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Abstract

Molecular indicators to specify the risk posed by a pancreatic cyst would benefit patients.

Previously we showed that most cancer-precursor cysts, termed mucinous cysts, produce

abnormal glycoforms of the proteins MUC5AC and endorepellin. Here we sought to validate

the glycoforms as a biomarker of mucinous cysts and to specify the oligosaccharide link-

ages that characterize MUC5AC. We hypothesized that mucinous cysts secrete MUC5AC

displaying terminal N-acetylglucosamine (GlcNAc) in either alpha or beta linkage. We used

antibody-lectin sandwich assays to detect glycoforms of MUC5AC and endorepellin in cyst

fluid samples from three independent cohorts of 49, 32, and 66 patients, and we used mono-

clonal antibodies to test for terminal, alpha-linked GlcNAc and the enzyme that produces

it. A biomarker panel comprising the previously-identified glycoforms of MUC5AC and

endorepellin gave 96%, 96%, and 87% accuracy for identifying mucinous cysts in the three

cohorts with an average sensitivity of 92% and an average specificity of 94%. Glycan analy-

sis showed that MUC5AC produced by a subset of mucinous cysts displays terminal alpha-

GlcNAc, a motif expressed in stomach glands. The alpha-linked glycoform of MUC5AC was

unique to intraductal papillary mucinous neoplasms (IPMN), whereas terminal beta-linked

GlcNAc was increased in both IPMNs and mucinous cystic neoplasms (MCN). The enzyme

that synthesizes alpha-GlcNAc, A4GNT, was expressed in the epithelia of mucinous cysts

that expressed alpha-GlcNAc, especially in regions with high-grade dysplasia. Thus IPMNs

secrete a gastric glycoform of MUC5AC that displays terminal alpha-GlcNAc, and the com-

bined alpha-GlcNAc and beta-GlcNAc glycoforms form an accurate biomarker of mucinous

cysts.

Introduction

Cysts of the pancreas develop through various pathways. Some cysts arise from the accumula-

tion of fluid or debris from a nearby lesion, but other cysts—termed true cysts—form from the

neoplastic growth of epithelial cells that secrete fluid into an enclosed lumen [1, 2]. Certain
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sub-types of neoplastic cysts can progress into pancreatic cancer given the right combination

of mutations and microenvironmental factors. Studies of genetically-engineered mouse mod-

els [3, 4] and retrospective analyses of human cysts suggest that pancreatic cancers arising

from cysts are essentially equivalent to adenocarcinomas arising from solid precursor lesions.

Not all neoplastic cysts, however, have the potential to progress to cancer. Those that may

progress to cancer include intraductal papillary mucinous neoplasms (IPMNs), which typically

harbor mutations in the GNAS, KRAS and RNF43 genes [5] and form in the main and branch

ducts of the pancreas; mucinous cystic neoplasms (MCNs), which display mutations in RNF43

and KRAS and are typically solitary lesions that occur in the body or tail of the pancreas [5, 6];

and solid pseudopapillary neoplasms (SPNs), which show mutations in the CTNNB1 (beta-

catenin) gene [5]. Serous cystadenomas display mutations in VHL and are considered benign

as they typically do not progress to cancer [5, 6].

In the clinical evaluation of a cyst, the first goal in order to guide management is to deter-

mine if the cyst is a cancer precursor [7]. This distinction may be difficult. The images of cysts

obtained by endoscopic ultrasound and other modalities are only 50–73% accurate in differen-

tiating mucinous from non-mucinous cysts [8–10] and require significant expertise in the

observer. The level of CEA in the cyst fluid may help distinguish mucinous from non-mucin-

ous cysts [11], but this test leaves much ambiguity. A recent study found a sensitivity of 61%

and specificity of 77%, resulting in a misclassification of 39% of mucinous cases [12], which is

similar to previous findings [11, 13, 14]. The lack of clarity has produced much debate about

optimal indications for surgical resection [15], with the goal of balancing the potentially posi-

tive outcome from removing a dangerous lesion against the negative consequences of an

unnecessary procedure. Among patients having surgery for a pancreatic cyst, 20–60% are

found to have non-mucinous cysts [16–18].

