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BACKGROUND: MicroRNAs (miRNAs) are RNA mole-
cules that are involved in the regulation of many cellu-
lar processes, including those related to human can-
cers. The aim of this study was to determine, as a proof
of principle, whether specific candidate miRNAs could
be detected in fine-needle aspirate (FNA) biopsies of
pancreatic ductal adenocarcinoma (PDAC) and could
accurately differentiate malignant from benign pancre-
atic tissues.

METHODS: We used TaqMan® assays to quantify miRNA
levels in FNA samples collected in RNARetain (n � 16)
and compared the results with a training set consisting of
frozen macrodissected pancreatic samples (n � 20).

RESULTS: Quantitative reverse-transcription PCR anal-
ysis confirmed that miRNA levels are affected in PDAC
FNAs and correlate well with the changes observed in
the training set of frozen pancreatic samples. Analysis
of the amounts produced for a few specific miRNAs
enabled identification of PDAC samples. The combi-
nation of miR-196a and miR-217 biomarkers further
improved the ability to distinguish between healthy tis-
sue, PDAC, and chronic pancreatitis in the training set
(P � 8.2 � 10�10), as well as segregate PDAC FNA
samples from other FNA samples (P � 1.1 � 10�5).
Furthermore, we showed that miR-196a production is
likely specific to PDAC cells and that its incidence par-
alleled the progression of PDAC.

CONCLUSIONS: To the best of our knowledge, this study
is the first to evaluate the diagnostic potential of
miRNAs in a clinical setting and has shown that
miRNA analysis of pancreatic FNA biopsy samples can
aid in the pathologic evaluation of suspicious cases and

may provide a new strategy for improving the diagnosis
of pancreatic diseases.
© 2008 American Association for Clinical Chemistry

Pancreatic cancer is the fourth-leading cause of cancer-
related deaths in the US, with a 5-year survival rate of
�5%. Approximately 37 000 new cases and 33 000
pancreatic cancer–related deaths will have occurred in
the US in 2007 (1 ). Eighty-five percent of pancreatic
tumors originate from the epithelium lining of the
pancreatic duct [pancreatic ductal adenocarcinomas
(PDACs)7] (2 ). Routine imaging techniques alone,
such as computed tomography or MRI, can neither
detect PDAC at early stages nor differentiate between
benign and malignant lesions. In fact, van Gulik et al.
reported that up to 6% of the cases suspected of being
malignant were found to be benign at surgery, which
was associated with a postsurgical complication rate of
up to 21% for these cases (3 ). Recently, endoscopic
ultrasound-guided fine-needle aspiration (EUS-FNA)
has emerged as a very specific and minimally invasive
modality for preoperative diagnosis and staging of pan-
creatic cancer (4 – 8 ). When performed by experienced
endosonographers, the EUS-FNA procedure exhibits
complication rates of �1.6% (9 ).

Because of their invasive nature, FNAs of the
pancreas are not likely to be used routinely for early
detection or screening for PDAC. By contrast, these
procedures may have benefits in screening high-risk
individuals, as well as for the prognosis and predicting
the response to treatment in the numerous cases in
which the tumor is inoperable. The concentrations of
the mRNA biomarkers for human equilibrative nucle-

1 Asuragen Inc., Austin, TX; Departments of 2 Pathology and 3 Medicine, Dart-
mouth Medical School, Norris Cotton Cancer Center and Dartmouth Hitchcock
Medical Center, Lebanon, NH; 4 Department of Pathology, General Hospital
Saarbruecken, Saarbruecken, Germany; Departments of 5 Pathology and 6 In-
ternal Medicine, Ruhr University, Bochum, Germany.

