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Abstract
Purpose: The diagnosis of pancreatic cystic lesions has increased dramatically. Most are benign, whereas
some, such as intraductal papillary mucinous neoplasms (IPMN), represent precursors of pancreatic
adenocarcinoma. Therapeutic stratification of IPMNs is challenging without precise information on
dysplasia grade and presence of invasion. We assessed the diagnostic benefit of using miRNAs as biomarkers
in pancreatic cyst fluid, focusing on IPMNs because of their frequency and malignant potential.
Experimental Design: RNA was extracted from 55 microdissected formalin-fixed, paraffin-embedded
(FFPE) IPMN specimens, and 65 cyst fluid specimens aspirated following surgical resection. Expression of
750 miRNAs was evaluated with TaqMan miRNA Arrays using 22 FFPE and 15 cyst fluid specimens.
Differential expression of selected miRNA candidates was validated in 33 FFPE and 50 cyst fluid specimens
using TaqMan miRNA Assays.
Results: We identified 26 and 37 candidate miRNAs that distinguish low-grade from high-grade IPMNs
using FFPE and cyst fluid specimens, respectively. A subset of 18 miRNAs, selected from FFPE and cyst fluid
data, separated high-grade IPMNs from low-grade IPMNs, serous cystadenomas (SCA) and uncommon
cysts, such as solid pseudopapillary neoplasms (SPN) and cystic pancreatic neuroendocrine tumors
(PanNET). A logistic regression model using nine miRNAs allowed prediction of cyst pathology implying
resection (high-grade IPMNs, PanNETs, and SPNs) versus conservative management (low-grade IPMNs,
SCAs), with a sensitivity of 89%, a specificity of 100%, and area under the curve of 1.
Conclusions: We found candidate miRNAs that helped identify patients with high-grade IPMN and
exclude nonmucinous cysts. These classifiers will require validation in a prospective setting to ultimately
confirm their clinical usefulness. Clin Cancer Res; 18(17); 4713–24. 2012 AACR.

Introduction
The past 2 decades have witnessed a dramatic increase in
the diagnoses of pancreatic cysts, largely owing to a widespread use of high-resolution imaging (1). Fortunately, a
majority of pancreatic cysts are benign, do not cause any
symptoms, and may thus be managed conservatively. How-
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ever, in case of a suspected precancerous or malignant cystic
lesion of the pancreas, the individual decision for or against
surgery is much more of a challenge. Undoubtedly, valid
and cost-effective biomarkers are urgently needed to help
answer 2 fundamental questions: (i) does a detected cyst
have malignant potential or is it entirely benign? (ii) does a
suspected precancerous cyst need to be resected because of
possible malignant transformation during a patient’s
lifetime?
Intraductal papillary mucinous neoplasm (IPMN) is the
most common cystic precursor lesion of pancreatic ductal
adenocarcinoma (PDAC), and expectedly, its diagnosis has
risen concomitant with increasing use of abdominal imaging. In spite of a comprehensive pathologic and molecular
characterization paralleled by a growing awareness of this
entity, the clinical management of IPMNs still requires
substantial refinement. As one major drawback, it is currently not possible to predict the grade of dysplasia within
the lining epithelium of an IPMN without resection and
precise histopathologic examination. The preoperative prediction of dysplasia has a direct impact on subsequent
management, as IPMNs with low-grade dysplasia (LGD)
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Translational Relevance
There has been a dramatic increase in the diagnosis of
pancreatic cystic lesions because of the enhanced usage
of abdominal imaging. Although the majority of such
lesions have minimal potential for malignant progression, others such as intraductal papillary mucinous
neoplasm (IPMN) represent bona fide precursor lesions
of invasive adenocarcinoma. Current imaging and biochemical assessments cannot always reliably separate
IPMNs harboring high-grade dysplasia or cancer and
thus warranting surgery from those that can be observed
conservatively because of the presence of low-grade
dysplasia. In this study, we have identified a 9-miRNA
signature in pancreatic cyst fluid specimens that distinguishes high-grade from low-grade IPMNs with a
remarkable degree of accuracy. In addition, this signature can also reliably identify other pancreatic cystic
entities that require surgical management. The prospective validation of this unique signature should provide a
valuable adjunct for appropriate stratification and management of patients with pancreatic cysts.