Cyst fluid, which can be sampled by fine-needle aspiration, is a proximal and potentially

rich source for biomarkers. Many candidate biomarkers in the cyst fluid are under investiga-

tion (reviewed in [19, 20]), including microRNAs [21, 22], metabolites [23], and inflammatory

cytokines [24]. The analysis of mutations in DNA found in cyst fluid [5, 6] or ductal secretions

[25] may be particularly valuable for diagnosis of the cyst type, although assays for clinical use

are not yet validated. A promising test for the positive identification of serous cystadenomas is

VEGF, which was elevated in 17/17 serous cases and only 1/24 mucinous cysts [26].

We previously presented the discovery and initial validation of a panel of biomarkers in

the cyst fluid that accurately distinguishes mucinous from non-mucinous cysts [27, 28]. The

3-marker panel, composed of specific glycoforms of the proteins MUC5AC and endorepellin,

performed better than carcinoembryonic antigen (CEA). Therefore, our first goal in this study

was to perform additional blinded studies to determine if the panel would be valuable in the clin-

ical evaluation of pancreatic cysts. A second goal was to specify the oligosaccharide linkages that

define the abnormal glycosylation. Previous analyses suggested the presence of terminal N-acet-

ylglucosamine (GlcNAc) [28], an unusual motif not normally seen in the pancreas, but we did

not have definitive confirmation of this motif, and we did not know whether the linkage of the

GlcNAc was in the alpha or the beta confirmation. The latter distinction carries biological infor-

mation, as the two linkages arise in different cell types and have different interaction partners.

We demonstrate that specific glycoforms of MUC5AC and endorepellin form an accurate

biomarker of mucinous cysts, and that the glycoforms of MUC5AC in mucinous cysts display

two unusual motifs, terminal αGlcNAc and terminal βGlcNAc. The two motifs appear in dis-

tinct groups of patients, with the αGlcNAc version exclusively in IPMNs and potentially pro-

duced at elevated levels in dysplastic epithelia with high-grade dysplasia. The two glycoforms

represent novel molecular markers of mucinous cysts and together yield accurate discrimina-

tion of mucinous from non-mucinous cysts.

Glycoforms of MUC5AC
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Materials and Methods

Human Pancreatic Cyst Fluid Specimens

The study was conducted under protocols approved by the Institutional Review Boards at the

Van Andel Research Institute, the University of Pittsburgh Medical Center, Memorial Sloan

Kettering Cancer Center, and the University of Michigan Medical School. All subjects pro-

vided written, informed consent.

Cyst fluid samples were collected at the University of Pittsburgh Medical Center, Memorial

Sloan-Kettering Cancer Center, and the University of Michigan Medical Center (Table 1 and

S1 Table). All samples were collected by either endoscopic ultrasound-guided, fine-needle

aspiration (EUS-FNA) or FNA from surgically removed cysts. We previously verified that the

method of collecting the cyst fluid does not greatly affect specific marker levels [29]. The sam-

ples were collected prior to diagnosis, and the subjects were selected for the study without

regard to diagnosis. The study included subjects that 1) underwent surgical removal of a pan-

creatic cyst; consented to the study; and had available cyst fluid. No subjects were excluded for

insufficient volume of cyst fluid. The surgical pathology report confirmed the histological diag-

nosis of cyst type in all subjects in the study.

The specimens were kept on ice until aliquots were made and frozen at -80˚C, within 2 h of

collection. An aliquot that had been thawed no more than twice was used for each experiment.

Prior to each experiment, we removed the cellular debris and clot fragments from each aliquot

by centrifuging the sample for 10 min at 2,400 x g and collecting the supernatant.

Antibody-Lectin Sandwich Array Experiments

The antibodies, lectins, control proteins, and enzymes were purchased from various sources

(S2 Table). The buffers and biological solutions used in the microarray assays were: 1X

Table 1. Sample cohorts.

