 

<2 cm. While no specific genetic alterations were observed in these tumors (see Supplementary ma-

terial, http://links.lww.com/SLA/B503), DAXX was mutated in 4 cases (3 with Ki67 <5%) highlighting its 

importance as potential risk-stratification biomarker. We limited our genetic analysis to copy number 

changes and to targeting driver genes frequently mutated in PanNETs. We did not include analysis of 

other genes, such as those involved in chromatin remodeling (mutated in approximately 5% of Pan-

NETs), or those containing pathogenic germline variants thought to have a role in the development of 

up to 17% of sporadic PanNETs.10 Thus, we cannot exclude that such infrequently altered genes also 

play some role in metastasis of small PanNETs.

In conclusion, we characterize the biological variability among morphologically similar well-differentiat-

ed PanNETs. We identified subtypes of small PanNETs characterized by distinct metastatic potential 

on the basis of integrated genetic and immunostaining expression data. ALT-positive tumors have the 

highest prevalence of metastases suggesting that ALT should be considered a potential biomarker of 

an aggressive phenotype among small tumors and employed for risk stratification. Importantly, NGS 

with targeted panels can be performed on small samples37 and ALT can be accurately be detected on 

endoscopic ultrasound-guided fine needle aspiration.31 Thus, we propose that, the concomitant inte-

grated evaluation of targeted sequencing, Ki-67, and ALT on endoscopic ultrasound-guided fine needle 

aspiration specimens could guide the choice of the surgical treatment, as well as the enrollment into 

surveillance programs for small and asymptomatic tumors.
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ABSTRACT

Neurofibromatosis type 1 (NF1) is a hereditary cancer predisposition syndrome characterized by 

frequent cutaneous and nervous system abnormalities. Patients with NF1 also have an increased 

prevalence of multiple gastrointestinal and peripancreatic neoplasms—neuroendocrine tumors of the 

ampulla that express somatostatin are particularly characteristic of NF1. In this study, we characterize 

the genetic alterations of a clinically well-characterized cohort of six NF1-associated duodenal neuro-

endocrine tumors using whole-exome sequencing. We identified inactivating somatic mutations in the 

NF1 gene in three of six tumors; the only other gene altered in more than one tumor was IFNB1. Copy 

number analysis revealed deletion/loss of heterozygosity of chromosome 22 in three of six patients. 

Analysis of germline variants revealed germline deleterious NF1 variants in four of six patients, as well 

as deleterious variants in other tumor suppressor genes in two of four patients with deleterious NF1 

variants. Taken together, these data confirm the importance of somatic inactivation of the wild-type 

NF1 allele in the formation of NF1-associated duodenal neuroendocrine tumors and suggest that loss 

of chromosome 22 is important in at least a subset of cases. However, we did not identify any genes 

altered in the majority of NF1-associated duodenal neuroendocrine tumors that uniquely characterize 

the genomic landscape of this tumor. Still, the genetic alterations in these tumors are distinct from 

sporadic neuroendocrine tumors occurring at these sites, highlighting that unique genetic alterations 

drive syndromic tumors.
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INTRODUCTION

Hereditary cancer predisposition syndromes, in which germline alterations lead to an increased risk of 

neoplasia, represent a unique opportunity to study tumorigenesis, and the results of these studies can 

have important clinical implications.

Neurofibromatosis type 1 (NF1), also known as von Recklinghausen disease, is an autosomal domi-

nant hereditary cancer predisposition syndrome caused by inactivating germline alterations in the NF1 

gene encoding neurofibromin on chromosome 17q.1 This syndrome affects ~ 1 in 3000 individuals and 

is characterized by a constellation of clinical findings, including café-au-lait spots, axillary freckling, 

optic gliomas, and neurofibromas, a small proportion of which can transform into malignant peripheral 

nerve sheath tumors.1

Although less common than the cutaneous and nervous system abnormalities, several gastrointestinal 

and peripancreatic neoplasms also occur at increased prevalence in patients with NF1, including gas-

trointestinal stromal tumors and neuroendocrine tumors of the duodenum and ampulla.2 Intriguingly, 

the majority of these neuroendocrine tumors typically have unique morphological features, including 

prominent psammomatous calcifications, and express the hormone somatostatin.2 Previous genomic 

analysis of NF1-associated malignant peripheral nerve sheath tumors has revealed critical drivers of 

malignant transformation in the SUZ12 gene in these tumors.3 However, little is known about the ge-

netic alterations that drive the formation of gastrointestinal and peripancreatic tumors in NF1 patients.

Multiple lines of evidence suggest that functional and syndromic neuroendocrine tumors will harbor 

genomic alterations distinct from those in sporadic non-functional neuroendocrine tumors that have 

previously been characterized in depth.4–6 Whole-exome sequencing of a specific clinicopathological 

group of pancreatic neuroendocrine tumors, sporadic insulinomas, revealed a unique frequently altered 

hotpsot mutation, suggesting that specific clinical and pathological categories of neuroendocrine tu-

mors are driven by distinct genetic alterations.7 In addition, previous studies have demonstrated that 

gastrointestinal stromal tumors in NF1 patients are genetically distinct from sporadic gastrointestinal 

stromal tumors.8 As such, we hypothesize that NF1-associated duodenal neuroendocrine tumors may 

be a genetically unique category of neuroendocrine tumors. In order to characterize the genomic land-

scape of these neoplasms in NF1 patients, we performed whole-exome sequencing on a clinically 

well-characterized cohort of six neoplasms.

MATERIALS AND METHODS

This study (including the analysis of germline DNA) was approved by the Institutional Review Boards of 

The Johns Hopkins Hospital and Emory University Hospital. The surgical pathology databases of The 

Johns Hopkins Hospital and Emory University Hospital were searched for surgically resected neuro-

endocrine tumors of the ampulla with psammomatous calcifications or immunohistochemical reactivity 

for somatostatin in patients clinically diagnosed NF1. From tumor samples SOM3-6, formalin-fixed 

12
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paraffin-embedded tissue blocks of tumor and matched normal were reviewed by a pathologist and 

macrodissected to enhance neoplastic cellularity. Cores of neoplastic and normal tissue were isolated 

from formalin-fixed paraffin-embedded blocks using a 0.6 mm needle. For tumor samples SOM7-8, 

fresh-frozen tumor and normal (harvested at the time of surgery and subsequently banked at −70 °C) 

were reviewed by a pathologist and macrodissected after frozen section analysis to enhance neoplastic 

cellularity. DNA was extracted using the QIAamp DNA FFPE tissue kit (Qiagen) or QIAamp DNA mini 

kit (Qiagen) according to the manufacturer’s instructions and quantified using the Qubit 2.0 (Thermo 

Fisher).

Whole-exome sequencing was performed at Personal Genome Diagnostics with capture using the 

Agilent SureSelect paired end version 4.0 library preparation followed by sequencing on an Illumina 

HiSeq, as previously described.9 Somatic mutations were identified using the VariantDx pipeline as 

previously described.9 In order to identify copy number alterations, we utilized the ASCAT software.10 

Specifically, we identified ~ 40,000 single-nucleotide polymorphisms in the target region with high glob-

al minor allele frequency—the normalized number of reads along with the estimated B allele frequency 

was then used as input for ASCAT. However, owing to high dispersion in local sequencing coverage, 

most of the samples could not be reliably modeled with ASCAT. Therefore, the plots representing nor-

malized read depth and B allele frequency along the chromosomes were visually inspected to identify 

large chromosomal alterations based on lower number of reads and absence of the band correspond-

ing to heterozygous single-nucleotide polymorphisms in the B allele frequency plot. In addition, we 

performed complimentary copy number analysis with CNVkit to utilize both the on-target and off-target 

reads.11 Scatterplots were created with CNVkit and visually inspected for each chromosome, and copy 

number status of tumors were compared to the matched normal sample from the same patient. Dele-

terious germline variants were identified after alignment of sequence read files to the human genome 

(hg19) with Burrows-Wheeler Aligner and variant calling with Varscan 2.12,13 Classification of variants 

as either benign, of unknown significance, or deleterious was performed as previously described.14

Fluorescence in situ hybridization was performed on formalin-fixed paraffin-embedded specimens us-

ing a dual color probe (Abbott Molecular). The probe is designed for the detection of chromosomal re-

gion 9q34.12 harboring the ABL1 gene (orange fluorochrome) and the chromosomal region 22q11.23, 

harboring the BCR gene (green fluorochrome). Prior to hybridization, formalin-fixed paraffin-embedded 

slides were deparaffinized using a VP2000 processor (Abbott Molecular). The slides and the probe 

were co-denatured at 75 °C for 5 minutes and allowed to anneal over night at 37 °C, in humidified atmo-

sphere. Following incubation the slides were washed in 2 × saline-sodium citrate (SSC)/0.3% NP-40 for 

2 minutes at 72 °C, and for 2 minutes at room temperature in 2 × SSC. The slides were counterstained 

with 4’,6-diamidino-2-phenylindole and a cover slip was applied using Vectashield mounting medium 

(H-1000, Vector Laboratories, Inc.). A fluorescence microscope was used to evaluate signal patterns 

generated by each probe. In normal interphase cells, the signal pattern showed two orange signals 

(two copies of ABL1 gene) and two green signals (two copies of BCR gene). Samples showing > 10% 

of the 50 analyzed cells with less than or more than two signals are interpreted as loss or gain, respec-
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tively, for the targeted chromosome locus.