can potentially be managed conservatively, whereas those
with high-grade dysplasia (HGD) would require surgical
intervention due to the high probability of synchronous or
metachronous invasive neoplasia. To resolve this dilemma,
consensus guidelines proposed by an American Pancreatic
Association (APA) consortium during a meeting held in
Sendai in 2004 (aka "Sendai guidelines") enabled a more
systematic management of IPMNs based primarily on clinical and radiologic features that might predict the presence
of underlying HGD or cancer, thus mandating surgery (2).
The proposed criteria, although currently the only widely
used "standard" for clinical management of IPMNs, have
substantial limitations and more accurate means are needed
for a tailor-made treatment of pancreatic cysts.
A recent study from our institution by Wu and colleagues
has identified a novel and unexpected pathway for the
development of IPMNs (3). Using massively parallel DNA
sequencing, which included a selection of 169 genes commonly altered in human cancers, it was found that, apart
from the expected high rate of KRAS mutations, approximately two-thirds of IPMNs harbored mutations in the
GNAS gene at codon 201. None of the other pancreatic
cystic entities analyzed [serous cystadenoma (SCA) or
mucinous cystic neoplasms (MCN)] harbored a GNAS
mutation. Notably, the presence of either GNAS or KRAS
mutations was observed in as many as 96% of cyst fluid
samples obtained from IPMNs. The authors hypothesized
that assessing KRAS and GNAS mutations in cyst fluid
specimens collected through EUS-FNA may be informative
of the presence or absence of an IPMN with unprecedented
accuracy. In spite of this novel opportunity to practically
diagnose IPMNs without invasive surgery, it is still impossible to predict the grade of dysplasia or presence of malig-
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nancy, nor the biologic behavior of a correctly diagnosed
IPMN. This is because GNAS mutations, with high prevalence even in IPMNs with LGD, are presumed to be an
initiating or "early" genetic aberration in IPMN pathogenesis, rather than a marker of histologic progression. Thus,
there is an urgent need for identifying cyst fluid biomarkers
that would be predictive of HGD or invasion, thus stratifying patients for surgery.
miRNAs, another promising class of biomarkers for
PDAC, are small (19–24 nucleotides), single-stranded RNA
molecules that regulate gene expression (4). Multiple studies have shown differential expression of miRNAs between
normal and malignant tissues, and their association with
cancer development, diagnosis, and assessment of prognosis (5). miRNAs have been shown to directly function as
oncogenes or tumor suppressors (6–9), and aberrant
miRNA expression is frequently seen in leukemia (10) and
cancers of the lung (11), breast (12), stomach (13), prostate
(14), and colon (15), among others. Not surprisingly,
aberrant miRNA expression is also observed in PDAC and
its precursor lesions, which has generated enthusiasm about
their application as potential biomarkers in clinical samples
(16, 17). Asuragen pioneered this research field by launching the first miRNA-based laboratory-developed test (LDT),
miRInform Pancreas formalin-fixed, paraffin-embedded
(FFPE). This LDT is intended to aid the diagnosis of PDAC
in FFPE specimens by means of a unique "signature" consisting of miR-196a and miR-217, permitting differentiation of PDAC from chronic pancreatitis. Clinical validation
of this 2-miRNA classifier in accordance with Clinical Laboratory Improvement Amendments of 1988 (CLIA) and
College of American Pathologists (CAP) regulations provided a sensitivity of 95.2% and a specificity of 94.9%
(18, 19). This validation was a key step in the development
of a less-invasive miRNA-based test using pancreatic FNAs,
for which final pathology is not always available and/or
more difficult to obtain. Asuragen has since developed a
7-miRNA signature for use in combination with cytology on
FNAs of solid pancreatic lesions to improve false negative
rate and resolve inconclusive FNA cytology (manuscript in
preparation).
Having established the feasibility of using miRNAs as
diagnostic analytes for pancreatic cancer, we hypothesized
that IPMNs should show altered miRNA expression profiles
that can be detected in the pool of nucleic acids shed into
pancreatic cyst fluid. A pilot study using 5 preselected
miRNAs in 40 pancreatic cyst fluid specimens confirmed
the diagnostic potential of miRNAs and encouraged us to
carry out a comprehensive and unbiased miRNA profiling
study (20). We and others have shown that miRNAs are
stable in different specimen types, including biofluids
(16, 19, 21), and that they can be recovered and amplified
from these sources. In this study, we show that expression
patterns of selected miRNAs in cyst fluid may indicate the
grade of dysplasia of an IPMN, thus facilitating therapeutic
stratification and, further, may be predictive for other rare
cystic lesions that require outright surgical resection [e.g.,
cystic pancreatic neuroendocrine tumors (cystic PanNET)
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and solid pseudopapillary tumors (SPN)]. Following validation in a larger cohort, these biomarkers are likely to
facilitate improved management of pancreatic cysts.

Materials and Methods
Patients and biospecimens
Details on patients and biospecimens integrated in our
study can be found in Supplementary Information, whereas
precise diagnostic information is collated in Supplementary
Table S1 (FFPE samples) and Supplementary Table S2 (cyst
fluid samples). The process of microdissection of an IPMN
specimen is illustrated in Supplementary Fig. S1. In summary, we selected 22 FFPE IPMN specimens for unbiased
high-throughput miRNA expression profiling ("FFPE tissue
study 1" or "FTS1") and 33 additional archival IPMNs for
"tissue" biomarker validation ("FFPE tissue study 2" or
"FTS2"). Similarly, we selected 15 cyst fluid specimens for
high-throughput miRNA expression profiling ("Cyst fluid
study 1" or "CFS1") and additional 50 cyst fluid samples
for "cyst fluid" biomarker validation ("Cyst fluid study
2" or "CFS2"). It should be noted that some specimens
were excluded from bioinformatics analyses, based on the
insufficient RNA yield to profile all candidates, failure to
amplify more than 10% of miRNAs, low recovery of miRNA
fraction, and others (for details refer to Supplementary
Information, Supplementary Table S1 and S2, and Supplementary Fig. S2).
miRNA expression analyses in FFPE tissue
and cyst fluid specimens
High-throughput miRNA expression analyses. Candidate
miRNAs that distinguish between high-risk lesions (highgrade IPMNs) and low-risk lesions (low-grade IPMNs,
SCAs) were identified with a high-throughput expression
platform, using a panel of 10 low-grade IPMN and 12 highgrade IPMN FFPE specimens (FTS 1; Supplementary Table
S1, Supplementary Fig. S2), and an independent set of cyst
fluid specimens consisting of 4 SCAs, 3 low-grade IPMNs,
and 4 high-grade IPMNs (CFS1; Supplementary Table S2,
Supplementary Fig. S2). Expression of 750 mature miRNAs
(Pool A and B) and 377 mature miRNAs (Pool A) was
examined for FTS1 and CFS1, respectively. Briefly, 10 ng of
total RNA from each FFPE and cyst fluid specimen was
added into the Megaplex RT reaction followed by expression
analysis using the TaqMan MicroRNA Arrays (Applied Biosystems), as per the manufacturer’s protocol. Additional
details are provided in Supplementary Information.
Singleplex qRT-PCR verification of miRNA candidates.
Expression levels of 26 and 37 candidate miRNAs identified
in the high-throughput FTS1 and CFS1 studies, respectively,
were validated by singleplex quantitative reverse transcriptase PCR (qRT-PCR) in the same FFPE and cyst fluid specimens, provided that sufficient RNA yield was present, or
average amplification indicated sufficient miRNA recovery
(Supplementary Table S1 and S2, Supplementary Fig. S2).
Briefly, 10 ng total RNA was used per reverse transcription
reaction (30 minutes, 16 C; 30 minutes, 42 C; 5 minutes,