Cohort 1 Cohort 2 Cohort 3 Total

Total Samples 49 32 66 147

Mucinous 25 (51%) 26 (81%) 55 (83%) 106

Type

IPMN 17 20 35 72

MCN 8 6 19 33

Other - - 1 1

Collection Site

UM 1 0 0 1

UPMC 22 26 0 48

MSKCC 2 0 55 57

Non-mucinous 24 (49%) 6 (19%) 11 (17%) 41

Type

PC 17 - - 17

SC 2 2 11 15

NET 5 3 - 8

Retention - 1 - 1

Collection Site

UM 1 0 0 1

UPMC 22 6 0 28

MSKCC 1 0 11 12

IPMN, intraductal papillary mucinous neoplasm; MCN, mucinous cystic neoplasm; PC, pseudocyst; SC, serous cystadenoma; NET, neuroendocrine tumor;

UM, University of Michigan; UPMC, University of Pittsburgh Medical Center; MSKCC, Memorial Sloan Kettering Cancer Center.

doi:10.1371/journal.pone.0167070.t001
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phosphate-buffered saline with 0.5% or 0.1% Tween-20 (referred to as PBST0.5 or PBST0.1);

1X PBS with 1% Tween-20 and 1% Brij-35 (Thermo Scientific, Rockford, IL) (referred to as

10X sample buffer); 1X PBS with 400 μg/mL each of mouse, sheep, and goat IgG, and 800 μg/

mL rabbit IgG (antibodies from Jackson Immunoresearch) (referred to as 4X IgG blocking

cocktail); 1X PBS with 1 tablet protease inhibitor (Complete Tablet, Roche Applied Science,

Indianapolis, IN) per 1 mL PBS (referred to as 10X protease inhibitor); and 1X PBS with 2X

sample buffer, 2X protease inhibitor, and 2X IgG cocktail (referred to as 2X sample dilution

buffer).

The capture antibodies were spotted onto coated microscope slides (PATH, Grace Bio-

Labs, Bend, OR) using a robotic arrayer (2470, Aushon Biosystems, Billerica, MA). The anti-

bodies were prepared at 250 μg/mL in 1X PBS with 0.005% Tween-20 and 15% glycerol. Each

slide contained 48 identical arrays arranged in a 4x12 grid with 4.5 mm spacing between

arrays, and each array had the same antibodies printed in six-replicate. A wax hydrophobic

border was imprinted (SlideImprinter, The Gel Company, San Francisco, CA) to define

boundaries between the arrays [30, 31]. The printed slides were stored at 4˚C in a desiccated,

vacuum-sealed slide box until use.

The antibody-lectin sandwich assays were modified from the protocol described previously

[27]. The cyst fluid samples were diluted 4-fold into the sample buffer (1 part cyst fluid, 2 parts

2X sample buffer, and 1 part 1X PBS) and incubated overnight at 4˚C with gentle agitation to

allow for blocking of non-specific binding to the added IgG in the sample buffer. The next day,

the slides were blocked with 1% bovine serum albumin (BSA, Fisher Scientific, Fair Lawn, NJ)

in PBST0.5 for 1 hour, washed in three changes of PBST0.5 for 3 min each, and dried by brief

centrifugation at 160 x g.

We incubated 6 μL of each diluted sample on an array for 2 hours at RT, or overnight at

4˚C for larger experiments, and we applied each sample to 3 replicate arrays. After sample

incubation, the slides were washed three times in PBST0.1 and spin-dried. Next the captured

antigens were detected for 1 hour with biotinylated antibodies or lectins (3 μg/mL) prepared

in 0.1% BSA/PBST0.1, followed by 1 hour incubation with Cy5-conjugated streptavidin (43–

4316, Invitrogen, Carlsbad, CA) at 2 μg/ml in 0.1% BSA/PBST0.1 with three washes between

steps. Lastly, all the spin-dried slides were scanned for fluorescence at 633 nm using a microar-

ray scanner (LS Reloaded, TECAN, Morrisville, NC).