RESULTS

Clinical and pathological data

We identified six duodenal neuroendocrine tu-

mors occurring in patients who were clinically 

diagnosed with NF1. Microscopic evaluation of 

these tumors showed the typical morpholog-

ical pattern of homogeneous neoplastic cells 

with abundant clear or granular eosinophilic 

cytoplasm and round, smooth nuclei with finely 

stippled chromatic. The neoplastic cells were or-

ganized in nests, trabeculae, and acinar struc-

tures, often with prominent interspersed psam-

momatous calcifications (Figure 1). Clinical and 

pathological features are summarized in Table 

1. All the tumors originated in the duodenum or 

around the major or minor duodenal papilla. The 

mean age at time of resection was 52 (range 

40–61), and 67% of the patients were male. The 

mean size of the primary tumor was 2.6 cm, and 

50% had lymph node metastases at the time 

of surgery. When performed, Ki67 proliferation 

rate was < 2% in all cases, consistent with WHO 

Grade 1 based on current classifications.15,16 

Immunolabeling for somatostatin was positive 

in four cases, and none had immunolabeling 

for other commonly expressed pancreatic hor-

mones such as insulin and glucagon. One case 

was negative for somatostatin labeling, but this 

case had characteristic glandular psammoma-

tous morphology, as did another tumor in which somatostatin immunohistochemistry was not available. 

All patients had other histological features suggestive of NF1, including duodenal neurofibromas, duo-

denal gastrointestinal stromal tumor, and neurofibromatosis-associated vasculopathy.17

Whole-exome sequencing

Whole-exome sequencing of six NF1-associated duodenal neuroendocrine tumors revealed a range of 

2–11 nonsynonymous somatic mutations per tumor (Table 2, Supplementary Table 1, Supplementary 

Table 2). Only two genes were mutated in more than one tumor: inactivating mutations (two frame-

Figure 1. Histopathology of duodenal neuroendocrine tu-
mors in NF1 patients. a A low-power view of duodenal neu-
roendocrine tumor shows characteristic nested architecture. 
Hematoxylin and eosin, × 10. b A high-power view shows 
characteristic cytologic features, including monotonous 
round nuclei with finely stippled chromatin, amphophilic 
granular cytoplasm, and psammomatous calcifications. He-
matoxylin and eosin, × 20. 12
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shift and one nonsense) in NF1 

occurred in three tumors, and mis-

sense mutations in IFNB1 occurred 

in two tumors. In addition, somatic 

mutation in the oncogenic hotspot 

in codon 600 in BRAF was identi-

fied in a single tumor.

We also utilized the whole-exome 

sequencing data to identify copy 

number alterations using two com-

plimentary approaches—ASCAT10, 

which analyzed the B allele fre-

quency of germline single-nucle-

otide polymorphisms in the target 

region, and CNVkit11, which ana-

lyzed copy number based on read 

depth in the on-target and off-target 

reads. Both of these approaches 

revealed deletion/loss of heterozy-

gosity of chromosome 22 in three 

tumors (Supplementary Figure 1). 

Key somatic alterations in each tu-

mor are summarized in Table 3.

In addition to the identification of 

somatic genetic events in NF1-as-

sociated duodenal neuroendocrine tumors, we also analyzed the germline se-

quencing data for deleterious variants in human cancer genes (Table 4). We 

identified three frameshift germline variants and one nonsense germline vari-

ant in NF1; four patients had deleterious germline variants in NF1. In addition, 

two of these four patients also had deleterious germline variants in other known 

cancer genes, including a frameshift deletion in FANCC and a splice site muta-

tion in TSC1, each in one patient.

Fluorescence in situ hybridization

In order to confirm the result of our copy number analysis utilizing whole-exome 

sequencing data, we performed fluorescence in situ hybridization for chromo-

somes 9 and 22 on neoplastic formalin-fixed paraffin-embedded tissue from 

all six tumors. We identified loss of chromosome 22 by fluorescence in situ 

Table 1. Clinical and 
pathological features of 
duodenal neuroendo-
crine tumors in NF1 pa-
tients

Table 2. Somatic mutations identified by 
whole-exome sequencing in NF1-associated du-
odenal neuroendocrine tumors.
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hybridization in the three tumors with whole-ex-

ome sequencing data suggestive of deletion/loss 

of heterozygosity, whereas the other three tumors 

retained two copies of both chromosomes 9 and 

22 (Figure 2).

DISCUSSION

We report whole-exome sequencing of a clinical-

ly well-characterized cohort of duodenal neuro-

endocrine tumors arising in patients with NF1. In 

the literature, these tumors are often described as 

‘somatostatinomas’ owing to their characteristic 

expression of somatostatin by immunohistochem-

istry, though clinical symptoms caused by somatostatin expression are exceedingly rare. Other features 

often seen in neuroendocrine tumors in patients with NF1 are glandular morphology and presence of 

psammoma bodies. There is substantial overlap between neuroendocrine tumors with somatostatin 

expression, glandular neuroendocrine tumors with psammoma bodies, and neuroendocrine tumors 

associated with NF1.1,18 As such, these lesions have been previously called “ampullary somatostatino-

ma” and “glandular duodenal neuroendocrine tumor”. However, in this study, we use the general term 

“duodenal neuroendocrine tumor”, as not all analyzed lesions expressed somatostatin or showed glan-

dular morphology. The expression of other pancreatic hormones, including gastrin and serotonin, was 

not analyzed in this study though could be of interest for future studies describing these lesions at the 

protein level. Of note, sporadic somatostatinomas can show focal expression for gastrin or serotonin.19

The most common intragenic somatic alteration in this tumor type was inactivating mutation in NF1 

(either by frameshift or nonsense mutation), which occurred in three tumors. In addition to these small 

somatic mutations, we also identified somatic deletion/loss of heterozygosity of chromosome 22 in 

three tumors in our whole-exome sequencing data and confirmed these deletions by fluorescence in 

situ hybridization. Because the deletion includes the entire chromosome, it is not possible to identify 

the targeted driver gene. However, multiple well-characterized tumor suppressor genes are located on 

chromosome 22, including NF2 and SMARCB1, which lead to neurofibromatosis type 2 and schwan-

nomatosis, respectively.20–22 Still, the lack of somatic mutations in these tumor suppressor genes raises 

the alternative possibility that other types of alterations, such as epigenetic modifications or alterations 

in non-coding regions, may complement the deletion/loss of heterozygosity of chromosome 22.

Overall, the somatic mutations identified in duodenal neuroendocrine tumors in NF1 patients are 

unique from those identified in sporadic pancreatic neuroendocrine tumors well as sporadic small in-

testinal neuroendocrine tumors4–6—mutations in NF1 and IFNB1 do not occur commonly in these other 

Table 3. Summary of key genetic alterations in NF1-asso-
ciatedduodenal neuroendocrine tumors.

Table 4. Deleterious germline variants identified in NF1 
patients withduodenal neuroendocrine tumors.
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tumor types, nor does loss of chromosome 22. 

In addition, somatic mutations in genes frequent-

ly altered in pancreatic neuroendocrine tumors 

(MEN1, ATRX, DAXX) and small intestinal neuro-

endocrine tumors (CDKN1B) were absent in our 

cohort. However, to our knowledge, no study has 

specifically analyzed sporadic duodenal neu-

roendocrine tumors, which would be the most 

appropriate comparison for our lesions. Analysis 

of these sporadic lesions, with subsequent com-

parison with the genetic alterations in syndromic 

lesions, remains a future direction.

