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Abstract

More than 2% of the adult U.S. population harbors a pancreatic cyst. These often pose a difficult

management problem because conventional criteria cannot always distinguish cysts with

malignant potential from those that are innocuous. One of the most common cystic neoplasms of

the pancreas, and a bona fide precursor to invasive adenocarcinoma, is called intraductal papillary

mucinous neoplasm (IPMN). To help reveal the pathogenesis of these lesions, we purified the

DNA from IPMN cyst fluids from 19 patients and searched for mutations in 169 genes commonly

altered in human cancers. In addition to the expected KRAS mutations, we identified recurrent

mutations at codon 201 of GNAS. A larger number (113) of additional IPMNs were then analyzed

to determine the prevalence of KRAS and GNAS mutations. In total, we found that GNAS

mutations were present in 66% of IPMNs and that either KRAS or GNAS mutations could be

identified in 96%. In eight cases, we could investigate invasive adenocarcinomas that developed in

association with IPMNs containing GNAS mutations. In seven of these eight cases, the GNAS

mutations present in the IPMNs were also found in the invasive lesion. GNAS mutations were not

found in other types of cystic neoplasms of the pancreas or in invasive adenocarcinomas not

associated with IPMNs. In addition to defining a new pathway for pancreatic neoplasia, these data
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suggest that GNAS mutations can inform the diagnosis and management of patients with cystic

pancreatic lesions.

INTRODUCTION

Pancreatic cysts occur in more than 20% of patients evaluated at autopsy and in 2.4 to 13%

of patients studied by abdominal imaging (computed tomography scan or magnetic

resonance imaging) for reasons unrelated to pancreatic pathology (1–4). In view of the ever-

increasing use of abdominal imaging and continuing improvements in the resolution of these

technologies, the diagnosis of these lesions, often as incidental findings, can be expected to

rise. They pose a challenging management problem because some cysts represent bona fide

precursor lesions to invasive pancreatic ductal adenocarcinomas (PDAs), whereas others

have minimal neoplastic potential (5). Yet, distinguishing cystic neoplasms from one

another on the basis of clinical, imaging, and standard laboratory criteria is often not

possible. Because of the diagnostic dilemmas posed by these lesions and the potentially

lethal consequences of an incorrect clinical diagnosis, some patients with harmless cysts are

overtreated by surgical resection of the cyst and part of the pancreas (6). These

pancreatectomies are major surgical procedures associated with significant morbidity and

even rare mortality, prompting most investigators to adopt a watchful waiting approach with

frequent imaging, sometimes using endoscopic ultrasound (EUS) surveillance (7). New

diagnostic modalities that will improve the management of the numerous patients with

pancreatic cysts are therefore urgently needed.

There are three main types of pancreatic cystic neoplasms (8). Serous cystadenomas (SCAs)

account for ~10% of surgically resected cystic lesions of the pancreas (8, 9). These tumors

are thought to be totally benign with essentially no likelihood of becoming invasive (that is,

of becoming PDA). Intraductal papillary mucinous neoplasms (IPMNs), representing ~20%

of surgically resected cystic lesions of the pancreas (8, 9), occur in the main pancreatic duct

or branch ducts. Those in the main ducts are most aggressive: ~45% are found to have

progressed to invasive carcinoma at the time of surgical resection (10). Those in branch

ducts are found to have progressed to invasive carcinoma in ~20% of patients (10). IPMNs

can also be classified into three histologic subtypes—intestinal, pancreatobiliary, and gastric

—on the basis of the resemblance of their epithelial cells to those of the corresponding

normal tissues. The natural history of IPMNs, regardless of their histology or location within

the pancreas, is not known with certainty because the lesions are often excised when they

reach a certain size (3-cm diameter) or become symptomatic. However, based on the age of

patients with resected lesions, there appears to be a 5-year lag time from noninvasive IPMN

(average age, 63.2 years) to invasive IPMN (average age, 68.1 years) (11). The third type of

pancreatic cystic neoplasms, representing 5 to 10% of surgically resected pancreatic cysts, is

called mucinous cystic neoplasms (MCNs). These progress to invasive carcinomas less often

than IPMNs: Only ~10% of MCNs contain an invasive component when surgically excised

(12). Moreover, MCNs are less diagnostically challenging because most of these lesions

occur in the body or tail of the pancreas in relatively young women. Women with MCNs are

on average more than 20 years younger than patients with either SCAs or IPMNs (12). The

remainder of surgically resected cystic lesions of the pancreas other than these three types is

a heterogeneous group of retention cysts, congenital cysts, and other rarer lesions.