www.aacrjournals.org

85 C; hold at 4 C). Positive tissue QC and no-template
control (NTC, nuclease-free water) samples were used to
control for reagent performance and contamination. PCR
was run on the 7900HT instrument as follows: 10 minutes
at 95 C; 45 cycles of 15 seconds at 95 C and 30 seconds at
60 C.
Bioinformatics analyses
A novel biomarker discovery approach aiming to identify differentially expressed pairs of miRNAs ("DiffPairs")
was used in this study. A DiffPair was generated via
subtraction of raw expression of one miRNA from another
to generate a self-normalizing biomarker. Evaluating biomarkers as DiffPairs is convenient, as it can potentially
uncover 2 anticorrelated miRNAs that in combination
have significant power at separating experimental groups
of interest (18).
FFPE tissue study. miRNA candidates from the TaqMan
MicroRNA Array platform were selected on the basis of
strong Ct estimates (30), statistical tests for differential
expression [t-test and Wilcox test, false discovery rate (FDR)
< 0.05] and prior indication of their role in pancreatic
cancer from literature. Expression of these candidates was
verified using singleplex qRT-PCR in the original 22 samples
(FTS1) and in an additional set of 23 out of 33 FTS2
specimens (for excluded specimens and reasons for exclusion see Supplementary Table S1, Supplementary Fig. S2).
Potential batch effects were ruled out before the analysis.
miRNAs with average Ct of 35 or greater across all samples
were considered to be nonspecifically amplified and therefore were excluded from the final data analysis (22). This
resulted in identification of 30 DiffPairs comprising 13
miRNAs (Table 1) for further evaluation in cyst fluid specimens. A more detailed description of this analysis can be
found in Supplementary Information.
Cyst fluid study. Biomarker candidates for cyst fluid
specimens were identified through the manual selection and
statistical testing for differential expression of individual
miRNAs and DiffPair biomarkers, as described in Supplementary Information using 4 SCA, 3 low-grade IPMN, and 4
high-grade IPMN specimens (for excluded specimens see
Supplementary Fig. S2 and Supplementary Table S1). Only
miRNAs with P values less than 0.01 and DiffPairs with FDRadjusted P values less than 0.05 were considered for candidate
verification and were combined with the top miRNA candidates identified during the FTS1 and FTS2 studies (Supplementary Fig. S2). Analysis of the resulting 37 miRNAs (Table
2) yielded a shortlist of 18 miRNA candidates (Table 3) that
comprised 27 top DiffPairs. Expression of these 18 miRNAs
together with miR-21 was analyzed in an independent set
of 49 out of 50 CFS2 specimens composed of 20 SCAs, 2
low-grade IPMNs, 11 intermediate-grade IPMNs, 6 highgrade IPMNs, 5 PanNETs, and 5 SPNs. The excluded specimen, CFS1-8, an intermediate-grade IPMN, was removed
because of insufficient miRNA recovery (Supplementary
Fig. S2). miR-21 was included because previous experiments
suggested its potential role in pancreatic carcinogenesis (23).
See Supplementary Information for more details.
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Table 1. Thirty DiffPairs composed of 13 miRNAs identiﬁed from FTS1 and FTS2 specimens selected
for further investigation in cyst ﬂuid specimens

Biomarker

Mean: LG

SD: LG

Mean: HG

SD: HG

P (t-test)

FDR P
(t-test)

FDR P
(rank product)

Diff(miR-106b, miR-99a)
Diff(miR-210, miR-99a)
Diff(miR-93, miR-99a)
Diff(miR-17, miR-99a)
Diff(miR-20b, miR-99a)
Diff(miR-100, miR-106b)
Diff(miR-106b, miR-150)
Diff(miR-100, miR-210)
Diff(miR-100, miR-93)
Diff(miR-150, miR-17)
Diff(miR-150, miR-93)
Diff(let-7c, miR-106b)
Diff(miR-20b, miR-342-3p)
Diff(miR-106b, miR-125b)
Diff(miR-100, miR-17)
Diff(miR-150, miR-210)
Diff(miR-100, miR-20b)
Diff(miR-660, miR-99a)
Diff(let-7c, miR-93)
Diff(miR-125b, miR-210)
Diff(miR-210, miR-342-3p)
Diff(let-7c, miR-210)
Diff(miR-125b, miR-93)
Diff(miR-125b, miR-17)
Diff(miR-125b, miR-20b)
Diff(let-7c, miR-17)
Diff(let-7c, miR-20b)
Diff(miR-106b, miR-30a-3p)
Diff(miR-20b, miR-30a-3p)
Diff(miR-100, miR-660)

2.27
1.75
–0,11
0.95
7.19
–2,46
2.79
–1,94
–0,08
–1,47
–0,41
–1,26
5.17
4.72
–1.14
–2.27
–7.37
3.03
1.12
–4,2
–0.26
–0.75
–2.34
–3.4
–9.64
0.05
–6.18
–0.68
4.24
–3.21

0.7
1.02
0.53
0.65
0.54
0.67
0.69
1.07
0.61
0.67
0.56
0.72
0.33
0.77
0.69
0.96
0.66
0.84
0.73
1.1
0.8
1.09
0.77
0.72
0.78
0.76
0.83
1.25
0.71
0.89

–0.8
–1.25
–3.11
–2.04
3.78
0.41
0.03
0.86
2.72
1.21
2.29
1.31
2.6
1.92
1.64
0.43
–4.18
0.28
3.62
–1.47
–2.44
1.76
0.39
–0.68
–6.5
2.54
–3.28
–3.15
1.44
–0.68