The genomic landscapes of NF1-associated 

neoplasms reported in the literature to date is 

variable. The mutations in the duodenal neuro-

endocrine tumors in our cohort are distinct from 

those previously reported in malignant periph-

eral nerve sheath tumors, which is one of most 

comprehensively characterized NF1-associated 

neoplasms. Although the somatic “second hit” in 

NF1 has been reported in NF1-associated malig-

nant peripheral nerve sheath tumors, our tumors 

lacked mutations in SUZ12, EED, and CDKN2A 

that frequently occur in this tumor type.3,23 How-

ever, deletions of IFNB1 (the only gene other than NF1 with somatic mutations in more than one tumor 

in our cohort) have been reported in 20% of malignant peripheral nerve sheath tumors, suggest-

ing perhaps a common genetic driver among NF1-associated neoplasms.24 Overall, the alterations 

in NF1-associated duodenal neuroendocrine tumors are more similar to those reported in plexiform 

neurofibromas in NF1 patients—whole-exome sequencing has previously revealed only a small num-

ber of somatic mutations in these benign NF1-associated neoplasms, with somatic mutations in NF1 

as the most common alteration.25 Similarly, whole-genome sequencing analysis of a small number of 

NF1-associated pilocytic astrocytomas revealed that somatic inactivation of NF1 was the only recurrent 

genetic alteration.26 Of note, loss of chromosome 22 has not been previously reported in NF1-associ-

ated neoplasms.

In three of the six tumors, we did not identify somatic NF1 mutations. In these cases, deletion/loss of 

heterozygosity of the wild-type NF1 allele may not have been accurately identified by our approach. 

Although our copy number analysis could robustly identify arm-level chromosomal alterations (such 

as deletion/loss of heterozygosity of chromosome 22), it is possible that our analysis missed focal 

Figure 2. Fluorescence in situ hybridization of chromosomes 
9 and 22 in NF1-associated duodenal neuroendocrine tu-
mors. a Fluorescencein situ hybridization demonstrates loss 
of chromosome 22 in neoplastic cells, as they contain two 
red signals (chromosome 9) but only one green signal (chro-
mosome 22). b Fluorescence in situ hybridization ona tumor 
without chromosome 22 deletion shows two signals in both 
the red and green probes.
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deletions of the wild-type copy of the gene in these cases due to sequencing approach and coverage 

depth. Such focal deletions have been previously reported as a mechanism for somatic NF1 inactiva-

tion.3 Alternatively, methylation has been reported as an alternative mechanism for inactivation of the 

second NF1 allele, which would not have been identified by our whole-exome sequencing approach.26 

Although immunohistochemical detection of the neurofibromin protein encoded by NF1 is another 

possible assay to interrogate this gene, immunohistochemistry has not been shown to be a reliable 

predictor of genetic and epigenetic alterations in NF1.27,28 Thus, we did not use neurofibromin protein 

expression as a surrogate for NF1 gene status in our study.

Germline deleterious NF1 variants were identified in four of the six patients. In two of the four patients 

with a germline NF1 mutation we were able to demonstrate bi-allelic inactivation of this critical tumor 

suppressor gene with a second somatic hit to the gene. Of interest, we identified deleterious germline 

variants in other known familial cancer genes, including a frameshift deletion in FANCC and a splice 

site mutation in TSC1—both of these occurred in patients who also had germline deleterious variants 

in NF1. Although this could be chance, it could be that the combination of two germline changes in-

creases the penetrance of the phenotype. This phenomenon has been demonstrated on other heredi-

tary diseases: for example, previous data have demonstrated that patients with the clinical finding of fa-

milial pancreatitis often have two distinct germline events that together contribute to the phenotype.29,30 

In two of the six cases, we did not identify a disease-causing germline NF1 variant, as the remainder 

of the germline variants identified in the coding region of this gene were synonymous. However, the 

clinical history of NF1 in each patient in our cohort is well documented, and previous studies have 

highlighted the difficulties in identifying germline NF1 mutations, as numerous molecular approaches 

are necessary for comprehensive variant identification.31 Thus, our whole-exome sequencing approach 

was likely not sensitive enough to detect all the disease-causing germline alterations in our cohort.

Taken together, our data reveal the importance of somatic NF1 mutation and chromosome 22 loss in 

duodenal neuroendocrine tumors in patients with NF1, highlighting the unique genomic landscape of 

this syndromic neoplasm.
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ABSTRACT

Germline mutations in CDKN2A result in Familial Atypical Multiple Mole Melanoma Syndrome (FAM-

MM), which is associated with an increased risk for pancreatic ductal adenocarcinoma and melanoma. 

CDKN2A is somatically inactivated in multiple neoplasms, raising the possibility that, although the 

data are not conclusive, germline CDKN2A mutation may also impose an increased risk for other 

neoplasms. We present a patient with a CDKN2A germline mutation (p16-Leiden mutation) and mo-

saicism for neurofibromatosis type 2, who presented with a small asymptomatic pancreatic lesion, 

detected during endoscopic ultrasound screening of the pancreas. After resection, the lesion was found 

to be a well-differentiated pancreatic neuroendocrine tumor (PanNET). Molecular analysis of the tumor 

showed somatic loss of the second allele, supporting a causal relation of the PanNET to the underlying 

FAMMM syndrome. Recent data, showing the association between certain single-nucleotide polymor-

phisms in the CDKN2A gene and an increased incidence for PanNET, further support a role for germ-

line CDKN2A alterations in PanNET risk. We conclude that PanNETs can be a phenotypic expression 

of FAMMM syndrome. This can have implications for screening and for the diagnosis of pancreatic 

neoplasms in carriers of germline CDKN2A mutations.
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INTRODUCTION

p16, the protein encoded by the tumor suppressor gene, CDKN2A, is expressed in most senescent 

cells and plays a causal role in their growth arrest.1 Germline mutations in senescence genes, including 

CDKN2A, can significantly predispose to cancer. This is illustrated by studies, wherein mice with even 

subtle perturbations of the senescence machinery are dramatically more susceptible to cancer.2,3

The CDKN2A gene can be somatically inactivated through homozygous deletions, intragenic muta-

tions in one allele combined with loss of the second allele, or through promoter methylation.4–6 Large 

deletions on chromosome 9p that inactivate CDKN2A can also affect neighboring genes such as 

MTAP. This gene is located approximately 100 kb telomeric from CDKN2A and is contained in the 

CDKN2A homozygous deletions in 90% of malignant mesotheliomas, in 75% to 100% of T-cell acute 

lymphoblastic leukemias, and in 50% to 100% of pancreatic cancers.7–11

Deleterious germline mutations in CDKN2A produce the Familial Atypical Multiple Mole Melanoma 

Syndrome (FAMMM), and have been shown to predispose to cancer, particularly pancreatic cancer 

and melanoma.12 A subset of FAMMM patients harbor a specific Dutch founder mutation: a 19bp-dele-

tion in exon 2 (p16-Leiden mutation).13,14 These patients have a 15% to 20% lifetime risk of developing 

pancreatic cancer.15,16 Melanoma presents at an earlier age in FAMMM patients, as compared with 

patients with sporadic melanoma; earlier occurrence of pancreatic cancer has not been observed.17–19 

Because of the increased risk to develop pancreatic cancer, some patients with a germline p16-Leiden 

mutation are being screened, as recommended by the “International Cancer of the Pancreas Screen-

ing Consortium.”20,21 The goal of this screening is to detect precursor lesions and early pancreatic can-

cer. Precursor lesions are curable because they have not yet invaded the tissues, and a growing body 

of evidence suggests that some small asymptomatic pancreatic cancers are curable, due to limited 

invasion in the surrounding structures.22–25

Although it is known that patients with FAMMM (including those with a p16-Leiden mutation) have an 

increased risk for pancreatic adenocarcinoma and melanoma, the association of germline CDKN2A 

mutations with other neoplasms is less clear.26–29 Somatic inactivation of CDKN2A has been observed 

as a late event in the progression of some pancreatic neuroendocrine tumors (PanNETs) and is asso-

ciated with the development of metastases. However, an increased incidence of PanNETs in patients 

with germline CDKN2A mutations has not yet been shown.30 Neuroendocrine tumors in the pancreas 

can pose diagnostic problems for clinicians screening individuals with a germline CDKN2A mutation, 

as the treatment for PanNETs can be very different from the treatment of pancreatic adenocarcinomas. 

The case reported here, in which we show a germline CDKN2A mutation coupled with an additional 

loss of heterozygosity (LOH) of CDKN2A in the tumor, provides compelling evidence for a causal re-

lationship between the patient’s underlying FAMMM syndrome and the development of their PanNET.