The resulting images were quantified and analyzed using custom, in-house software [32]

that locates the spots and quantifies their intensities, subtracts the local background from the

median intensity of each spot, and removes any outliers from the six-replicate spots. To

remove outliers, the program calculates the Grubbs’ statistic for the spot farthest from the

mean of the replicates, rejects the spot if the Grubbs’ statistic exceeds a preset threshold (here

using p< 0.1), and repeatedly removes spots until no outliers remain or to a minimum of

three spots. It then calculates the geometric mean of the remaining replicate spots for each

array, and finally calculates the mean and coefficient of variation between replicate arrays for

each sample. All samples sets were run at least twice in entirety, and the correlations across

samples between replicate sets were 0.90–0.95 (not shown).

Immunohistochemistry

The VARI Biospecimen facility provided formalin-fixed, paraffin-embedded tissue from patients

who underwent resections of pancreatic cysts at regional hospitals in Grand Rapids, MI. The

Institutional Review Board at the Van Andel Research Institute approved this research project.

We used automated staining (Ventana Discovery Ultra) to perform immunohistochemistry

on 5 μm tissue sections from formalin-fixed, paraffin-embedded blocks. The protocol included

Glycoforms of MUC5AC

PLOS ONE | DOI:10.1371/journal.pone.0167070 December 19, 2016 4 / 14



antigen retrieval using the Ventana CC1 buffer for 36 minutes at 95˚C; anti-A4GNT

(HPA008017, Sigma) incubation at a 1:25 dilution for 32 minutes at 37˚C; and secondary anti-

body for 12 minutes at 37˚C. The development step used the diaminobenzadine chromagen

according to preset parameters in the Ventana platform. We acquired images of the slides with

the Aperio ScanScope XT.

Data and Figure Preparation

The data were analyzed and prepared using Microsoft Office Excel, OriginPro 8 (OriginLab,

Northampton, MA), and MedCalc 12.3.0.0 (MedCalc Software, Mariakerke, Belgium). We

prepared the figures using Canvas 14 (ACD Systems).

Results

Validation of Candidate Biomarkers

Our first goal was to validate a previously-defined biomarker panel for the differentiation of

mucinous from non-mucinous pancreatic cysts. The panel consisted of the glycoforms of the

proteins MUC5AC and endorepellin detected by the lectin wheat-germ agglutinin (notated

MUC5AC:WGA and endorepellin:WGA, respectively) and the glycoform of MUC5AC

detected by an antibody against the blood group H antigen (MUC5AC:BGH). We determined

the levels of the markers by antibody-lectin sandwich arrays (Fig 1).

We obtained samples in 3 separate cohorts (Table 1). Cohorts 1 and 2 were from the Uni-

versity of Pittsburgh Medical Center (except for 2 samples from the University of Michigan),

and Cohort 3 was from Memorial Sloan Kettering Cancer Center. After obtaining measure-

ments of the individual biomarkers in all samples, we classified each sample using a combina-

tion rule that was defined previously [28]. If a sample showed an elevation in MUC5AC:

WGA or in at least two of the three biomarkers, we classified the sample as a mucinous cyst;

Fig 1. Measuring protein glycoforms in clinical samples. Antibodies immobilized on coated glass slides capture specific proteins

out of cyst fluid samples, and lectins or glycan-binding antibodies probe glycans on the captured proteins. We apply each sample to

multiple arrays in parallel and probe each array with its own glycan-binding reagent. Some lectins such as wheat-germ agglutinin

(WGA) bind several glycan motifs, leaving ambiguity about which motifs are elevated in particular samples.

doi:10.1371/journal.pone.0167070.g001
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otherwise we classified it as a non-mucinous cyst. The thresholds defining elevations were

determined from samples analyzed previously.

We performed the experiments blinded to the diagnoses associated with cohorts 1 and 2

until after the initial testing of the panel. We ran cohort 3 as if blinded, in that we randomized

the samples and made classifications solely based on pre-defined rules. The individual bio-

markers were significantly elevated in the mucinous cysts relative to the non-mucinous cysts

(Fig 2A), especially MUC5AC:WGA. The MUC5AC:BGH marker (not shown) was only

weakly significant and did not contribute to the panel performance in all three cohorts.