PDAs can be divided into two types: those that develop in the absence of cystic lesions and

those that develop from a cystic lesion. Most PDAs that develop from cystic lesions do so

from IPMNs, as SCAs do not give rise to PDAs and MCNs are less common than IPMNs.

The prognoses of patients with PDAs that develop from IPMNs are different from those in

patients with PDAs that develop in the apparent absence of IPMNs (11, 13). The survival of
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patients with surgically resected PDAs associated with IPMNs is as high as 45% at 5 years

(11, 13). In contrast, survival is rare in other PDA patients (14). Although some of the

difference in survival is due to differences in stage at diagnosis, investigators have suggested

that “carcinoma arising in IPMNs is a different disease” from the more common type of

PDA that develops without any associated cystic precursor (15).

What genetic features distinguish the PDAs that develop from IPMNs from those that

develop in their absence? As described below, we have discovered that many PDAs

developing in IPMNs contain GNAS mutations, whereas other PDAs do not. Moreover,

these GNAS mutations generally occur early in IPMN development and can be used to

distinguish IPMNs from other types of pancreatic cysts. Accordingly, GNAS mutations in

cyst fluids provide a highly specific biomarker that has the capacity to improve the diagnosis

and management of patients with cystic lesions of the pancreas.

RESULTS

Massively parallel sequencing of 169 genes in cyst fluid DNA

To initiate this study, we determined the sequences of 169 presumptive cancer genes in the

cyst fluids of 19 IPMNs, each obtained from a different patient. Thirty-three of the 169 were

oncogenes, and the remainder were tumor suppressor genes. Although only a tiny subset of

these 169 genes were known to be mutated in PDAs, all were known to be frequently

mutated in at least one solid tumor type (table S1). We additionally sequenced these genes in

normal pancreatic, splenic, or intestinal tissues of the same patients to determine which of

the alterations that we identified were the result of somatic mutation. We chose to use

massively parallel sequencing rather than Sanger sequencing for this analysis because we

did not know what fraction of DNA purified from the cyst fluid was derived from neoplastic

cells. Massively parallel sequencing has the capacity to identify mutations present in 2% or

more of the studied cells, whereas Sanger sequencing often requires >25% neoplastic cells.

IPMNs are by definition connected with the pancreatic duct system, and the cyst fluid

containing cellular debris and shed DNA from the neoplastic cells can be expected to be

admixed with that of the cells and secretions derived from normal ductal epithelial cells.

We devised a strategy to capture sequences of the 169 genes from cyst fluid DNA (Fig. 1).

In brief, 243,238 oligonucleotides, each 60 base pairs (bp) in length and in aggregate

covering the exonic sequences of all 169 genes, were synthesized in parallel with

phosphoramidite chemistry on a single chip synthesized by Agilent Technologies. After

removal from the chip, the oligonucleotide sequences were amplified by polymerase chain

reaction (PCR) and ligated. Multiple displacement amplification was then used to further

amplify the oligonucleotides, which were then bound to a filter. Finally, the filter was used

to capture complementary DNA sequences from the cyst fluids and corresponding normal

samples, and the captured DNA was subjected to massively parallel sequencing.

The target region corresponding to the coding exons of the 169 genes encompassed 584,871

bp. These bases were redundantly sequenced, with 902 ± 411 (mean ± 1 SD) fold coverage

in the 38 samples sequenced (19 IPMN cyst fluids plus 19 matched DNA samples from

normal tissues of the same patients). This coverage allowed us to confidently detect somatic

mutations present in >5% of the template molecules.

There were only two genes mutated in more than one IPMN—KRAS, which was mutated in

14 of the 19 IPMNs, and GNAS, which was mutated in 6 IPMNs. The mutations in GNAS all

occurred at codon 201, resulting in either an R201H or an R201C substitution. GNAS is a

well-known oncogene that is mutated in pituitary and other uncommon tumor types (16–19).

However, such mutations have rarely been reported in common epithelial tumors (20–22). In
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pituitary tumors, mutations cluster at two positions—codons 201 and 227 (16, 19). This

clustering provides extraordinary opportunities for diagnosis, similar to that of KRAS. For

example, the clustering of KRAS mutations has facilitated the design of assays to detect

mutations in tumors of colorectal cancer patients eligible for therapy with antibodies to

epidermal growth factor receptor (EGFR) (23). All 12 KRAS mutations identified through

massively parallel sequencing of cyst fluids were at codon 12, resulting in a G12D, G12V,

or G12R amino acid change. KRAS mutations at codon 12 have previously been identified in

most PDAs as well as in 40 to 60% of IPMNs (24–29). GNAS mutations have not previously

been identified in pancreatic cysts or in PDAs.