* Address correspondence to this author at: Department of Pathology, Dartmouth
Hitchcock Medical Center, One Medical Center Dr., Lebanon, NH 03756. Fax

603-650-8485; e-mail Gregory.j.tsongalis@hitchcock.org.
Received May 6, 2008; accepted July 18, 2008.
Previously published online at DOI: 10.1373/clinchem.2008.109603
7 Nonstandard abbreviations: PDAC, pancreatic ductal adenocarcinoma; EUS-

FNA, endoscopic ultrasound-guided fine-needle aspiration; miRNA, microRNA;
PanIN, pancreatic intraepithelial neoplasia; RT-PCR, reverse-transcription PCR;
qRT-PCR, quantitative RT-PCR; Ct, threshold cycle.

Clinical Chemistry 54:10
1716–1724 (2008)

Cancer Diagnostics

1716

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/54/10/1716/5628512 by guest on 20 August 2022



oside transporter 1 (hENT1) and deoxycytidine kinase,
which participate in the metabolism of gemcitabine,
were correlated with the outcomes of patients with
pancreatic cancer (10). The EUS-FNA sampling method
has also been shown to provide enough material of suffi-
cient quality to carry out biomarker-discovery studies
(11 ). The presence of molecular biomarkers in EUS-
FNA samples is quantifiable and can be standardized.
For example, increased concentrations of the proteins
encoded by MUC48 (mucin 4, cell surface associated),
BIRC5 (baculoviral IAP repeat-containing 5; survivin),
and PLAUR (also known as UPAR) (plasminogen acti-
vator, urokinase receptor) have been linked to the pro-
gression of pancreatic cancer (7, 12–14 ), and the ex-
pression signatures of these genes along with those of 6
other genes were able to segregate PDAC from chronic
pancreatitis (5 ). High expression of the CEACAM6
gene [carcinoembryonic antigen-related cell adhesion
molecule 6 (non-specific cross-reacting antigen)] was
observed in more than 90% of PDAC samples and was
correlated with lymph node–positive disease and ex-
trapancreatic spread of the carcinoma (14, 15 ). Despite
several advances in our basic understanding and clini-
cal management of pancreatic cancer, there is currently
a lack of effective biomarker-based strategies useful for
the early detection of pancreatic cancer or for differen-

tiating between PDAC and benign disease, such as
chronic pancreatitis.

Changes in the production of mature microRNAs
(miRNAs), which are small regulatory biomolecules of
19 –23 nucleotides, have also been linked to pancreatic
cancer. Deregulation of the production of as few as 2
miRNAs (i.e., miR-196a and miR-217) was shown to
distinguish PDAC samples from healthy pancreatic
tissue and chronic pancreatitis (16 ). In a later study,
increases in miR-196a were determined to predict poor
survival of patients with PDAC (17 ). In this study, we
evaluated the utility of miRNA-production profiles in
FNA samples to reliably identify the disease status of
pancreatic tissue and to distinguish between benign
and malignant pancreatic tissues.

Materials and Methods

SAMPLE COLLECTION

This study was approved by the Dartmouth Committee
for the Protection of Human Subjects and the Norris
Cotton Cancer Center Research Committee. All pa-
tients signed an informed-consent form before FNA
was performed. Fourteen patients (Table 1) with sus-
pected pancreatic masses underwent EUS-FNA with
either a 22- or 25-gauge needle designed for standard
cytologic examination; 2–3 additional aspirations were
made from each mass and collected in RNARetain™
Preanalytical RNA Stabilization Solution (Asuragen).
The cytopathologist assessed the adequacy of these
samples with standard techniques at the time of the

8 Human genes: MUC4, mucin 4, cell surface associated; BIRC5, baculoviral IAP
repeat-containing 5; survivin; PLAUR (also known as UPAR), plasminogen
activator, urokinase receptor; CEACAM6, carcinoembryonic antigen-related cell
adhesion molecule 6 (non-specific cross-reacting antigen).

Table 1. Patient and tumor characteristics.