13



192

CASE REPORT

The patient was a 51-year-old man with a known germline mutation in CDKN2A (p16-Leiden mutation). 

The hereditary nature of this mutation was illustrated by the patient’s strong family cancer history, 

which included first, second, and third-degree relatives affected by melanoma or pancreatic cancer. At 

age 47, the patient himself was diagnosed with a small melanoma (Breslow thickness, 0.5 mm). This 

was treated with local resection. In addition, the patient was mosaic for neurofibromatosis type 2, and 

he developed multiple schwannomas, all containing the same deletion of the whole NF2 gene. Germ-

line analysis on lymphocytic DNA of the patient could not retrieve this deletion, suggesting mosaicism, 

which is often seen in patients with neurofibromatosis type 2.31,32 The schwannomas were surgically 

removed, sometimes in combination with local radiotherapy.

Because of the patient’s increased risk for developing pancreatic cancer, he was included at age 50 

in a screening program for early detection of pancreatic cancer. The first endoscopic ultrasound (EUS) 

of the pancreas revealed a small, hypoechogenic lesion (6.2×4.4 mm) in the uncinate process of the 

pancreas. Because of the very small dimensions of this lesion, the decision was made to follow-up on 

this lesion, and a second EUS, 8 months later, showed that the lesion had slightly increased in size 

(7.5×5.2 mm). A fine-needle aspiration of the lesion produced atypical cells, with both ductal and neuro-

endocrine features, suggestive for adenocarcinoma (Figure 1A). Additional computed tomography and 

magnetic resonance imaging were not able to visualize the lesion.

On the basis of the results of the EUS and the fine-needle aspiration, the decision was made to resect 

the lesion during a Whipple procedure. Macroscopic examination of the specimen showed a 5 mm, 

slightly pale, and indurated lesion in the uncinate process of the pancreas (Figure 1B). Microscopic 

examination of this lesion showed a proliferation of nested cells with a varying amount of cytoplasm 

and enlarged, slightly irregular round to oval nuclei with coarse chromatin, surrounded by a stromal 

reaction (Figure 2A). Focal solid growth with some interspersed blood vessels resembled an islet of 

Langerhans. No clear ductal differentiation was found; however, some normal ducts were entrapped 

in the proliferation. There was perineural growth (Figure 2A). Nearby acini were being infiltrated by the 

tumor cells and showed some signs of atrophy. Labeling for chromogranin, synaptophysin (Figure 2B), 

Figure 1. a Fine-needle aspiration cytology showed plasmacytoid cells with nuclear atypia. b Gross appearance of the 
Whipple specimen shows a well-demarcated 5 mm lesion (arrow) in the uncinate process of the pancreas.
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and somatostatin receptor 2A was positive, while BCL10 was negative (Figure 2C). The tumor showed 

expression of both pancreatic endocrine transcription factors ARX and PDX1. Ki-67 showed a labeling 

index of 11%, consistent with a well-differentiated neuroendocrine tumor, grade 2. The tumor was neg-

ative for P16 labeling (Figure 2D) and showed loss of MTAP (Figure 2E), while ATRX, DAXX, SMAD4 

and p53 showed normal (wild type) expression. LOH analysis of the MTAP-CDKN2A/B region showed 

LOH for 2 (D9S162 and D9S1749) of the 4 tested markers (Figure 2F). The other markers did not show 

LOH, but it should be mentioned that the tumor had low tumor cellularity, due to its infiltrative growth 

in the surrounding normal tissue. A fluorescence in situ hybridization with a probe against CDKN2A 

showed also loss of one of the 2 copies of the gene. There was not enough DNA to carry out an LOH 

Figure 2. a Hematoxylin and eosin staining of the neoplasm in the pancreas shows cellular atypia. The smaller inset 
shows perineural growth. b Immunohistochemistry for synaptophysin shows strong labeling of the neoplastic cells. 
c Immunohistochemistry for BCL10 shows absence of labeling in the neoplastic cells. d Absence of immunolabel-
ing for P16 in the neoplasm. Some non-neoplastic cells, caught in between the neoplastic cells, show labeling for 
P16. e Immunohistochemistry for the MTAP protein, showing less labeling in the neoplastic cells, while a pancreatic 
duct, caught in the tumor, shows preserved labeling. f LOH analysis for the D9S1749 probe shows allelic imbalance, 
resulting from disproportional signals in the tumor, in comparison with the signals from the normal tissue. These 
disproportional signals meet the criteria for LOH.
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analysis for NF2 on the tumor, but MLPA showed that the mosaic NF2 deletion was not present in the 

patients with normal pancreatic tissue.

MATERIALS AND METHODS

Formalin-fixed paraffin-embedded (FFPE) tissue of the resected tumor was macrodissected to en-

hance neoplastic cellularity. DNA was extracted using the Qiagen QIAamp DNA FFPE tissue kit (Qia-

gen, Hilden, Germany) according to the manufacturer’s instructions. Allelic status (LOH) was assessed 

by comparing constitutionally heterozygous (informative) alleles with the corresponding alleles in the 

tumor. Four fluorescent end-labelled microsatellite markers that map to the MTAP-CDKN2A/B region 

were used: D9S162, D9S1749, D9S916, and D9S932. D9S162 is located telomeric to MTAP, D9S1749 

and D9S916 are located in the MTAP gene, and D9S932 is located centromeric of CDKN2A/B. After 

PCR amplification, the products were separated using an ABI Prism 310 genetic analyzer (Applied 

Biosystems, Waltham, MA). One microliter of the PCR product was mixed with 23 μL of formamide and 

0.5 μL of GeneScanTM ROX-500 (Invitrogen Corporation, Waltham, MA) as a size marker. Markers 

with 2 distinctly sized alleles in the normal were termed informative. For the informative marker, the al-

lelic imbalance factor was calculated, as described by Cawkwell et al.33 LOH was assumed if the allelic 

imbalance factor was <0.7 or >1.3. A similar approach was used to do the LOH analysis for NF2. There 

was not enough DNA left to carry out the analysis on the tumor, but neighboring normal pancreatic 

tissue was used to detect the germline NF2-gene deletion, previously found in the schwannomas of 

the patient. To investigate the role of the mosaic NF2 deletion previously found in the schwannomas 

of this patient in the development of his PanNET, NF2 MLPA was performed using MLPA P044 NF2 

probe mix according to the manufacturer’s instructions (MRC Holland, Amsterdam, the Netherlands).

Immunohistochemistry with antibodies against chromogranin, synaptophysin, somatostatin receptor 

2A, BCL10, Ki-67, p16, ATRX, SMAD4, and p53 was performed using the Leica Bond III fully automated 

immunohistochemistry stainer on FFPE tissue. MTAP, DAXX, ARX, and PDX1 immunohistochemistry 

was performed by hand using a monoclonal antibody against MTAP (clone EPR6893, 1:1000; Abcam, 

Cambridge, UK), DAXX (clone HPA008736, 1:100; Sigma-Aldrich, St. Louis, MO), ARX (clone 11F6.2, 

1:2000; Millipore Burlington, MA), and PDX1 (clone EPR3358(2), 1:2000; Abcam), respectively.

Fluorescence in situ hybridization for CDKN2A was performed with the ZytoLight SPEC CDKN2A/CEN 

9 Dual Color Probe (ZytoVision, Bremerhaven, Germany). At least 100 normal cells and 100 tumor cells 

were counted for the CKDN2A-probe signal. Cells showed 0, 1, or 2 signals, and a 2×3 contingency 

table was made. The Fisher exact test showed statistical significance, with a P-value smaller than 0.05 

(P=1.78e−26).
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DISCUSSION

We present a patient with a germline mutation in CDKN2A and mosaicism for neurofibromatosis type 

2, who developed a small, PanNET, detected during screening for pancreatic ductal adenocarcinoma 

(PDAC). Labeling for p16 (the product of CDKN2A) was negative, although normal tissue does not 

express this protein either, as is considered normal for nonsenescent cells. The PanNET also showed 

loss of expression for the MTAP protein, encoded by its gene neighboring CDKN2A. In addition, the 

somatic LOH on chromosome 9p was shown for heterozygous SNPs around the CDKN2A and MTAP 

genes. This provides compelling evidence that the PanNET in this patient was causally related to the 

patient’s underlying germline CDKN2A mutation and was not a coincidence.

Patients with germline CDKN2A mutations have an increased risk for certain cancers, including PDAC. 