The panel of biomarkers, whereby a sample with an elevation in any marker was classified

as mucinous, achieved 90% and 85% accuracies in cohorts 1 and 3, respectively, and a lower

accuracy of 77% in cohort 2, mainly due to low sensitivity (54%) (Fig 2B). This performance

was consistent with the previous results. The thresholds defining elevations were derived from

limited cohort sizes in the previous studies [27, 28], so it was possible that adjustments to the

thresholds would improve performance. After unblinding the diagnoses and adjusting the

Fig 2. Validation of a previously-discovered biomarker panel. A) The individual biomarkers had significantly higher levels in

mucinous cysts relative to non-mucinous cysts in all 3 cohorts. B) The combination of the two biomarkers shown in panel A

distinguished mucinous from non-mucinous cysts with high accuracy. After determining the initial performance in each cohort,

we adjusted the individual marker thresholds. The sensitivity in cohort 2 improved markedly after adjustment. C) The individual

biomarkers showed elevations in non-identical mucinous cysts, rendering the panel more accurate than either marker used

alone. Yellow boxes indicate measurements that were above a threshold for a particular marker. In the bottom row, blue boxes

indicate samples with an elevation in either marker, classified as mucinous.

doi:10.1371/journal.pone.0167070.g002
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thresholds for each marker, we increased the performance slightly for cohorts 1 and 3 and con-

siderably for cohort 2 (Fig 2B). Thus the markers and combination rule are effective, but fur-

ther optimization of the thresholds based on more patient data may be necessary.

MUC5AC:WGA accounted for most of the elevations, although endorepellin:WGA con-

tributed 7 unique elevations in the cases and 1 false-positive elevation in cohort 3 (Fig 2C).

The MUC5AC:WGA and endorepellin:WGA biomarkers were not statistically different

between various types of mucinous cysts, including IPMN relative to MCN, and high-grade

dysplasia relative to low-grade dysplasia (not shown). We also found that the cyst fluid bio-

markers were rarely secreted into the blood circulation. In matched plasma samples from 42 of

the patients, only 4 had detectable levels of MUC5AC:WGA (not shown).

αGlcNAc Expression in the Cyst Fluid

Because WGA binds several different glycan motifs (Fig 1), we sought to more precisely char-

acterize the glycoform elevated in mucinous cysts. Our previous study indicated the primary

motifs elevated in mucinous cysts could be terminal N-acetylglucosamine (GlcNAc) or N-acet-

ylgalactosamine (GalNAc) [28], so we focused on differentiating between these two motifs and

between their alpha-linked and beta-linked variants.

We tested for terminal αGlcNAc using a monoclonal antibody [33]; for terminal βGlcNAc

using a lectin from Sclerotium rolfsii (SRL); and for both terminal αGlcNAc and terminal alpha-

N-acetyl-galactosamine (αGalNAc) using a lectin from Helix aspersa (HAA). Glycan array analy-

sis (S1 Fig) shows the binding of WGA to three glycan motifs, αGlcNAc, βGlcNAc, and αGalNAc;

binding of SRL to αGlcNAc and βGlcNAc; and binding of HAA to αGlcNAc and αGalNAc.

Using 77 samples collated from Cohorts 1–3, we found a significant elevation in the

αGlcNAc glycoform of MUC5AC in the fluid of mucinous cysts relative to non-mucinous

cysts (Fig 3A). The glycoforms of MUC5AC detected by WGA, SRL, and HAA also were ele-

vated in mucinous cysts, but only the αGlcNAc glycoform was significantly elevated in IPMNs

relative to MCNs (Fig 3A). A view of all markers together (Fig 3B) showed that the IPMNs fall

into two groups: those elevated in both αGlcNAc and β GlcNAc, and those elevated in β
GlcNAc only. The glycoform detected by HAA (which binds both αGlcNAc and αGalNAc)

does not correlate with the glycoform detected by the other reagents, confirming the presence

of terminal αGlcNAc in a unique subset of IPMNs.