Sample type ID Sex Age, years Diagnosis Comment

Pancreatic cancer FNA FNA-1 Female 74 PDAC MXa

FNA-2 Female 72 PDAC MX

FNA-3 Female 72 PDAC MX

FNA-4 Female 65 PDAC MX, extensive necrosis

FNA-5 Female 68 PDAC M1

FNA-6 Female 84 PDAC M0

FNA-7 Male 84 PDAC MX

FNA-9 Male 72 PDAC M1

FNA-11 Female 57 PDAC M1

FNA-14 Female 85 PDAC MX, extensive necrosis

Other FNA FNA-8 Female 59 Suspected PDAC M0

FNA-12 Female 46 Neoplasm of endocrine pancreas M1

FNA-13 Male 59 Atypical MX

Nonpathologic FNA FNA-15 Male 76 Healthy pancreas

a MX, metastasis status unknown; M1, known metastasis; M0, no metastasis.

Analysis of MicroRNAs in Pancreatic FNAs
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biopsy. The samples were kept at room temperature for
20 –30 min and then stored frozen at �80 °C. With a
primary goal of evaluating the rate at which miRNAs
can be obtained from tumor tissue, the 14 cases would
be sufficient for detecting a failure rate of 20% or
greater. We expected the success rate to be very high
(100%) and therefore expected no experimental fail-
ures. With no observed failures from the 14 samples,
we were able to statistically rule out a failure rate of
�20% (P � 0.04).

RNA ISOLATION

Total RNA from the FNA samples collected in
RNARetain was isolated with the mirVana™ miRNA Iso-
lation Kit (Ambion/Applied Biosystems) according to the
manufacturer’s protocol and with modifications to
maximize RNA recovery from the small amounts of
tissue. In brief, we thawed samples on ice and pelleted
the resulting cell suspensions at 370g for 5 min at 4 °C.
We removed the RNARetain supernatant and incu-
bated the FNAs on ice in 1.2 mL of Lysis/Binding Buffer
(Ambion/Applied Biosystems) for 20 min with occa-
sional mixing. The extraction of RNA from lysed tis-
sues and the remaining steps followed the manufactur-
er’s protocol.

We used the RNAqueous®-Micro Kit (Ambion/
Applied Biosystems) to prepare total RNA from ap-
proximately 1 000 microdissected cells of each cell type
[nonpathologic ducts, acinar cells, and pancreatic in-
traepithelial neoplasia 1b (PanIN-1b), PanIN-2, and
PanIn-3 lesions]. We performed microdissection from
step sections of individual lesions and cases as previ-
ously described (18 ).

We measured the concentration and purity of
total-RNA samples with the NanoDrop 1000 spectro-
photometer (NanoDrop Technologies/Thermo Scien-
tific) and assessed RNA integrity with the Agilent 2100
Bioanalyzer and the RNA 6000 LabChip Kit (Agilent
Technologies).

miRNA ANALYSES

We used TaqMan® miRNA Assays (Applied Biosystems)
to quantify miRNA as follows: We added 10 ng total RNA,
carried out reverse transcription in duplicate (16 °C for 30
min, 42 °C for 30 min, 85 °C for 5 min, and then to 4 °C),
and then conducted PCRs in duplicate from each reverse-
transcription reaction (95 °C for 1 min and 40 cycles of
95 °C for 15 s and 60 °C for 30 s). All PCR amplifications
were performed on a 7900HT Fast Real-Time PCR Sys-
tem with the 7900HT Fast System SDS Software (version
2.3; Applied Biosystems). We carried out quantitative
analyses of individual miRNAs, as well as their combina-
tions, by normalizing raw quantified values to those of the
miR-24 miRNA to generate relative miRNA abundance
values.

For every TaqMan miRNA assay used in this
study, we built 7-point calibration curves with chemi-
cally synthesized oligonucleotides (5–50 � 106 copies)
spiked into a background of 5 ng yeast tRNA, and 2
operators performed the assays in triplicate (n � 6).
We used synthetic oligonucleotides and various input
concentrations of RNA from PDAC and non-PDAC
samples to further evaluate the miR-196a and miR-217
assays for analytical sensitivity (n � 10), analytical
specificity (n � 24), and reproducibility between runs
with a single operator (n � 20), between operators on a
single instrument (n � 20), and between reagent lots
(n � 20).