However, it is not known whether these patients also have an increased risk to develop PanNETs. 

The background of common genetic susceptibility to PanNETs is largely unknown. Targeted associa-

tion studies in patients with PanNETs have found associations between variants of genes coding for 

inflammatory proteins such as the TNF-alpha, IL-2, and IL12A genes; however, a variant of a gene 

that modulates apoptosis, DAD1, has also been reported to be associated with an increased risk for 

gastroenteropancreatic NETs.34–36 A recent, larger study studied the association of 13 SNPs in the 

CDKN2A/B genes and PanNETs in 320 patients and 4436 controls, and found an association between 

homozygotes for the minor A allele of the rs2518719 SNP in CDKN2A and an increased risk for de-

veloping a PanNET.37 It is worth mentioning that this SNP was in linkage disequilibrium with another 

variant in the gene (rs3731217) that is a well-known pleiotropic susceptibility polymorphism, and it has 

been associated with an increased risk for developing childhood acute lymphoblastic leukemia, thyroid 

carcinoma, and salivary gland carcinoma.38–41

The somatic genetic alterations in PanNETs have been well characterized with whole-exome and 

whole-genome sequencing approaches.30,42,43 These studies have shown that the most frequently so-

matically mutated genes in PanNETs are the MEN1, DAXX, and ATRX genes. CDKN2A is also often 

deleted or its promoter is methylated in PanNETs, but it is considered a late event in the tumorigenesis, 

associated with the development of metastases.30,42,44 In many familial cancer syndromes, germline 

mutations can be found in genes that are completely inactivated early in the neoplastic transformation. 

However, germline inactivation of genes, normally inactivated later in the tumorigenesis of a neoplasm, 

can still result in an increased risk for the neoplasm, due to the increased likelihood to acquire only 

one inactivating mutation instead of acquiring 2 inactivating mutations in the same gene. Thus, patients 

with germline mutations in CDKN2A, might have a higher risk to develop PanNETs with CDKN2A inac-

tivation, through the accrual of a second hit, despite being a late event in the sporadic tumorigenesis 

of PanNETs.45 It has been shown that these PanNETs with CDKN2A inactivation are associated with 

metastatic disease and thus more aggressive disease.30
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In other tumor types, the deletion of CDKN2A is often associated with a codeletion of the nearby MTAP 

gene. In the present case, we showed somatic loss of this gene in the neoplastic cells by immunohisto-

chemistry and LOH analysis. The MTAP gene codes for methylthioadenosine phosphorylase (MTAP), 

and loss results in increased concentrations of methylthioadenosine (MTA) in the cell. MTA inhibits the 

enzymatic activity of the protein arginine methyltransferase 5 (PRMT5). Further inhibition of PRMT5 by 

a small molecule inhibitor, or by the administration of more MTA, results in modest impairment of cell 

viability in MTAP-null cancer cell lines.46 This is a possible therapeutic target for tumors with an MTAP 

deletion.

The patient showed mosaicism for NF2 and had been treated for multiple schwannomas. NF2 is lo-

cated on chromosome 22, which is often deleted in ampullary somatostatinomas, a specific type of 

PanNET, often occurring in patients with neurofibromatosis type 1.47 There is one case report of a 

pancreatic gastrinoma in a patient with neurofibromatosis type 2, although no clear molecular rela-

tionship was found.48 Analysis of the neighboring normal pancreatic tissue in our patient, did not show 

the specific NF2 gene deletion that was found in the schwannomas, showing that the mosaicism was 

absent in the pancreas.

In conclusion, we presented a patient with a germline mutation for CDKN2A, at risk to develop PDAC. A 

small asymptomatic well-differentiated PanNET was found on screening. Molecular analysis supported 

the contention that the PanNET in this patient was causally related to the underlying germline CDKN2A 

mutation and was not a coincidence. This is the first report to molecularly link the development of a 

PanNET with the FAMMM syndrome. This finding can have implications for the screening, diagnosis, 

and treatment of pancreatic lesions in carriers of germline CDKN2A mutations.
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The pathogenesis of cancer starts with a non-invasive, clonal outgrowth.1 Human evolution has se-

lected mechanisms that suppress the fixation and further emergence of clonal outgrowths through the 

optimal organization of our cells.2,3 Despite these mechanisms, precursor lesions to cancer develop 

in all people, especially in organs with a high cellular turnover. It has been modeled that cancer risk 

is related to the amount of stem cell divisions in an organ.4,5 In this thesis, we studied the molecular 

and morphologic features of pancreatic cancer and its precursor lesions. We focused specifically on 

the precursors of pancreatic ductal adenocarcinoma (PDAC): a tumor that is often detected in an ad-

vanced stage.6 Early detection strategies offer the best chance for curative treatment and have proven 

to reduce the disease-specific mortality in other cancer-types like breast cancer, colon cancer and 

cervical cancer.7 Some precursor lesions that can evolve into pancreatic cancer, can easily be detected 

by medical imaging. These precursors are macroscopic cysts like intraductal papillary mucinous neo-

plasms (IPMNs) and mucinous cystic neoplasms (MCNs).8 Because these cysts are abundant in the 

population, risk stratification and identification of patients at high risk to develop pancreatic cancer is 

necessary to focus screening and prophylactic treatment efforts. 9–11

Part 1: Molecular evolution of intraductal neoplasms

In the first part of this thesis, we studied the moment of invasion by comparing both the genetic al-

terations found in high-grade precursor lesions and PDACs. In chapter 3, we compared exome se-

quencing data from IPMNs and MCNs with their associated invasive components. Although we did not 

discover a molecular event that could explain invasive behaviour in every case, we did see SMAD4 and 

TGFBR2 mutations in the invasive components of 4 of the 18 studied cases. SMAD4 is an essential 

downstream regulator of the TGF-beta pathway and the bone morphogenic protein (BMP) pathway. In 

colonic organoid models, mutations in these pathways made the organoids grow without the inhibitor of 

the BMP pathway, Noggin.12 In organoids from normal colonic epithelium, it is necessary to inhibit the 

pathway in order to expand the organoids outside their normal tissue context.13 From the perspective 

of these organoid studies, the inactivation of the TGF-beta pathway and the BMP pathway results in an 

acquired independence of the cells to grow without the presence of certain factors. Similar acquired in-

dependence from growth factors has been observed when other driver-mutations were induced.12 More 

evidence for the acquired independence from certain factors can be found in the histology of both can-

cerized ducts in patients with PDACs and in the colonic polyps of patients with juvenile polyposis, an 

autosomal-dominant, gastroinestinal polyposis syndrome in which germline SMAD4 mutations have 

been found. In the cancerized ducts, cancer cells can be observed to grow on top of each other.14,15 

Normally, each cell delineating the pancreatic duct is attached to the basement membrane. The growth 

of cells that don’t attach to the basement membrane can be seen as a form of acquired independence 

from trophic factors that are present in the basement membrane. In patients with juvenile polyposis, 

colonic hamartomatous polyps can develop. These polyps are characterized by ectopic crypts: the 

proliferative compartment of the crypt is not confined to the bottom of the crypt, but can also be found 

higher up in the crypt.16 This can also be interpreted as the acquired independence of the proliferative 

compartment to grow outside the intended area at the bottom of the crypt. 
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In chapter 4, we describe that in a cohort of patients with high-grade PanIN lesions, without a con-

comitant cancer, SMAD4 or P53 mutations could not be detected in these high-grade precursors. This 

gives extra evidence for the role and timing of SMAD4 mutations in pancreatic carcinogenesis and for 

their importance during invasion. In the previous chapter (chapter 3), we sometimes observed SMAD4 

mutations in both the cancer and the intra-ductal growth of the neoplasm. This observation seems to be 

in conflict with the previous indications that cells with inactivated TGF-beta and BMP pathways, have 

acquired invasive behaviour. However, cells with invasive properties can still be observed in the duct 

system of the pancreas. There are two possible explanations for this observation:

• When a PDAC grows and spreads through the tissue of the pancreas, it might encounter normal 

pancreatic ducts. The invasive properties of the cancer cells might result in the cancer invading a 

pancreatic duct. In this case, the cells have already obtained invasive behaviours, but can still be 

found in a pancreatic duct. The cancer cells in the duct can further evolve neutrally and acquire more 

passenger mutations than the cancer cells that are out of the duct, due to its spatial separation. 

This description explains our observations in case MTP19, as described in chapter 3 and is called 

‘cancerization of ducts’.