A4GNT and αGlcNAc Expression in Tissue

We next investigated the cellular origin of αGlcNAc expression in pancreatic cysts. The termi-

nal αGlcNAc motif is produced in the stomach epithelia and liver hepatocytes by the enzyme

alpha-1,4-N-acetylglucosaminyltransferase (A4GNT) [34, 35]. We confirmed that both the

A4GNT and αGlcNAc antibodies stained glandular cells in stomach epithelia but not negative

control tissue (Fig 4A and 4B). The 2 antibodies showed remarkably similar staining in adja-

cent sections from a variety of cystic tissue (not from the same patients as the cyst fluid sam-

ples). Tissue from a non-mucinous serous cyst was negative, but epithelia from IPMNs with

low-to-high grade dysplasia were positive in both antibodies. The subcellular localizations in

certain regions are different between the antibodies, perhaps because the enzyme is not always

producing the αGlcNAc epitope, but generally the staining appears in the same areas. The

A4GNT staining is both diffusely cytoplasmic and punctate, but we do not yet have an expla-

nation for the variation in staining pattern. Selected regions from 5 different mucinous cysts

confirmed A4GNT in neoplastic cysts with particularly strong staining in epithelia with high-

grade dysplasia (S2 Fig). Thus these findings support the concept that αGlcNAc is produced

by A4GNT in the dysplastic epithelia of mucinous cysts.

Glycoforms of MUC5AC
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Discussion

The performance of the biomarker panel comprising the WGA-reactive glycoforms of

MUC5AC and endorepellin, averaging 92% sensitivity and 94% specificity, compares favorably

with recent results on potential biomarkers of mucinous cysts. Among other approaches under

investigation, a promising area is the analysis of DNA mutations in the cyst fluid. Early studies

focused on the detection of KRAS mutations and loss-of-heterozygosity, which showed good

specificity but limited sensitivity (45%) for identifying malignant and premalignant cysts [36].

Because GNAS mutations appear in some mucinous cysts that are negative for KRAS mutations,

a test evaluating both mutations performs better than tests evaluating either mutation individu-

ally. A test for a mutation in either KRAS or GNAS gave 65% sensitivity and 100% specificity

[37] for identifying mucinous differentiation, with higher sensitivity for identifying just IPMNs.

Performance can be further enhanced if evaluating clinical and imaging features with GNAS or

KRAS mutations. Such an approach performed with 90–100% sensitivity and 92–98% specificity

to classify cyst type [38], although researchers have not yet performed a blinded analysis. Other

mutations among a panel of 39 cancer-related genes do not further add to performance over

GNAS and KRAS [39]. A potential limitation of DNA analysis is that the sensitivities are low.

The glycoform biomarkers reported here had an average sensitivity of 92% with a specificity of

94%. If the glycoforms are present in the mucinous cysts that do not show DNA mutations, the

combination of the glycoforms with DNA mutations could achieve very good sensitivity while

maintaining high specificity. Additional studies will be required to examine the combination

markers and to further validate the use of the novel MUC5AC glycoforms as biomarkers.

The limitations of this study are that it was performed on subjects for whom pathological

confirmation of diagnosis was available, thus not completely representing the patient

Fig 3. Elevation of the αGlcNAc and βGlcNAc glycoforms of MUC5AC in mucinous cysts. A) The αGlcNAc glycoform of MUC5AC

was higher in mucinous relative to non-mucinous cysts, and in IPMNs relative to MCNs. The WGA-reactive and SRL-reactive glycoforms

were higher in mucinous cysts but not in IPMNs relative to MCNs. The HAA-reactive glycoform was on average higher in IPMNs but not

statistically significantly (by t-test) due to high variability between individual levels. B) About half of the IPMNs were elevated in αGlcNAc,

and most of the remaining IPMNs were elevated in βGlcNAc. The MCNs are not elevated in αGlcNAc, and about half are elevated in

βGlcNAc.

doi:10.1371/journal.pone.0167070.g003
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population; it used an assay that was not established in a clinical laboratory; and some of the

samples were collected on the surgical specimen, rather than via fine-needle aspiration in the

diagnostic setting. But these limitations are necessary in the current phase of research and are

common among studies of potential biomarkers in cyst fluid. Future work will involve specify-

ing the molecules that provide the most information about cyst diagnosis and prognosis; trans-

ferring the assays to a clinical platform; and conducting prospective studies on their clinical

use. In particular, an important question is whether separately measuring αGlcNAc and

βGlcNAc is more informative than a measuring them together in a single assay, as with WGA.