Frequency of KRAS and GNAS mutations in pancreatic cyst fluid DNA

We next determined the frequency of KRAS codon 12 and GNAS codon 201 mutations in a

larger set of IPMNs. The clinical characteristics of all IPMNs analyzed in this study are

listed in table S2. To ensure that the analyses were performed robustly, we carried out

preliminary experiments with cyst fluids from patients with known mutations based on the

massively parallel sequencing experiments described above. We tested several methods for

purifying DNA from often viscous cyst fluids and used the optimum method for subsequent

experiments. Quantitative PCR was used to determine the number of amplifiable template

molecules recovered with this procedure. In eight cases, we compared pelleted cells to

supernatants derived from the same cyst fluid samples and found that the fraction of mutant

templates in both compartments was similar. On the basis of these results, we purified DNA

from 0.25 ml of whole cyst fluid (cells plus supernatant) and, as assessed by quantitative

PCR, recovered an average of 670 ± 790 ng of usable DNA.

For each of 84 cyst fluid samples (an independent cohort of 65 patients plus the 19 patients

whose fluids had been studied by massively parallel sequencing), we analyzed ~800

template molecules for five distinct mutations, three at KRAS codon 12 and two within

GNAS codon 201 (see Materials and Methods). A PCR/ligation method that had the capacity

to detect one mutant template molecule among 200 normal (wild-type) templates was used

for these analyses (Fig. 2A). We identified GNAS and KRAS mutations in 61 and 82% of the

IPMN fluids, respectively (representative examples in Fig. 2B). In those samples without

GNAS codon 201 mutations, we searched for GNAS codon 227 mutations, but did not find

any. We also analyzed macro- and microdissected frozen or paraffin-embedded cyst walls

from an independent collection of 48 surgically resected IPMNs and similarly identified a

high prevalence of GNAS (75%) and KRAS (79%) mutations. In aggregate, 66% of 132

IPMNs harbored a GNAS mutation, 81% harbored a KRAS mutation, slightly more than half

(51%) harbored both GNAS and KRAS mutations, whereas at least one of the two genes was

mutated in 96.2% (table S2). Given background mutation rates in tumors or normal tissues

(30), the probability that either GNAS or KRAS mutations occurred by chance alone was less

than 10−30. There were no significant correlations between the prevalence of KRAS or GNAS

mutations and age, sex, or smoking history of the patients (P > 0.05) (Table 1). Small (<3

cm) as well as larger cysts had similar fractions of both KRAS and GNAS mutations, and the

location of the IPMN (head, body, or tail) did not correlate with the presence of mutation in

either gene (Table 1). GNAS and KRAS mutations were present in low-grade as well as in

high-grade IPMNs. The prevalence of KRAS mutations was higher in lower-grade lesions (P

= 0.03), whereas the prevalence of GNAS mutations was somewhat higher in more advanced

lesions (P = 0.11) (Table 1). GNAS as well as KRAS mutations were present in each of the

three major histologic types of IPMNs—intestinal, pancreatobiliary, and gastric. However,

the prevalence of the mutations varied across histological types (P < 0.01 for both KRAS

and GNAS). GNAS mutations were most prevalent in the intestinal subtype (100%) while

KRAS mutations had the highest frequency (100%) in the pan-creatobiliary subtype and had

the lowest frequency (42%) in the intestinal subtype (Table 1).
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We then determined whether GNAS mutations were present in SCAs, a common but benign

type of pancreatic cystic neoplasm. We examined a total of 44 surgically resected SCAs,

each from a different patient (42 cyst fluids and 2 cyst walls). Many of these cysts were

surgically resected because they clinically mimicked an IPMN. They would have likely not

been surgically excised had they been known to be SCAs. The SCAs averaged 5.0 ± 2.8 cm

in maximum diameter (table S3), similar to the IPMNs (4.4 ± 3.7 maximum diameter, table

S2). There was little difference in the locations of the SCAs and IPMNs within the pancreas

(tables S2 and S3). However, no GNAS or KRAS mutations were identified in the SCAs, in

marked contrast to the IPMNs (P < 0.001, Fisher’s exact test). GNAS mutations were also

not identified in any of 21 MCNs (P = 0.005 when compared to IPMNs, Fisher’s exact test),

although KRAS mutations were found in 33% of MCNs (table S3). GNAS mutations were

also not identified in five examples of an uncommon type of cyst, called intraductal

oncocytic papillary neoplasm (IOPN), with characteristic oncocytic features (table S3).