2.01
2
2.07
2.13
2.53
2.13
2.1
2.12
2.18
2.13
2.15
2.04
2.09
2.25
2.25
2.17
2.62
2.25
2.09
2.26
1.81
2.1
2.33
2.39
2.76
2.2
2.58
2.26
2.61
2.37

0.00042
0.00062
0.00068
0.00099
0.00141
0.00150
0.00190
0.00217
0.00226
0.00273
0.00275
0.00283
0.00304
0.00309
0.00313
0.00339
0.00344
0.00376
0.00429
0.00441
0.00447
0.00496
0.00499
0.00609
0.00616
0.00657
0.00675
0.00822
0.00907
0.00976

0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.035
0.036
0.036
0.036
0.036
0.036
0.041
0.041
0.042
0.042
0.045
0.044
0.045

0.0032
0.0000
0.0020
0.0034
0.0000
0.0163
0.0058
0.0072
0.0137
0.0202
0.0169
0.0402
0.0395
0.0033
0.0168
0.0177
0.0000
0.0027
0.0276
0.0087
0.0497
0.0144
0.0175
0.0172
0.0000
0.0440
0.0080
0.0255
0.0035
0.0131

Abbreviations: HG, high-grade; LG, low-grade.

Logistic regression model to guide resection
The singleplex qRT-PCR expression data for the 18 cyst
fluid miRNAs (Table 3) and miR-21, generated from 9 CFS1
specimens with sufficient RNA and 49 CFS2 specimens,
were merged together and then split into training and test
sets as described in Supplementary Information and Supplementary Table S2. No samples used in the miRNA
candidate generation set (CFS1) were included in the test
set for establishing model performance. For the purposes
of this study, cystic lesions for which surgery is usually
the treatment of choice (high-grade IPMN, cystic PanNET,
and SPN) were defined as "high risk," whereas those potentially managed conservatively (low-grade IPMN, SCA) were
defined as "low risk." The 20 DiffPairs most differentially
expressed between low-risk and higher risk specimens
in the merged training cyst fluid data set were used as
predictors for an L1-penalized logistic model. More information about this model development can be found in
Supplementary Information.
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Results
The study overview is illustrated in Fig. 1. A detailed
experimental design, including the number of specimens
included and the reasons for specimen exclusion, is summarized in Supplementary Fig. S2.
miRNA biomarkers in microdissected FFPE specimens
Because total RNA yield extracted from microdissected
FTS1 specimens was as low as 245 ng (Supplementary
Table S1), we used multiplex RT and cDNA preamplification to facilitate expression of 750 mature miRNAs and to
preserve RNA material for downstream biomarker verification. The bioinformatics data analysis generated 26 differentially expressed miRNA candidates, including miR-100,
miR-106b, miR-125b, miR-139-5p, miR-145, miR-150,
miR-151-3p, miR-17, miR-196a, miR-200a, miR-200b,
miR-20b, miR-210, miR-214, miR-217, miR-26a, miR-285p, miR-30a-3p, miR-30e-3p, miR-342-3p, miR-34a, miR-
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Table 2. Origination of the 37 miRNA cyst ﬂuid candidates (CFS1) selected for further singleplex qRT-PCR
veriﬁcation
miRNA
let-7b
let-7c
miR-100
miR-106b
miR-125b
miR-142-3p
miR-150
miR-15b
miR-17
miR-185
miR-18a
miR-195
miR-197
miR-199a-3p
miR-20b
miR-210
miR-223
miR-24
miR-28
miR-301
miR-30a-3p
miR-30b
miR-328
miR-331
miR-342-3p
miR-34a
miR-455
miR-489
miR-532-3p
miR-590-5p
miR-597
miR-642
miR-660
miR-92a
miR-93
miR-99a
miR-99b

FFPE

Cyst ﬂuid DiffPair

Cyst ﬂuid individual

X
X
X
X

X

X

X

X

Reduced miRNA set

X

X

X

X

X
X
X
X

X
X

X

X
X

X
X
X
X
X
X (28-5p)
X (301a)

X
X (28-5p)

X
X
X
X

X (331-3p)
X

X (331-3p)

X (331-3p)
X
X

X
X (455-5p)
X
X
X
X
X

X
X

X

X
X
X

X
X
X

X
X
X

375, miR-660, miR-93, miR-99a, and let-7c (Supplementary Information). Clear separation between low-grade and
high-grade IPMN groups was achieved, as shown in Fig. 2A.
Verification of the differential expression of these candidates was carried out in the original FTS1 set and in an
independent set composed of 3 low-grade IPMNs, 9 highgrade IPMNs, and 11 high-grade IPMNs with associated
invasive carcinoma (FTS2). The remaining 10 samples from
FTS2 were excluded from further analysis based on overall
low miRNA signal or an insufficient amount of RNA to
interrogate expression of 26 miRNAs (Supplementary
Table S1 and Supplementary Fig. S2). miRNA candidate
ranking of the combined FTS1 and FTS2 biomarker verifi-
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Manual selection

cation data yielded 30 DiffPairs composed of 13 miRNAs
for further investigation (Table 1 and Table 2).
Cyst fluid specimens
RNA yield in pancreatic cyst fluid specimens. Pancreatic
cyst fluid specimens with expected lower cellular content,
such as SCAs, low-grade and intermediate-grade IPMNs,
yielded on average 96 ng (range: 8.7–474 ng), 284 ng
(range: 13.7–1,320 ng), and 312 ng cyst fluid (range:
11.6–1,456 ng) per 50 mL cyst fluid, respectively (Supplementary Table S2). Specimens from all remaining diagnostic groups (high-grade IPMNs  invasive carcinoma, PanNETs, and SPNs) yielded RNA in excess of 1,400 ng/50 mL

Clin Cancer Res; 18(17) September 1, 2012

Downloaded from clincancerres.aacrjournals.org on January 16, 2022. © 2012 American Association for Cancer Research.