A clear implication of this study is that the epithelial cells in mucinous cysts alter the glyco-

forms of their secreted and membrane-bound proteins as they become neoplastic. Pancreatic

cysts have a tendency to take on altered morphologies that reflect other tissue types [40], so

the presence of αGlcNAc could indicate transdifferentiation of some sort. A previous study

Fig 4. Correlated expression of A4GNT and αGlcNAc in the dysplastic epithelia of mucinous cysts. We stained adjacent sections of each block

with anti-A4GNT or anti-αGlcNAc. The 2 antibodies showed strong similarity in their staining. Glandular cells of the stomach were strongly and

mulitfocally positive. Spleen cells were negative with the exception of scattered resident macrophages. The staining of cystic epithelia was low in a non-

mucinous cyst and high in mucinous cysts, particularly in high-grade dysplasia and pancreatobiliary IPMN.

doi:10.1371/journal.pone.0167070.g004
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demonstrated positive staining for αGlcNAc in IPMNs mainly of the gastric type, suggesting

its use as a marker of gastric differentiation [41], but we also observed it in IPMNs with intesti-

nal differentiation. Future studies should further examine the origin and functions of the

αGlcNAc epitope. One of the functions of αGlcNAc in the stomach appears to be protection

against infection by pathogens such as H. pylori through the inhibition of an enzyme critical

for pathogen survival [42, 43], and it also may help suppress cancer-inducing inflammation

[44], but its role in IPMNs may be something else. An interesting question is whether the cells

producing the beta-linked version are different from the cells that produce the alpha-linked

version, and if so, whether these glycoforms represent markers for subtypes of IPMNs. Addi-

tional studies could be directed toward identifying cellular differentiation markers that co-

express with either αGlcNAc or βGlcNAc, and then to investigate the behaviors of each cell

type. Increased knowledge about the cellular changes that accompany progression toward

malignancy, and about differences between individual cases, could lead to more accurate diag-

noses and prognoses of mucinous cysts.

In addition to differentiating mucinous from non-mucinous cysts, a valuable cyst fluid test

would indicate the potential of malignancy. The current guidelines leave much uncertainty,

particularly for branch-duct IPMNs that typically are not resected yet nevertheless pose a

threat to the patient [45]. DNA mutations do not provide information about the threat of

malignancy, nor do other molecular biomarkers, although inflammatory cytokines such as IL-

1β show promise [24]. The best predictors of malignancy remain clinical and imaging factors

[46]. The histomorphologic subtype is associated with outcome—cysts with pancreatobiliary

differentiation have worse prognosis [47]—but such cell characteristics cannot be ascertained

by cytological examination of cyst fluid. Furthermore, the identification of pathologic subtype

based on morphology and immunohistochemistry can be uncertain in up to 25% of cases [48],

even if whole sections are available. Potentially a glycoform could give such information, given

the importance of cell-surface glycans in the biology of epithelia. Future studies could examine

whether particular glycans such as αGlcNAc accurately indicate prognosis or the presence of

high-grade dysplasia.

Conclusions

IPMNs produce a gastric glycoform of MUC5AC that displays terminal αGlcNAc, and MCNs

and most IPMNs produce another unusual glycoform of MUC5AC that displays terminal

βGlcNAc. A panel comprising these two glycoforms of MUC5AC and a specific glycoform of

endorepellin is an accurate biomarker of mucinous cysts. Additional studies will address that

possibility that these biomarkers indicate biological distinctions between mucinous cysts that

have value for guiding treatment.
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