IPMN polyclonality

KRAS G12D, G12V, and G12R mutations were found in 43, 39, and 13% of IPMNs,

respectively (table S2). A small fraction (11%) of the IPMNs contained two different KRAS

mutations and 2% contained three different mutations. Likewise, GNAS R201C and GNAS

R201H mutations were present in 39 and 32% of the IPMNs, respectively, and 4% of the

IPMNs had both mutations (table S2). More than one mutation in KRAS in IPMNs has been

observed in previous studies of IPMNs (31–33), and the multiple KRAS and GNAS

mutations are suggestive of a polyclonal origin of the tumor.

We investigated clonality in more detail by precisely quantifying the levels of mutations in

the subset of cyst fluids containing more than one mutation of the same gene. To accomplish

this, we used a technique called BEAMing (34). Through this method, individual template

molecules are converted into individual magnetic beads attached to thousands of molecules

with the identical sequence. The beads are then hybridized with mutation-specific probes

and analyzed by flow cytometry (Fig. 3). The analysis of 17 IPMN cyst fluids, each with

mutations in both KRAS and GNAS, showed that the fraction of mutant alleles varied widely,

ranging from 0.8 to 45% of the templates analyzed. There was an average of 12.8 ± 12.2%

mutant alleles of KRAS and an average of 24.4 ± 13.1% mutant alleles of GNAS in the 17

IPMN cyst fluids examined (table S4). In two of the seven IPMNs with more than one KRAS

mutation, there was a predominant mutant that outnumbered the second KRAS mutant by

>5:1 (table S4). Similarly, two of the four cases harboring two different GNAS mutations

had a predominant mutant (table S4). In the other cases, the different mutations in KRAS (or

GNAS) were distributed more evenly (table S4). These data support the idea that cells within

a subset of IPMNs had undergone independent clonal expansions, giving rise to apparent

polyclonality (35).

IPMNs are often multilocular or multifocal in nature, looking much like a bunch of grapes

(Fig. 4, C and D) (36). To determine the relationship between cyst locules (individual

grapes) and cyst fluid, we microdissected the walls from individual locules of each of 10

IPMNs from whom cyst fluid was available (example in Fig. 4, A and B). The individual

locule walls generally appeared to be monoclonal, as more than one KRAS mutation was

found in only 1 (4.5%) of the 22 locules examined. No locule wall contained more than one

GNAS mutation, and two adjacent locules within a single grossly distinct IPMN were more

likely to contain the same KRAS or GNAS mutation than the lining epithelium from two

topographically different IPMNs (P < 0.05, Fisher’s exact test for KRAS G12D, KRAS

G12R, and GNAS R201H mutations; P < 0.10 for KRAS G12V and GNAS R201H

mutations). All of the 10 KRAS and 6 GNAS mutations identified in the cyst fluid could be

identified in the corresponding locule walls. These data leave little doubt that the mutations
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in the cyst fluid are derived from the cyst locule walls and indicate that the cyst fluid

provides an excellent representation of the neoplastic cells in an IPMN.

GNAS mutations in invasive cancers associated with IPMNs

Previous whole-exome sequencing had not revealed any GNAS mutations in 24 typical

PDAs that occurred in the absence of an associated IPMN (29). We extended these data by

examining 95 additional surgically resected PDAs in pancreata without evidence of IPMNs

for mutations in GNAS R201H or R201C, using the ligation assay described above. Again,

no GNAS mutations were identified in PDAs arising in the absence of IPMNs.

We suspected that IPMNs containing GNAS mutations had the potential to progress to an

invasive carcinoma because fluids from IPMNs with high-grade dysplasia contained such

mutations (Table 1). However, in light of the multilocular and multifocal nature of IPMNs

described above, it was not clear whether the cells of the locule(s) that progress to an

invasive carcinoma were those that contained GNAS mutations. To address this question, we

purified DNA from invasive pancreatic adenocarcinomas that developed in association with

IPMNs. In each case, the neoplastic cells of the IPMN and of the invasive adenocarcinoma

were carefully microdissected. In seven of the eight patients, the identical GNAS mutation

was found in the neoplastic cells of the IPMN and in the concurrent invasive

adenocarcinoma (table S5). The KRAS mutational status of the PDA was consistent with that

of the associated IPMN in the same seven cases. In the eighth case, the KRAS and GNAS

mutations identified in the neoplastic cells of the IPMN were not found in the associated

PDA, suggesting that this invasive cancer arose from a separate precursor lesion (table S5).

Although KRAS mutations were found commonly in both types of PDAs, there was a

marked difference between the prevalence of GNAS mutations in PDAs associated with

IPMNs (7 of 8) and that in PDAs unassociated with IPMNs (0 of 116; P < 0.001, Fisher’s

exact test).