4717

Published OnlineFirst June 21, 2012; DOI: 10.1158/1078-0432.CCR-12-0035

Matthaei et al.

Table 3. Top 27 DiffPairs identiﬁed as signiﬁcant (t-test FDR P value < 0.05) from the CFS1 singleplex qRTPCR data set
Biomarker

Mean: LG/SCA

SD: LG/SCA

Mean: HG

SD: HG

P (t-Test)

FDR P

Diff(miR-106b, miR-642)
Diff(miR-24, miR-331)
Diff(let-7b, miR-18a)
Diff(miR-15b, miR-99b)
Diff(miR-92a, miR-93)
Diff(miR-142-3p, miR-99b)
Diff(let-7b, miR-93)
Diff(let-7b, miR-15b)
Diff(miR-106b, miR-331)
Diff(let-7b, miR-106b)
Diff(miR-142-3p, miR-342-3p)
Diff(miR-106b, miR-30a-3p)
Diff(miR-15b, miR-34a)
Diff(miR-34a, miR-93)
Diff(miR-15b, miR-331)
Diff(miR-15b, miR-30a-3p)
Diff(miR-142-3p, miR-30a-3p)
Diff(miR-142-3p, miR-331)
Diff(miR-15b, miR-532-3p)
Diff(miR-99b, miR-93)
Diff(miR-142-3p, miR-328)
Diff(miR-24, miR-99b)
Diff(let-7c, miR-18a)
Diff(miR-18a, miR-532-3p)
Diff(miR-223, miR-99b)
Diff(let-7c, miR-93)
Diff(miR-642, miR-93)

–3.87
–2.81
–8.98
–0.91
–2.02
0.96
–3.92
–5.52
–0.65
–5.77
0.54
–0.79
1.25
0.75
–0.74
–0.75
0.83
0.18
–1.45
2.51
–0.33
–2.84
–3.08
1.4
–0.65
1.73
5.35

0.15
0.95
0.57
1.32
0.42
1.52
0.62
0.75
0.9
0.89
1.9
0.4
1.01
1.18
1.17
0.66
1.54
1.79
0.87
1.25
1.46
1.63
0.67
0.45
2.43
0.55
0.9

–6.66
–5.55
–5.61
–5.15
–0.69
–5.85
–1.24
–2.78
–3.85
–3.07
–3.92
–4.71
–1.2
2.74
–4.13
–4.99
–5.68
–4.83
–3.94
6.69
–6.42
–6.57
–0.58
–1.12
–9.25
3.79
8.49

0.2
0.5
0.66
0.87
0.03
1.42
0.67
0.71
0.84
0.53
1.17
0.86
0.35
0.48
0.75
1.09
1.7
1.48
0.54
1.26
1.68
0.45
0.33
0.73
2.69
0.63
0.83

1.10E-06
6.96E-05
2.64E-04
2.80E-04
5.76E-04
6.16E-04
6.31E-04
6.84E-04
6.85E-04
9.59E-04
1.00E-03
1.06E-03
1.10E-03
1.23E-03
1.28E-03
1.31E-03
1.32E-03
1.32E-03
1.34E-03
1.60E-03
1.66E-03
1.72E-03
1.92E-03
2.02E-03
2.04E-03
2.19E-03
2.24E-03

0.00058
0.01837
0.03702
0.03702
0.03711
0.03711
0.03711
0.03711
0.03711
0.03711
0.03711
0.03711
0.03711
0.03711
0.03711
0.03711
0.03711
0.03711
0.03711
0.04129
0.04129
0.04129
0.04303
0.04303
0.04303
0.04373
0.04373

Abbreviations: HG, high-grade; LG, low-grade.

cyst fluid (range: 52.3–23,666 ng). We observed that cyst
fluid specimens that were "cloudy" in appearance generated
more RNA than those that appeared "watery" (SCAs).
Agilent Bioanalyzer analysis of cyst fluid RNA showed no

A

distinct 18S and 28S peaks and an average RNA fragment
size of more than 100 nucleotides. The adequacy of the cyst
fluid specimens for miRNA expression profiling was established using miR-103, miR-191, and miR-24, which are

B
FTS2 FFPE specimens
FTS1 FFPE specimens
(n = 33)
(n = 22)
CFS1 FNA specimens
(n = 15)

FFPE
(n = 55)

Set 1 (n = 22):
•10 LG IPMNs
•12 HG IPMNs

Discovery

Candidate
verification

CFS2 FNA specimens
(n = 50)

9-miRNA model
7 DiffPairs

9-miRNA model
validation

Set 2 (n = 33):
• 6 LG IPMNs
• 27 HG IPMNs
(14 w/ invasive
carcinoma)

CF FNA
(n = 65)

Set 1 (n = 15):
• 5 LG IPMNs
• 5 HG IPMNs (3 w/
invasive carcinoma)
• 5 SCAs
Set 2 (n = 50):
• 2 LG IPMNs
• 12 IG IPMNs
• 6 HG IPMNs (1 w/
invasive carcinoma)
• 20 SCAs
• 5 NETs, 5 SPNs

Figure 1. Overview of the study design for miRNA candidate discovery, miRNA model development, and validation (A) using FFPE tissue and cyst ﬂuid FNA
specimen sets, described in B. CF, cyst ﬂuid; CFS, cystic ﬂuid study; FTS, FFPE tissue study; HG, high-grade; HT, high-throughput; IG, intermediate-grade;
LG, low-grade.

4718

Clin Cancer Res; 18(17) September 1, 2012

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on January 16, 2022. © 2012 American Association for Cancer Research.