• When, by the stochastic process of mutagenesis, an inactivating mutation in SMAD4 or TGFBR2 

occurs in a cell that does not neighbour the surrounding connective tissue of an IPMN (for example, 

a cell on the tip of papillae in an IPMN, far away from the surrounding pancreatic tissue), the cell 

won’t be able to immediately exert it’s invasive behaviour. The clone must expand in order to reach 

the surrounding tissue or the cyst wall. This can explain the detection of SMAD4/TGFBR2-mutated 

cells in the duct, which in theory could already be observed before invasion.

Some pathologists might assume that the intraductal growth of a neoplasm is an indication that the 

neoplastic cells have not yet obtained the capacities to invade in the surrounding tissue. This might not 

be the case and this assumption might have resulted in conflicting results while studying the molecular 

events that lead to cancer invasion. Because of this, the observations of missing SMAD4 mutations 

in high-grade precursor lesions like PanIN, gives extra evidence for the invasion-promoting effects of 

SMAD4 or TGFBR2 inactivation.

If invasion is the result of the complete independence of neoplastic cells from all local trophic factors, 

one might wonder if there is still a biological hurdle to jump before a cell can metastasize out of its 

organ of origin. Although researchers have looked for molecular evidence of such a hurdle in cells of 

metastases, this evidence has been difficult to find.17–19 Based on our results and the concepts dis-

cussed in this thesis, such a hurdle might not even exist. It should be said that absence of evidence 

for a molecular event that gives a cell its metastatic potential should not be interpreted as evidence of 

its absence.

Our exome-sequencing study has also confirmed the sequence of mutations in driver genes observed 

by other researchers. KRAS and GNAS-activating mutations and CDKN2A-inactivating mutations are 

considered early driver-mutations, followed by RNF43-inactivating mutations. SMAD4 and P53-inacti-

vating mutations are considered late in the carcinogenesis of pancreatic ductal adenocarcinoma. The 

14
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importance of this sequence is also reflected in by the frequent detection of mutations in the same 

gene in lesions of the same grade. In early lesions, we observed multiple KRAS mutations, while 

different locations in the high-grade IPMNs often contained different RNF43 mutations. It shows that 

mutations in a specific gene give the cell an evolutionary advantage and that driver mutations can only 

be accumulated in a specific order. It is by chance that a mutation hits a cell in a specific gene. Patients 

with McCune-Albright syndrome, caused by mosaicism of activating mutations in GNAS, have a higher 

chance to develop lesions that are caused by these mutations, like IPMNs and other lesions (chapter 

6), because the causative mutation occurred during embryogenesis. 

Similar dynamics are seen in other cancer syndromes. In chapter 13 we discussed a patient with 

a germline mutation in CDKN2A, which causes familial atypical multiple mole melanoma (FAMMM) 

syndrome. These patients are also at risk to develop PDAC, where CDKN2A-inactivating mutations 

are considered early driver mutations. CDKN2A is a tumor suppressor gene and both alleles must 

be inactivated to impair the function of the gene.20 In general, it will take more time to inactivate two 

functional alleles of this tumor suppressor in the same cell through random mutagenesis than only one 

functional allele. This mechanism is considered the reason why patients with a germline mutation in a 

tumor suppressor gene have a higher risk to develop cancer. In chapter 12, we studied pancreatic neu-

roendocrine tumors in patients with neurofibromatosis type 1 (NF1). These patients have a germline 

mutation in the NF1 gene. As predicted by the principles described above, the most common somatic 

mutation in the tumors were mutations in NF1 as a second hit to completely inactivate the gene.

Theoretically, the risk to develop precursor lesions is higher when a germline mutation is present in 

an early driver-gene in comparison with a germline mutation in a late driver-gene. We can explain this 

statement by considering the timing of the evolution of precursor lesions. In chapter 3, we have used 

the principle of the ‘molecular clock’ to calculate the time it takes to develop a PDAC from a high-grade 

IPMN: 3 years. Because patients often present with PDAC when they are in their 7th decade, the initial 

evolution of early and late precursor lesions must take much longer.21–25 Activating KRAS or GNAS 

mutations are considered a requirement for the development of early precursor lesions and obtaining 

these mutations through random mutagenesis, followed by the outgrowth of the mutated cell can take a 

long time. Because of that, patients who are born with this early mutation (McCune-Albright Syndrome, 

chapter 6) will develop these precursor lesions much faster. In contrast, when the average time to 

evolve from high-grade IPMN into a PDAC through the inactivation of a late driver gene is only 3 years, 

the effect of a germline mutation in that late driver-gene has probably less impact on the lifetime risk to 

develop these cancers. This difference in time needed to evolve can be explained by the observation 

that over time and over decreasing differentiation, the clone will increase its division rate and possibly 

its mutation rate.26 Normal cells have a mutation rate that is considered a function of the cell division 

rate. It is difficult to study the changes in mutation rate per cell division during the evolution of precur-

sor lesions, but based on observations in mismatch-repair deficient tumors, it has been shown that at 

least in some cancers, there is an increase in the mutation rate. The increase in cell division rate and 

mutation rate can contribute to explaining why the evolution of high-grade IPMNs to PDACs only takes 

3 years.
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In chapter 5, we have used targeted sequencing of the pancreatic driver genes to investigate the relat-

edness of synchronous IPMNs and PDACs. Both IPMN and PanIN lesions are considered precursors 

to pancreatic cancer, however their relative contribution is not equal: IPMNs are observed in 8% of the 

cancers, and the rest is thought to originate from PanINs. Because of the high a priori probability that 

a PDAC originates from a PanIN, the simultaneous presence of a PDAC and IPMN does not automat-

ically mean that they are related. The study of driver mutations confirms this and showed that 18% of 

the synchronous PDACs and IPMNs are not related. 

Part 2: Three-dimensional histopathology through tissue clearing

We developed a tissue-clearing technique, based on methods used for tissue clearing of murine brain 

tissue. The optimization of the technique was complicated by the abundance of a dense extracellular 

matrix, which obstructed penetrating antibodies.27 Chapter 7 is an in-depth review of the literature on 

the different tissue clearing techniques and three-dimensional imaging techniques to investigate which 

techniques might yield the best results for human pancreatic tissues.

The development of tissue clearing techniques that enable the study of histopathology in three di-

mensions has resulted in some remarkable observations. In pancreatic ductal adenocarcinomas, we 

observed frequent invasion of the veins, as described in chapter 8 and 9. Since veins are the highways 

out of the pancreas, invasion in veins is probably an important step in the development of metastasis. 

This could explain why patients with PDAC often present in an advanced stage with multiple metas-

tases in the liver (chapter 10). Other studies have also observed that venous invasion is prevalent in 

pancreatic cancers and have described how the cancer cells often replace the endothelial cells in the 

vein.28,29 Because of this, structures can be formed that look very similar to ducts. Our three-dimen-

sional studies have confirmed these observations of venous invasion (chapter 9). The growth of cancer 

cells in veins, which are often located next to arteries, can result in a histologic hallmark sign of pancre-

atic cancer: cancer ducts next to muscularized blood vessels, like arterial vessels.30 

Emerging tissue clearing techniques allow for the first time, to investigate histology in three dimensions. 

Regular, two-dimensional histopathology is an inaccessible branch of science, as it requires extensive 

training. Tissue clearing techniques can help pathologists to explain certain histologic concepts to 

other professionals. One such concept is ‘tumor-budding’: single tumor cells or a small groups of tumor 

cells, that are often located at the invasive front of the tumor. Although this feature is an independent 

prognostic factor for adverse clinical outcomes, it is difficult to explain what these single cells represent 

and how this feature in two-dimensional microscopy is organized in three-dimensions.31 Studies are 

underway to visualize tumor budding in 3D through tissue clearing techniques, in order to better under-

stand this phenomenon.

Part 3: Pancreatic neuroendocrine neoplasms

In chapter 11, we characterized the molecular features associated with metastasizing potential in small 

14
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neuroendocrine tumors of the pancreas. Clustering of these neuroendocrine tumors based on copy 

number status identified 3 different groups. The group with the highest ratio (group 1) of metastasizing 

tumors was associated with copy-number gains, alternative lengthening of telomeres (ALT), and loss 

of DAXX and ATRX. The other two groups had lower ratios of metastasizing tumors. Group 2 was 

associated with minimal chromosomal alterations, no ALT, and no loss of DAXX or ATRX. Tumors in 

group 3 had deletions or mutations of MEN1, located on chromosome 11q and a negative regulator of 

telomerase.32,33 Deletions of chromosome 22, absence of ALT, and normal expression of DAXX and 

ATRX were also common in this group. Overall, multivariate analysis showed that the Ki-67 index and 

the ALT-status is statistically significant associated with liver metastasis. 