DISCUSSION

The data document the existence of a heretofore unappreciated molecular pathway leading

to pancreatic neoplasia. There is no doubt that GNAS mutations play a driving role in this

IPMN-specific pathway: The mutations are remarkably common and they occur at a single

codon (201), mutations of which are known to endow cells with extremely high adenyl

cyclase activity and adenosine 3′,5′-monophosphate (cAMP) levels (37–39). Based on their

rate of mutation and specificity (30), the probability that these mutations are passengers

rather than drivers of IPMN development is negligible.

The data also demonstrated that >96% of IPMNs have either a GNAS or a KRAS mutation

and more than half have both mutations. Which mutation—KRAS or GNAS—arises first?

There were 20 cases in which GNAS mutations were identified in the absence of KRAS

mutations and 6 additional cases in which GNAS mutations were at least five times more

abundant than KRAS mutations in the same cyst fluid (table S4). The converse situation—

KRAS mutations in the absence of GNAS mutations—was also observed in 40 cases (table

S2). These data, in combination with the demonstration that more than one KRAS or more

than one GNAS mutation could be identified in the same cyst (table S4), suggest two models

for IPMN development. First, it is possible that IPMN locules represent independent entities

whose evolution is unrelated to other locules within the same IPMN. This model is

inconsistent with our data because two adjacent locules within a single grossly distinct

IPMN were more likely to contain the same KRAS or GNAS mutation than the lining

epithelium from two topographically different cysts, as noted in the Results section. Second,

it is possible that all IPMNs are initiated by a single founding mutation in either GNAS or

KRAS. Subsequent mutations of cells within the cystic lesion would lead to independent
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clonal expansions, perhaps represented by different locules. Such polyclonality has been

observed in colorectal adenomas, which are initiated by mutations in adenomatous polyposis

coli (APC) pathway genes but sometimes progress through heterogeneous KRAS mutations

to a transient polyclonal stage (40). This stage is eventually replaced by subsequent clonal

expansion of a cell with one of the KRAS mutations (40). A related possibility is that IPMNs

are initiated by a genetic or epigenetic alteration in a gene other than KRAS or GNAS, and

that we have observed subsequent clonal expansions of these initiated cells. Finally, it is

possible that most IPMNs are indeed initiated by a mutation (in GNAS, KRAS, or another

gene), but that occasionally two such IPMNs, initiated by completely different cells, develop

adjacent to one another. Although these models are difficult to distinguish from one another,

it is possible that lineage tracking can be accomplished by complete sequencing of IPMN

locule genomes in the future (41).

Apart from its implications for understanding IPMN development, our data have potentially

important practical ramifications. The appropriate management of a patient with a pancreatic

cyst depends on the type of cyst (42). In particular, it is generally agreed that there is no

need to remove asymptomatic SCAs because these lesions have a vanishingly small

malignant potential (43). However, the distinction between SCA and mucinous cystic

lesions (IPMN and MCN) of the pancreas is often not easy, even after extensive imaging

and follow-up (6). One example of these difficulties is provided by the nature of the lesions

in our study: Most of the 44 SCAs we examined were removed because they were pre-

operatively believed to be cysts with malignant potential. Hence, many of these 44 surgical

procedures were likely unnecessary.

These diagnostic difficulties have long been appreciated and have spurred attempts to

develop biomarkers as adjuncts to clinical data, imaging, and cytology (44). Indeed, new

protein and glycoprotein markers are showing promising results (45, 46). One conceptual

disadvantage of these protein biomarkers is that they are simply associated with cyst

development and do not play a pathogenic role. Alterations of oncogenes such as KRAS are

attractive alternatives because they are intimately involved in pathogenesis (47–50). In the

largest previous study to date on such alterations, 45% of the fluids from mucinous cysts

were shown to contain KRAS mutations (25). Our data demonstrate that KRAS mutations are

actually present in a larger fraction of IPMNs; this difference is probably a result of the

more sensitive methods used in our study combined with optimization of procedures used to

purify cyst fluid DNA (see Materials and Methods). Third, and most important, the

combination of GNAS and KRAS mutation detection provides high sensitivity and specificity

for distinguishing between SCAs and IPMNs. Most IPMNs had a GNAS and/or a KRAS

[95% confidence interval (CI), 91 to 99%], whereas no SCAs had either mutation. These

data indicate a sensitivity of 0.96 (95% CI, 0.91 to 0.99) and a specificity of 1.0 (97.5% one-

sided CI, 0.92 to 1) for distinguishing between these two lesions. In addition, although not as

sensitive, the presence of a GNAS mutation in cyst fluid can also distinguish IPMNs from

MCNs (table S3). The assay involves just two amplicons (GNAS and KRAS) and can be

performed with as little as 250 μl of cyst fluid.