Published OnlineFirst June 21, 2012; DOI: 10.1158/1078-0432.CCR-12-0035

miRNA Signatures in Pancreatic Cyst Fluid

A

LG_IPMN

B

HG_IPMN

LG_IPMN

2

FFPE

HG_IPMN

SCA

Cyst fluid

PC2 (19.6% of variance)

PC2 (12.6% of variance)

1.5

1.0

0.5

0.0

1

0

−1

−0.5

−1.0

−0.5

0.0

0.5

1.0

1.5

PC1 (36.7% of variance)
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Figure 2. FFPE and cyst ﬂuid specimen separation according to diagnoses. Two principal component analyses of restricted mean center normalized Megaplex
qRT-PCR data separating samples according to diagnoses for both FTS1 (A) and CFS1 (B) specimen sets. HG, high-grade; LG, low-grade.

indicative of the overall miRNA recovery in "compromised"
biospecimens (16, 24, 25).
miRNA biomarkers in cyst fluid specimens. Highthroughput expression profiling of 377 human miRNAs
was successfully completed in cyst fluid specimens collected
from 3 patients with histologically confirmed low-grade
IPMNs, 4 patients with high-grade IPMNs (invasive carcinoma), and 4 patients with SCAs (CST1; Supplementary
Table S2). SCAs were included because they represent
cystic lesions that are essentially benign but are sometimes
misdiagnosed as IPMNs (and vice versa; refs. 3, 26). Clear
separation between experimental groups was observed
as shown in Fig. 2B. Similarly to FFPE specimens, the aim
of the bioinformatics analysis here was to identify lesions
that would be recommended for surgical resection (highgrade IPMN) versus those likely to favor conservative management (low-grade IPMNs and SCAs). Because only 5
DiffPairs showed P values less than 0.05 (Supplementary
Table S3), we selected 5 additional DiffPairs with FDR
P values ranging from 0.05 to 0.06 on the basis of unadjusted P value ranking. Of note, an association between diagnoses and raw Ct values was observed, in which low-grade
IPMNs showed overall higher mean Ct values across all
miRNAs (lower expression) as compared with high-grade
IPMNs (lower mean Ct value, higher expression; Supplementary Fig. S3 and S4). This may be a result of a higher proliferation
with a higher cell turnover in those more dysplastic lesions.
The bioinformatics analysis of combined FTS(1þ2) and
CFS1 qRT-PCR data rendered 37 top differentially expressed
miRNAs derived from the top 10 cyst fluid DiffPairs
(17 miRNAs in Supplementary Table S3) combined with

www.aacrjournals.org

the top 10 individual miRNAs (Supplementary Table S4),
the top 13 FFPE tissue miRNAs from the 30 DiffPairs
(Table 1, Supplementary Table S3), and with 6 miRNAs
selected based on their high expression levels and their
performance as individual candidates and in DiffPairs
(let-7b, miR-223, miR-30b, miR-328, miR-532-3p, and
miR-590-5p). Four miRNAs (let-7c, miR-106b, miR-3423p, and miR-93) were shared between the FTS and the
CFS analyses (Table 2 and Supplementary Information).
Verification of all those candidates was carried out in 9 CFS1
specimens with sufficient RNA (Supplementary Table S2),
whereas a reduced set of 13 miRNAs (Table 2) was investigated in the remaining 2 specimens. Twenty-seven significantly differentially expressed DiffPairs composed of 18
miRNAs were selected for validation in an independent set
of 38 cyst fluid specimens, which excluded intermediategrade IPMNs (Fig. 1, Table 3, and Supplementary Table S2).
One additional candidate, miR-21, was included based on
its reported overexpression and strong association with
poor patient outcome in many human neoplasms (12,
13, 27–29), including pancreatic cancer (30) and IPMNs
(16, 23). We observed that the CFS2 specimen data for
SCAs exhibited larger variance in the mean Ct values as
compared with the CFS1 (Supplementary Fig. S4). One
result of this increased variation was a decreased ability to
separate high-grade IPMNs from the low-grade IPMNs/
SCAs grouping on the basis of mean Ct alone.
A miRNA-based model that predicts resection status.
Combination of the singleplex qRT-PCR data for the CFS1
and CFS2 specimens provided an opportunity to construct a
miRNA-based classifier to identify high-risk lesions, which
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Figure 3. miRNA-based model
to predict resection. Differential
expression (DCt) values for
DiffPairs were used as predictors
by a logistic model derived from
singleplex qRT-PCR data using the
CFS1 and CFS2 specimens. Diff
(miR-X, miR-Y) indicates
subtraction of the raw Ct of miR-Y
from the raw Ct of miR-X. HG,
high-grade; LG, low-grade.