A recent, larger study investigated the molecular features associated with metastases over all the solid 

tumors.19 Genome duplication events were found in 56% of the metastases. Another study restricted to 

PDACs found genome duplication in 48% of the tumors.34 This last study modeled that most copy num-

ber losses and gains occurred after polyploidization. Although some copy number changes occured 

before polyploidization, chromosomal deletions and gains occuring after genome doubling were more 

structurally damaging. In other organisms like yeast and plants, polyploidization has been associated 

with rapid adaptation to new environments.35,36 Because most mutations are deleterious, polyploid-

ization buffers the effects of partially recessive, deleterious mutations which can then accumulate, 

providing a reservoir of mutations that might be adaptive in a new environment.37,38 In these organisms, 

polyploidization is also often followed by larger structural changes in the genome.35,36 Although these 

comparisons with other organisms have limitations, they can provide new ideas on how polyploidiza-

tion can promote cancer invasion. In the plants, polyploidization has even been shown to promote the 

invasion of plants in new environments.36

In chapter 12, we describe the genetic alterations of a clinically well-characterized cohort of six NF1-as-

sociated duodenal neuroendocrine tumors using whole-exome sequencing. NF1 is a hereditary can-

cer predisposition syndrome characterized by frequent cutaneous and nervous system abnormalities. 

Patients with NF1 also have an increased prevalence of multiple gastrointestinal and peripancreatic 

neoplasms, including neuroendocrine tumors of the ampulla that express somatostatin. These tumors 

often had somatic mutations in NF1 which, together with germline mutations in the other allele, caused 

the complete inactivation of the NF1 gene. We also found frequent deletions of chromosome 22 in 

these tumors.

In chapter 13, we described a patient with a germline CDKN2A mutations (FAMMM syndrome), at high 

risk to develop a PDAC. During screening, a pancreatic lesion was detected which was resected and 

diagnosed as a small neuroendocrine neoplasm. We found that the tumor had loss of heterozygosity 

for CDKN2A (the second hit), and we raised the possibility that neuroendocrine pancreatic neoplasms, 

which often have late driver-mutations in CDKN2A, might be part of this cancer predisposition syn-

drome. This case was discussed under part 1 of the summarizing discussion.
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Hoofdstuk 1 is een algemene introductie tot deze thesis. In delen 1 en 2 bestuderen we voornameli-

jk intraductale papillaire mucineuze neoplasie (intraductal papillary mucinous neoplasm; IPMN) en 

ductaal adenocarcinoom van de pancreas (pancreatic ductal adenocarcinoma; PDAC). IPMNs zijn 

cysteuze voorlopers van PDAC. Deze voorlopers zijn klinisch detecteerbaar en komen voor bij een 

aanzienlijk deel van de bevolking. Bij slechts een klein deel van deze patiënten evolueert de IPMN tot 

een PDAC. Vanaf het ontstaan van een PDAC uit een IPMN (vanaf het moment dat invasie van het 

omliggend weefsel begint), wordt de prognose slechter. Kankers zoals PDAC hebben een slechte prog-

nose wanneer ze metastaseren. Om dit te voorkomen probeert men deze tumoren vroeg te detecteren 

en te behandelen. Daarom is ‘het moment van invasie’ klinisch relevant en kan de studie ervan mogeli-

jks impact hebben op behandelingsstrategieën. Reeds veel onderzoekers hebben invasie onderzocht, 

maar de technieken waren niet altijd toereikend om te bepalen wat de oorzaak van invasie is. Wij 

gebruiken 2 recent ontwikkelde technieken: ‘next-generation’ DNA sequencen en driedimensionale 

histologie door middel van transparant weefsel. 

‘Next-generation’ sequencen laat ons toe door middel van het parallelliser, een enorme hoeveel infor-

matie te verzamelen over de tumoren en hun voorlopers. Hierdoor kunnen we het deel van het genoom 

onderzoeken dat codeert voor proteïnen. 

Om de histologie van PDAC in drie dimensies te bestuderen hebben we het weefsel doorzichtig ge-

maakt. Door zowel de tumorcellen als de bloedvaten aan te kleuren met verschillende fluoroforen 

kunnen we hun onderlinge relatie in drie dimensies bestuderen.

In het derde deel van deze thesis onderzoeken we neuroendocriene tumoren van de pancreas. Zo 

karakteriseren we de moleculaire eigenschappen van neuroendocriene tumoren die metastaseren 

naar de lever. We sequencen een neuroendocriene tumoren die voornamelijk voorkomen in de pancre-

as van patiënten met neurofibromatosis type 1 (NF1). Tot slot bespreken we een patiënt met familiaal 

atypisch meervoudig moedervlek melanoomsyndroom (FAMMM syndroom) en een neuroendocriene 

tumor in de pancreas.

DEEL 1: DE MOLECULAIRE EVOLUTIE VAN INTRADUCTALE NEOPLASIEËN

Hoofdstuk 2 is een overzicht van de verschillende voorloper laesies in de pancreas die aanleiding 

kunnen geven tot een PDAC. Pancreatische, intraepitheliale neoplasie (PanIN), is een kleine laesie 

waarbij het epitheel van de afvoerbuisjes morfologische veranderingen vertoont. Er is gebleken dat 

deze laesies clonaal zijn uitgegroeid uit één cel en verder kunnen evolueren tot ze ontaarden in een 

PDAC. De andere voorloper laesies zijn cysteus en kunnen dus opgespoord worden met beeldvorm-

ingstechnieken wanneer zij groot genoeg worden. Er worden 3 cystische voorlopers onderscheiden: 

IPMN, mucineuze cystische neoplasie (mucinous cystic neoplasm; MCN), en intraductale tubulopapil-

laire neoplasie (intraductal tubullopapillary neoplasm; ITPN). Van alle voorlopers bespreken we enkele 

klinische gegevens, specifieke histologische kenmerken en de somatische moleculaire veranderingen 

in het genetische materiaal van deze laesies.
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Hoofdstuk 3 beschrijft een studie waarin we het DNA analyseren van zowel IPMNs als PDACs in 

18 patiënten. De PDAC is verder geëvolueerd uit de IPMN en beschikt zowel over de mutaties van 

de IPMN als een aantal extra mutaties, die mogelijks aanleiding gaven tot invasie van het omgevend 

weefsel. Door de mutaties in beide laesies te vergelijken met elkaar hopen we een kleine groep van 

mutaties te isoleren die uniek zijn voor PDAC. Mogelijks zit in deze groep de mutatie die invasie vero-

orzaakt. We vonden 2 genen met PDAC-unieke mutaties in meerdere patienten: SMAD4 en TGFBR2. 

Vermoedelijk is het inactiveren van één van deze twee genen verantwoordelijk voor invasieve groei.

Met de enorme hoeveelheid data konden we nog andere conclusies trekken. Mutaties ontstaan bij 

elke celdeling vermits het mechanisme dat ons DNA kopieert soms een fout maakt. De frequentie van 

deze fouten is vrij constant en daardoor is het aantal mutaties een soort ‘moleculaire klok’ die bijhoudt 

hoeveel celdelingen er geweest zijn. Het verschil in het aantal mutaties in een IPMN en een PDAC is 

een parameter voor de tijd waarop een hooggradige IPMN evolueert tot een PDAC. Ons model wees 

op een tijdspanne van 3 jaar. Deze periode biedt de kans om via vroegdetectie en behandeling ziekte 

te voorkomen.

De data gaf ook inzicht in de dynamiek van invasie. Als het basaal membraan rondom een duct door-

broken wordt en de PDAC het weefsel rondom de duct invadeert, kan deze tumor soms andere ducten 

tegenkomen. Wanneer deze gezonde ducten geïnvadeerd worden door de PDAC, vervangen kanker-

cellen het normale epitheel van deze duct en lijkt het voor een patholoog alsof een voorloper laesie 

aanwezig is in de duct. Deze cellen verschillen echter fundamenteel in hun biologisch gedrag van 

echte voorloper laesies. Wij vonden moleculaire aanwijzingen voor dit fenomeen in één van de onder-

zochte tumoren.