Several caveats to the potential utility of such tests should be noted. First, the analysis of

cyst fluid obtained through EUS, although safe, is an invasive procedure. Complications

include bleeding, infection, and pancreatitis; are reversible; and are generally observed in

<1% of patients [reviewed in (51)]. Second, neither KRAS nor GNAS mutations can

distinguish high-grade or invasive from low-grade IPMNs. The supplementation of KRAS

and GNAS mutational analyses with other markers indicative of grade would be useful (11).

Third, we cannot yet reliably distinguish IPMNs from MCNs through the analysis of cyst

fluid. Although MCNs do not contain GNAS mutations, a third of them contain KRAS
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mutations (table S3). MCN-specific mutations may be identified in the future through a

strategy similar to the one we used to identify mutations in IPMNs.

Astute clinicians and pathologists have long suspected that adenocarcinomas of the pancreas

arising in IPMNs are a “different disease” from those arising locally distant or in the absence

of an IPMN (15, 52). We here provide evidence in support of this hypothesis and identify a

key molecular component that underlies this difference.

MATERIALS AND METHODS

Patients and specimens

The present study was approved by the Institutional Review Boards of Johns Hopkins

Medical Institutions, Memorial Sloan-Kettering Cancer Center, and the University of

Indiana. We included individuals in whom pancreatic cyst fluid samples from

pancreatectomy specimens and/or fresh-frozen tumor tissues were available for molecular

analysis. Relevant demographic, clinicopathologic data were obtained from prospectively

maintained clinical databases and correlated with mutational status.

Pancreatic cyst fluids were harvested in the Surgical Pathology suite from surgically

resected pancreatectomy specimens with a sterile syringe. Aspirated fluids were stored at

−80°C within 30 min of resection. Fresh-frozen tissue specimens of surgically resected

cystic neoplasms of the pancreas were obtained through a prospectively maintained Johns

Hopkins Surgical Pathology Tumor Bank. These lesions as well as normal tissues were

macrodissected with serial frozen sections to guide the trimming of optimal cutting

temperature (OCT) compound–embedded tissue blocks to obtain a minimum neoplastic

cellularity of 80%. Formalin-fixed and paraffin-embedded archival tissues from surgically

resected pancreata were sectioned at 6 μm, stained with hematoxylin and eosin, and

dissected with a sterile needle on an SMZ1500 stereomicroscope (Nikon). An estimated

5000 to 10,000 cells were microdissected from each lesion. Lesions were classified as

IPMNs, MCNs, or SCAs with standard criteria (53). IPMNs were subtyped by

internationally accepted criteria (54).

DNA purification

DNA was purified from frozen cyst walls with an AllPrep kit (Qiagen) and from formalin-

fixed, paraffin-embedded sections with the QIAamp DNA FFPE tissue kit (Qiagen)

according to the manufacturer’s instructions. DNA was purified from 250 μl of cyst fluid by

adding 3 ml of RLTM buffer (Qiagen) and then binding to an AllPrep DNA column

(Qiagen) following the manufacturer’s protocol. DNA was quantified in all cases with

quantitative PCR with primers and conditions as described (55).

Illumina library preparation

Cyst fluid DNA was first quantified through real-time PCR with primers specific for

repeated sequences in DNA [long interspersed nuclear element (LINE)] as described (56). A

minimum of 100 ng of DNA from cyst fluid was used to make Illumina libraries according

to the manufacturer’s protocol, with the exception that the amount of adapters was decreased

in proportional fashion when a lower amount of template DNA was used. The number of

PCR cycles used to amplify the library after ligation of adapters was varied to ensure a yield

of ~5 μg of the final library product for capture.

Target DNA enrichment

The targeted region included all of the 3386 exons of 169 cancer-related genes and was

enriched with custom-made oligonucleotide probes. The design of each oligonucleotide was
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as follows: 5′-TCCCGCGACGAC–genomic region of interest–GCTGGAGTCGCG-3′.
Probes were designed to capture both the plus and the minus strand of the DNA and had a

33-base overlap. The probes were custom-synthesized by Agilent Technologies on a chip.