–10

under the current patient management would be recommended to undergo resection. For simplicity, we used a
classifier based on penalized logistic regression with DiffPairs as predictors (31) and grouped cyst fluid specimens
into "low-risk" (SCAs, low-grade IPMNs) and "high-risk"
(high-grade IPMNs, SPNs, and NETs). In order for all
diagnostic groups to be represented in the training set, 9
CFS1 specimens were combined with 12 specimens from
the CFS2 set to yield a training set containing 7 SCAs, 3 lowgrade IPMNs, 7 high-grade IPMNs, 2 PanNETs, and 2 SPNs,
but no intermediate-grade IPMN (Supplementary Table
S2). This reassignment of specimens could be implemented
because there were no batch effects observed between the 2
sets (Supplementary Fig. S8). On the basis of broader
diagnostic coverage of the combined training set, a new set
of 20 DiffPairs was selected for validation in the remaining
37 CFS2 specimens (test set), including intermediate-grade
IPMNs (Supplementary Table S2). Thirteen of those DiffPairs were excluded by the model filtering as they added
little in terms of predictive power in differentiating between
low- and high-risk lesions (Supplementary Table S5). The
expression values (DCt) for the remaining 7 DiffPairs are
shown in Fig. 3, whereas the raw Ct values associated with
miR-24, miR-30a-3p, miR-18a, miR-92a, miR-342-3p, miR99b, miR-106b, miR-142-3p, and miR-532-3p used by these
DiffPairs are plotted in Supplementary Fig. S7. The regression coefficients for each of the 7 DiffPairs, which weight
each DiffPair in terms of its relevant contribution toward
predicting a high-risk lesion, are shown in Supplementary
Table S5.
The DiffPairs assigned the highest and lowest weights in
the model, namely Diff(miR-24, miR-30a-3p) and Diff
(miR-30a-3p, miR-532-3p), separated cystic PanNETs and
SPNs particularly well, and to a lesser extent high-grade
IPMNs, from low-grade IPMNs and SCAs. The pattern of the
third highest weighted DiffPair, Diff(miR-24, miR-342-3p)
was somewhat unique, showing differentiation of IPMNs in
general from SCAs. The DCt expression patterns for Diff
(miR-18a, miR-92a), Diff(miR-24, miR-99b), Diff(miR-
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106b, miR-92a), and Diff(miR-142-3p, miR-92a) indicated
a progressively weaker differentiation between "low-risk"
and "high-risk" lesions.
Because the model calculates the probability of any
given specimen being a "high-risk" lesion, the scores for
each sample were 0% to 100% inclusive. When the scores
were dichotomized using a threshold of 50% (specimen
is "low-risk" lesion if the score is less than 50% and is
"high-risk" otherwise), all SCA/low-grade IPMNs and 90%
high-grade IPMNs were correctly predicted as "low-risk"
and "high-risk," respectively (Fig. 4A). Notably, in 3 of the
4 IPMNs with eventual low-grade dysplasia (CFS1-1, CFS1-3,
and CFS1-5), the cyst size was actually more than 3 cm, thus
meeting Sendai high-risk criteria for resection. Although
we remain unclear whether size alone was the clinical rationale for removing the said cysts, our model correctly predicted all 3 low-grade IPMNs as "low-risk" based on cyst
fluid analysis, irrespective of cyst size. Conversely, 2 of the
IPMNs with eventual high-grade dysplasia (CFS2-17 and
CFS2-20) were only 1 cm in greatest diameter but were
accurately classified as "high-risk" by the 9-miRNA model.
All SCAs in both the training and the test sets were
predicted as "low-risk," whereas all SPN and cystic PanNET
samples (typically recommended for surgical resection)
were predicted to be "high-risk." Within the cohort of
intermediate-grade IPMNs, 45.5% specimens (n ¼ 5) were
predicted as "low-risk," whereas the remaining 54.5%
(6 specimens) were predicted as "high-risk"; unfortunately,
in the absence of prospective follow up, the natural history
of such lesions remains unclear. Considering the results
from the test set (excluding intermediate-grade IPMNs,
for which we did not have independent assessment risk),
the sensitivity of this 9-miRNA model was estimated at
89% (95% Wilson interval, 57%–98%) and the specificity
at 100% (95% Wilson interval, 82%–100%) with an area
under the curve of 1. From the extent of correlation
between the prediction model and median Ct (measured
by Spearman rank correlation; Fig. 4B), it is apparent that
although median Ct alone has some predictive power, the
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Discussion
Previous studies have shown that pancreatic carcinogenesis is a multistep process involving well-defined precursor
lesions (1, 32). Recent evidence suggests that the time frame
from the onset of first genetic hit within pancreatic ducts
until the development of metastatic disease spans about
2 decades, suggesting that clinicians have a reasonable diagnostic window for early detection strategies to help ameliorate the outcome of this deadly disease (33). Modern
imaging is a central component in diagnosing PDAC. However, the microscopic precursor lesions that a majority of
PDACs are believed to arise from are usually undetectable
on EUS, MR, or CT, hampering early detection. On the
contrary, IPMNs are cystic precursor lesions of PDAC and
can be readily identified by abdominal imaging (34).
IPMNs account for the most frequently diagnosed detectable cystic precursor lesion of PDAC and are currently the
second most common indication for primary pancreatic
surgery at The Johns Hopkins Hospital after PDAC. In fact,
cystic lesions of the pancreas, in general, are being increasingly diagnosed. Recent imaging studies report prevalence
rates of pancreatic cysts in asymptomatic individuals from
about 2.6% on CT scans (35) up to 13.5% on MRI (36).
Autopsy studies even suggest that up to one-fourth of the
general population might harbor undiagnosed cystic
lesions in their pancreata (37).
Despite the advances in modern imaging techniques, an
incidentally diagnosed pancreatic cyst is often a clinical
challenge for both the patient and the treating physicians.
The prevailing diagnostic uncertainty has resulted in accurate preoperative diagnoses in only up to two-thirds of
asymptomatic pancreatic cysts that have been subsequently
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regression model is capable of stratifying indications
far more accurately. Of note, miR-21 was not included
in our model. In contrast to recent reports (25), in this
study miR-21 was not among the strongest predictors
of a specimen being at low- or high-risk for therapeutic
stratification.
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includes high-grade IPMNs,
PanNETs, and SPNs. B, prediction
probability for surgical resection as a
function of median singleplex miRNA
Ct of CFS2 specimens. SRC
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resected (26), with the resulting potential for both over- and
undertreatment in any given individual.
The primary objective of this study was to identify miRNA
biomarker candidates that allow a prediction of dysplasia
(high-grade vs. low-grade) in IPMNs. IPMNs with underlying high-grade dysplasia require surgical resection in light
of the associated risk for synchronous or metachronous
invasive neoplasia, whereas those harboring low-grade dysplasia can be followed conservatively. A secondary objective