Hoofdstuk 4 beschrijft de moleculaire veranderingen in hooggradige PanIN laesies van patiënten die 

geen PDAC hebben. We hebben ons beperkt tot het sequencen van de belangrijkste genen die gemu-

teerd zijn in PDACs. Ook deze studie onderzoekt welke mutaties noodzakelijk zijn voor invasieve groei, 

maar de aanpak is verschillend van de studie in hoofdstuk 3. SMAD4 mutaties worden niet aangetrof-

fen in deze hooggradige voorloper laesies. Dit levert indirect bewijs op voor de rol die SMAD4 speelt 

bij de transitie van voorloper naar kanker.

Hoofdstuk 5 is een  studie naar het verwantschap tussen IPMNs en PDACs. Bij ongeveer 8% van de 

PDACs wordt ook een IPMN waargenomen. Men vermoedt dus dat de meeste PDACs ontstaan uit 

PanINs, de microscopische voorlopers van PDAC. Door deze hoge a priori probabiliteit is het mogelijk 

dat wanneer een PDAC voorkomt in combinatie met een IPMN, een deel van de PDACs toch is ontsta-

an uit een PanIN laesie. Bij deze patiënten veronderstellen we misschien te snel verwantschap tussen 

de IPMN en de PDAC. Sequencen van de genen die de meeste driver-mutaties in PDACs bevatten, 

leverde inderdaad een genuanceerd beeld op. 18% van de concomitante IPMNs en PDACs bleek niet 

verwant te zijn.

Hoofdstuk 6 beschrijft de laesies die kunnen worden aangetroffen in de gastro-intestinale tractus van 

patiënten met McCune-Albright syndroom. Dit syndroom wordt veroorzaakt door een postzygotische, 
15
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activerende mutatie in GNAS tijdens de embryogenese waardoor zij mosaïcisme vertonen voor deze 

mutatie. Sommige cellen bevatten de mutatie, terwijl andere cellen de mutatie niet bevatten. Vermits 

GNAS ook een vroege mutatie is in de ontwikkeling van IPMN, valt het niet te verbazen dat deze pa-

tiënten een grotere kans hebben op IPMN. Daarnaast werden ook gastrische heterotopie/metaplasie, 

gastrische hyperplastische poliepen, fundus poliepen, en een hamartomateuze poliep aangetroffen in 

de hoge tractus digestivus van deze patiënten.

 

DEEL 2: DRIEDIMENSIONALE HISTPATHOLOGY DOOR TRANSPARANTE WEEFSEL

Hoofdstuk 7 geeft een overzicht van de technieken die gebruikt worden om weefsel transparant te 

maken. Dit is mogelijk doordat de variatie in refractieve index wordt geminimaliseerd. Vetten, zoals 

in de membranen van de cel., hebben een hoge refractieve index. Water heeft een lage refractieve 

index. Wanneer licht doorheen materialen schijnt met verschillende refractieve indices, buigt het en 

weerkaatst het. Dit kan geminimaliseerd worden door ofwel het water van het cytoplasma te vervan-

gen door een stof met een hoge refractieve index, zoals olie, of door de celmembranen te verwijderen 

uit het weefsel. Alle verschillende technieken die weefsel doorzichtig maken zijn gebaseerd op dit 

principe. Aankleuren van de verschillende cellen gebeurt met antilichamen, waaraan een fluorofoor is 

gebonden. De visualisatie van het weefsel gebeurt met een microscoop waarmee driedimensionale 

reconstructies kunnen gemaakt worden zoals een ‘light-sheet’ microscoop, een confocale microscoop, 

en een ‘two-photon’ microscoop. 

Hoofdstukken 8 en 9 beschrijven twee studies waarin we de histologie van PDACs in drie dimensies 

bestuderen. In hoofdstuk 8 wordt slechts één antilichaam gebruikt, gericht tegen CK19 dat tot expres-

sie komt in de ductale cellen van de pancreas en in de kankercellen van een PDAC. In hoofdstuk 9 

worden meerdere antilichamen gebruikt gericht tegen CK19, desmine, CD31, p53, en e-cadherine. 

Beide studies beschrijven invasie van tumorcellen in venes in de meeste tumoren (88%). Vaak ver-

vangen de tumorcellen het endotheel van de venes en groeit de tumor op het basaal membraan van 

de vene. Hierdoor worden structuren gevormd worden die goed lijken op de afvoerbuisjes van de pan-

creas. Als de cytologische atypie in deze kankercellen beperkt is, zijn deze buisjes soms een diagnos-

tische uitdaging voor een patholoog. Echter, doordat venes vaak naast arteries liggen, kunnen deze 

wel herkend worden als kanker, vermits normale afvoerbuisjes nooit naast arteries liggen. Een kleuring 

voor e-cadherine laat zien dat de expressie van dit proteïne soms verminderd is in de kankercellen, wat 

kan wijzen op een fenomeen dat gelinkt wordt aan invasie: epitheel-naar-mesenchym transitie (EMT). 

Hierbij krijgen de epitheliale cellen een meer mesenchymaal expressiepatroon, wat gelinkt wordt aan 

invasie van deze cellen in het omgevend weefsel.

Hoofdstuk 10 beschrijft de verschillende histologische eigenschappen van PDAC. Op basis van een 

literatuurstudie wordt nagegaan welke eigenschappen geassocieerd zijn met agressiviteit en slechte 

prognose over de verschillende kankertypes heen. Tot slot wordt geprobeerd te verklaren waarom 

PDAC zo een slechte prognose heeft: komen bepaalde kenmerken die een sterke associatie hebben 
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met agressiviteit meer voor in PDAC? Invasie van de kanker in de venes, is geassocieerd met metas-

tasen op afstand en met een slechte prognose. Dit werd in de meeste PDACs aangetroffen, terwijl de 

frequentie van veneuze invasie in andere tumoren lager is. De venes in de pancreas draineren naar 

de lever, alwaar vaak ook de eerste metastasen van een PDAC worden aangetroffen. We opperen dat 

de frequente veneuze invasie mogelijks een reden is waarom PDAC zo snel metastaseert en moeilijk 

te behandelen is.

Deel 3: NEUROENDOCRIENE TUMOREN VAN DE PANCREAS

Hoofdstuk 11 beschrijft de moleculaire karakteristieken van neuroendocriene tumoren van pancreas 

(PanNETs) die metastaseren door deze te vergelijken met PanNETs die niet metastaseren. Er werden 

enkel kleine tumoren geïncludeerd, zodanig dat er geen bias ontstond op basis van tumorgrootte.  De 

studie vond een statistisch significante associatie tussen alternatieve verlenging van de telomeren 

(alternative lengthening of telomeres; ALT) en een verhoogde Ki-67 index (een indicator van de prolif-

eratieve activiteit) enerzijds en het ontwikkelen van levermetastasen anderzijds.

Hoofdstuk 12 is een beschrijving van de genetische veranderingen in de neuroendcriene tumoren in 

de pancreas van patienten die lijden aan neurofibromatosis type 1 (NF1). Deze patienten hebben een 

mutatie in een van de allelen van het NF1 gen. In de tumoren zagen we dan ook vaak de inactivatie van 

het tweede allel van dit gen, zodanig dat het gen volledig wordt geïnactiveerd. Een tweede bevinding 

was het frequent verlies van een kopie van chromosoom 22. Dit werd bevestigd met fluorescente in-situ 

hybridisatie (FISH) waarbij één probe gericht was tegen chromosoom 22 (het BCR gen) en een andere 

probe tegen chromosoom 9 (het ABL gen). Deze FISH test is normaal een test voor het Philadelphia 

chromosoom, waarbij beide chromosomen een fuseren. In tumoren met verlies van chromosoom 22 

wordt slecht 1 signaal voor dit chromosoom per cel gezien, terwijl er nog steeds twee signalen zijn van 

chromosoom 9 ter controle. 

Hoofdstuk 13 is een beschrijving van een patient met het FAMMM syndroom. Deze patiënten hebben 

een kiembaanmutatie in het CDKN2A gen en hebben een verhoogd risico op melanoom en PDAC. 

Daarom worden de patiënten frequent onderzocht voor PDAC met echografie. Toen een kleine laesie 

werd gezien in de pancreas heeft men dit laagdrempelig gereseceerd. De tumor bleek echter geen 

PDAC te zijn, maar een PanNET. Zowel PDAC als PanNET bevatten vaak mutaties in CDKN2A. In 

PDAC is de inactivatie van CDKN2A een vroege driver-mutatie, terwijl in PanNET dit eerder een late 

driver-mutatie is. We bespreken de rol van de kiembaanmutaties in de pathogenese van de tumor en 

de impact op het risico om een tumor te ontwikkelen.

15
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