The oligonucleotides were cleaved from the chip by treatment for 5 hours with 3 ml of 35%

ammonium hydroxide at room temperate. The solution was transferred to two 2-ml tubes,

dried under vacuum, and redissolved in 400 μl of ribonuclease (RNase)– and

deoxyribonuclease (DNase)–free water. Five microliters of the solution was used for PCR

amplification with primers complementary to the 12-base sequence common to all probes:

5′-TGATCCCGCGACGA*C-3′ and 5′-GACCGCGACTCCAG*C-3′, with * indicating a

phosphorothioate bond. The PCR mix contained 27 μl of H2O, 5 μl of template DNA, 2 μl

of forward primer (25 μM), 2 μl of reverse primer (25 μM), 4 μl of MgCl2 (50 mM), 5 μl of

10× Platinum Taq buffer (Life Technologies), 4 μl of deoxyribonucleotide triphosphates

(dNTPs) (10 mM each), and 1 μl of Platinum Taq (5 U/μl, Life Technologies). The cycling

conditions were as follows: 1 cycle of 98°C for 30 s; 35 cycles of 98°C for 30 s, 40°C for 30

s, 60°C for 15 s, 72°C for 45 s; 1 cycle of 72°C for 5 min. The PCR product was purified

with a MinElute Purification Column (Qiagen) and end-repaired with End-IT DNA End-

Repair Kit (Epicentre) as follows: 34 μl of DNA, 5 μl of 10× End-Repair Buffer, 5 μl of

dNTP Mix, 5 μl of adenosine 5′-triphosphate (ATP), and 1 μl of End-Repair Enzyme Mix.

The mix was incubated at room temperature for 45 min and then purified with a MinElute

Purification Column (Qiagen). The PCR products were ligated to form concatamers with the

following protocol: 35 μl of End-Repaired DNA product, 40 μl of 2× T4 DNA ligase buffer,

and 5 μl of T4 DNA ligase (3000 U; Enzymatics Inc.). The mix was incubated at room

temperature for 4 hours, then purified with QIAquick Purification Column (Qiagen), and

quantified by absorption at 260 nm.

Replicates of 50 ng of concatenated PCR product were amplified in 25 μl of solution with

the REPLI-g midi whole genome amplification kit (Qiagen) according to the manufacturer’s

protocol. The REPLI-g–amplified DNA (20 μg) was then bound to a nitrocellulose

membrane and used to capture DNA libraries as described (57). In general, 5 μg of library

DNA was used per capture. After washing, the captured libraries were ethanol-precipitated

and redissolved in 20 μl of tris-EDTA (TE) buffer. The DNA was then amplified in a PCR

mix containing 51 μl of distilled water (dH2O), 20 μl of 5× Phusion buffer, 5 μl of dimethyl

sulfoxide (DMSO), 2 μl of 10 mM dNTPs, 50 pmol of Illumina forward and reverse primers,

and 1 μl of HotStart Phusion enzyme (New England Biolabs) with the following cycling

program: 98°C for 30 s; 15 cycles of 98°C for 25 s, 65°C for 30 s, 72°C for 30 s; and 72°C

for 5 min. The amplified PCR product was purified with a NucleoSpin column (Macherey

Nagel Inc.) according to the manufacturer’s suggested protocol, except that the NT buffer

was not diluted and the DNA bound to the column was eluted in 35 μl of elution buffer. The

captured library was quantified with real-time PCR with the primers used for grafting to the

Illumina sequencing chip.

Ligation assay

PCR products containing codon 12 of KRAS and codon 201 of GNAS were amplified with

the primers described in table S6. Each 10-μl PCR contained 200 template molecules in 5 μl

of 2× Phusion Flash PCR Master Mix (New England Biolabs) and final concentrations of

0.25 μM forward and 1.5 μM reverse primers. Note that the mutant-specific probes

sometimes included locked nucleic acid residues (table S6; Exiqon). The following cycling

conditions were used: 98°C for 2 min; 3 cycles of 98°C for 10 s, 69°C for 15 s, 72°C for 15

s; 3 cycles of 98°C for 10 s, 66°C for 15 s, 72°C for 15 s; 3 cycles of 98°C for 10 s, 63°C for

15 s, 72°C for 15 s; 41 cycles of 98°C for 10 s, 60°C for 60 s. Reactions were performed in

at least quadruplicate, and each was evaluated independently. Five microliters of a solution

containing 0.5 μl of proteinase K (18.8 mg/ml, Roche) and 4.5 μl of dH2O was added to
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each well and incubated at 60°C for 30 min to inactivate the Phusion polymerase and then

for 10 min at 98°C to inactivate the proteinase K.