of this study was to determine whether additional cystic
entities of the pancreas that can be followed with watchful
waiting (e.g., SCAs) and can be differentiated from entities
such as cystic PanNETs or SPNs that mandate surgery, using
miRNA biomarkers.
Aberrant miRNA expression data established with well
annotated, microdissected FFPE tissue specimens, which
underwent a thorough histopathologic review represented
"proof-of-concept" for use of miRNAs as biomarkers for
pancreatic cystic lesions. With a high-throughput expression
profiling approach, we were able to interrogate expression
levels of 750 miRNAs, even in specimens with limiting RNA
yield and preserve enough material in majority of the samples
to carry out a verification step. Although target pre-amplification bias is a concern when using high-throughput expression platforms, data generated at Asuragen (unpublished)
and from other research groups (38, 39) show that preamplification of miRNA-containing cDNA improves sensitivity
of miRNA detection, while maintaining the relative expression levels. To our knowledge, this study is the first comprehensive demonstration of miRNAs aberrantly expressed in
tissue specimens collected from patients with cystic lesions
who have high-risk versus low-risk of malignancy.
Although we initially hypothesized that malignant epithelial cells shed from the cyst wall to the internal fluid will
be detected in the cystic fluid, a majority of miRNA candidates identified through the FTS and CFS were nonoverlapping. This result may appear as a surprise, considering that
millions of cells reported to be shed daily from a tumor into
circulation (40). One of the reasons for this lack of
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correlation may be that in contrast to strong aberrant
expression signal observed in carefully microdissected neoplastic epithelium, the signal from malignant cells in the
aspirated cyst fluid is likely to be weakened by contaminating nonneoplastic epithelium, endothelial cells, and others
and therefore more difficult to detect. Our results also
underscore the importance of directly profiling the most
proximate biologic sample to be used for biomarker analyses (in this case, aspirated cyst fluid), rather than extrapolating candidates from tissue profiling experiments alone,
as prior studies have done.
Logistic regression analysis led to the final identification of a 9-miRNA model, which allowed separation of all
but one high-grade IPMNs from low-grade IPMNs/SCAs
with 89% Se and 100% Sp. We re-reviewed the histology of the misclassified IPMN case and did not find any
histologic features to the contrary. As we have recently
shown (3), independent locules within the same IPMN
might harbor distinct genetic alterations, and it is possible
that the cyst fluid was aspirated from a locule lined
by lower grade dysplastic epithelium. As for the intermediate-grade specimens, they were separated by the
model into those exhibiting high- and low-risk of malignant transformation (Fig. 4A). Future prospective studies
should clarify whether this separation of intermediategrade IPMNs according to our miRNA panel reflects true
differences in natural history within this IPMN subcategory or results from the inherent imprecision associated
with grading epithelial dysplasia. Our miRNA signature
also distinguished low-grade IPMNs/SCAs from uncommon cysts such as SPNs and cystic PanNETs. PanNETs are
a highly heterogeneous group of tumors with diverse
biologic behavior and occasional cystic appearance, for
which a clear staging system has been historically challenging. Although they generally have a better prognosis
than PDAC, even localized PanNETs will, over time,
metastasize and thus, their surgical resection at diagnosis
is warranted (41, 42). Solid pseudopapillary neoplasms
(SPN) are lesions that present with an admixture of solid
and cystic features and predominantly arise in younger
women (43, 44). Although not an overt malignancy, the
diagnosis of an SPN is generally regarded as an indication
for resection as well. As both PanNETs and SPNs imply
resection, it is beneficial that the miRNA candidates
selected via logistic regression herein allow clustering of
those lesions with high-grade IPMNs.
The most important miRNAs in the regression model
included miR-24, miR-30a-3p, miR-18a, miR-92a, and
miR-342-3p. Of these, miR-92a and miR-18a were previously reported to be involved in pancreatic cancer (18, 45).
In agreement with previous reports (20, 23, 46), in our
study miR-21 was upregulated in low-grade/intermediategrade/high-grade IPMNs, SPNs, and PanNETs as compared
with SCAs. However, it did not seem to predict the risk level
of malignant transformation and therefore, is likely to be
less useful for this purpose.
With respect to therapeutic stratification, logistic regression correctly predicted indication for surgery in so-called
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higher risk lesions, as defined by current recommendations
for surgery (high-grade IPMNs, PanNETs, and SPNs) versus
those in which conservative management is considered
appropriate (low-grade IPMNs, SCAs). Despite our promising findings, we recognize that our study has limitations.
First, the model parameters, including the malignancy
threshold, needs to be further evaluated in a large prospective study. In addition, here we examined differential
miRNA expression using resected specimens only, which
included lesions that would not have been surgically
removed if diagnosed accurately (BD-IPMNs and SCAs).
The resection of those lesions was likely mandated by either
cyst size (>3 cm) or worrisome features on imaging. Furthermore, there are additional rare cystic lesions (e.g.,
MCNs, lymphangiomas) in which the expression of our
miRNA candidates needs to be interrogated to determine
their diagnostic/predictive potential. And finally, although
SPNs and NETs are important diagnostic entities to differentiate from SCAs and low-grade/high-grade IPMNs, the
numbers of specimens used in this study were rather low.
In conclusion, we identified a 9-miRNA model that may
aid in diagnosis and surgical treatment decisions for
patients with pancreatic cystic lesions, such as high-grade
IPMNs, cystic PanNETs, and SPNs. We recommend that this
signature is prospectively validated in larger series of consecutively collected cysts that have not been resected, with
clinical follow-up or subsequent surgical findings serving as
the gold standard. The validation study must follow CLIA
and CAP regulations to ensure that this signature can be
introduced into clinical use as an LDT. We also recommend
that reference cystic fluid analyte, such as carcinoembryonic
antigen, and the emerging genetic markers, such as GNAS
mutation status (3) are incorporated into the study design.
In addition, aspiration of multiple IPMN locules in patients
with multifocal IPMNs should be considered, to reduce
the probability of specimen bias and false negative results.
A study that follows the abovementioned recommendations should allow establishing whether this 9-miRNA
signature can be applied clinically toward stratification
of patients with pancreatic cysts for surgical intervention
or watchful waiting.
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