The ligation assay was based on techniques described previously, with thermotolerant DNA

ligases (58–61). Each 10-μl reaction contained 2 μl of PCR product (unpurified), 1 μl of 10×

Ampligase buffer (Epicentre), 0.5 μl of Ampligase (5 U/μl, Epicentre), anchoring primer

(final concentration, 2 μM), wild-type–specific primer (final concentration, 0.1 μM), and

mutant-specific primer (final concentration, 0.025 μM). The sequences of these primers are

listed in table S6. The following cycling conditions were used: 95°C for 3 min; 35 cycles of

95°C for 10 s, 37°C for 30 s, 45°C for 60 s. Five microliters of each reaction was added to 5

μl of formamide, and the ligation products were separated on a 10% urea-tris-borate-EDTA

gel (Invitrogen) and imaged with an Amersham-GE Typhoon instrument (GE Healthcare).

BEAMing assays

BEAMing assays were performed as described (62) with the PCR products generated for the

ligation assay as templates and the oligonucleotides listed in table S6 as hybridization

probes.

Statistical analysis

Fisher’s exact tests were used to compare the differences between proportions, and

Wilcoxon rank sum tests were used to compare differences in mutational status by age.

Confidence intervals for the prevalence of mutations were estimated with the binomial

distribution. To compare the prevalence of mutations in grossly distinct IPMNs to adjacent

locules within a single grossly distinct IPMN, we compared the probability of observing

given KRAS or GNAS mutation in the 111 distinct IPMNs to conditional probability that,

given the first locule sequenced contained a specific KRAS or GNAS mutation, all other

locules contained the same KRAS or GNAS mutations. The probabilities of GNAS or KRAS

mutations occurring by chance were calculated with a binomial distribution and the

previously estimated mutation rates of tumors or normal cells (30). STATA version 11 was

used for all statistical analysis (63).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Schematic of capture strategy. Overlapping oligonucleotides flanked by universal sequences

complimentary to the 169 genes listed in table S1 were synthesized on an array. The

oligonucleotides were cleaved off the array, amplified by PCR with universal primers,

ligated into concatamers, and amplified in an isothermal reaction. They were then bound to

nitrocellulose filters and used as bait for capturing the desired fragments. An Illumina

library was constructed from the sample DNA. The library was denatured and hybridized to

the probes immobilized on nitrocellulose. The captured fragments were eluted, PCR-

amplified, and sequenced on an Illumina GAIIX instrument.
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Fig. 2.

Ligation assays used to assess KRAS and GNAS mutations. (A) Schematic of the ligation

assay. Oligonucleotide probes complementary to either the wild-type or the mutant

sequences were incubated with a PCR product containing the sequence of interest. The wild-

type– and mutant-specific probes were labeled with the fluorescent dyes 6-FAM and HEX,

respectively, and the wild-type–specific probe was 11 bases longer than the mutant-specific

probe. After ligation to a common anchoring primer, the ligation products were separated on

a denaturing polyacrylamide slab gel. Further details of the assay are provided in Materials

and Methods. (B) Examples of the results obtained with the ligation assay in the indicated

patients. Templates were derived from DNA of normal duodenum or IPMN tissue. Each

lane represents the results of ligation of one of four independent PCR products, each

containing 200 template molecules. The probe in the left panel was specific to the GNAS

R201H mutation, and the probe on the right panel was specific for the GNAS R201C

mutation.
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Fig. 3.

BEAMing assays used to quantify mutant representation. PCR was used to amplify KRAS or

GNAS sequences containing the region of interest (KRAS codon 12 and GNAS codon 201).

The PCR products were then used as templates for BEAMing, in which each template was

converted to a bead containing thousands of identical copies of the templates (34). After

hybridization to Cy3- or Cy5-labeled oligonucleotide probes specific for the indicated wild-

type or mutant sequences, respectively, the beads were analyzed by flow cytometry. Scatter

plots are shown for templates derived from the DNA of IPMN 130 or from normal spleen.

Beads containing the wild-type or mutant sequences are widely separated in the scatter plots,

and the fraction of mutant-containing beads are indicated. Beads whose fluorescence spectra

lie between the wild-type– and the mutant-containing beads result from inclusion of both

wild-type and mutant templates in the aqueous nanocompartments of the emulsion PCR. See

Materials and Methods for details.
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Fig. 4.

IPMN morphologies. (A and B) Typical IPMN before (A) and after (B) microdissection of

the epithelium lining the cyst wall. (C and D) Examples of multiloculated IPMNs from two

different patients. (E and F) IPMN (E) and associated invasive adenocarcinoma (F) from the

same patient. (G and H) Another patient with an IPMN (G) and associated invasive

adenocarcinoma (H). All photographs were of formalin-fixed, paraffin-embedded samples

stained with hematoxylin and eosin. Scale bars, 500 μm [(A) to (C)], 200 μm [(D) and (E)],

and 100 μm [(F) to (H)].
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