End-point reverse-transcription PCRs (RT-PCRs)
for miR-196a were performed with 5 ng of total RNA
with SuperTaq Polymerase and the mirVana qRT-PCR
miRNA Detection Kit and Primer Sets (Ambion/
Applied Biosystems) according to the manufacturer’s
instructions. PCR amplifications (95 °C for 3 min and
35 cycles of 95 °C for 15 s, 60 °C for 30 s, and 78.5 °C for
5 s) were performed on an MJ Research Opticon 2 ther-
mocycler PCR system (Biozym) in a 25-�L reaction
containing 4.8 �L cDNA. PCR products were analyzed
on a standard 15 g/L agarose gel.

Results

FNA COLLECTION AND RNA ISOLATION

Pancreatic tissue samples (n � 16) were obtained by
FNA biopsy from 14 patients. Ten patients had diag-
nosed PDAC, and one each had carcinoma of en-
docrine pancreas, “suspected” PDAC, and pancreatic
tissue with “atypical” features (see Table 1). The non-
pathologic sample from the control individual was
sampled in triplicate from 3 different parts of the pan-
creas (head, body, and tail) after pancreatectomy. Be-
cause pancreatic tissues contain high concentrations of
nucleases, all FNA samples were immediately collected
and stored in RNARetain. The average yield of RNA
recovered from triple-pass FNA samples was 4.9 �g.
The RNA purity was high, as demonstrated by a mean
260 nm/280 nm absorbance ratio of 1.82. Eleven of 16
samples had distinct 18S and 28S rRNA electrophoresis
bands, which are characteristic of intact RNA. Al-
though the Agilent electropherograms for the remain-
ing 5 FNA samples lacked distinguishable 18S and 28S
peaks, we concluded that the overall yield and quality
of the RNA extracted from pancreatic FNA samples
was sufficient to carry out quantitative RT-PCR (qRT-
PCR) expression profiling.

QUANTITATIVE ANALYSIS OF miRNAs IN FROZEN PANCREATIC

TISSUES AND RNARetain-PRESERVED FNAs

We had previously used microarray expression profil-
ing and real-time SYBR Green RT-PCR to characterize
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deregulation of miRNA production in frozen PDAC
samples (16 ). In this study, we selected a panel of 12
miRNAs and interrogated their production with Taq-
Man miRNA Assays validated in house and a training
set consisting of frozen samples from 6 nonpathologic
pancreas, 6 patients with chronic pancreatitis, and 8
PDAC patients. As illustrated in Fig. 1 (right panels),
the production levels for miR-148a, miR-196a, miR-
217, and miR-375 normalized to the level of the
miR-24 internal control were characteristic of the pa-
tients’ corresponding disease states. The mean fold

changes (2�Ct) and P values indicated clear segregation
of healthy, chronic pancreatitis, and PDAC samples
(Table 2). An analysis of 8 additional miRNAs further
confirmed the differential production of miR-96, miR-
130b, miR-155, and miR-210 for PDAC vs nonneo-
plastic samples and miR-143 and miR-145 for healthy
vs disease tissue. miR-31 and miR-205 showed a broad
range of production levels (Table 2).

We next interrogated the 16 pancreatic FNA sam-
ples for the same set of miRNA targets. We determined
that miRNAs identified as differentially produced in

Fig. 1. Relative expression of miR-148a, miR-196a, miR-217, and miR-375 in the frozen and FNA sets of pancreatic
tissues.

The indicated miRNA targets were interrogated by real-time qRT-PCR in nonneoplastic (NP) (n � 3), PDAC (n � 10), and other (Ca)
(n � 3) pancreatic FNAs preserved in RNARetain (left panels), and in NP (n � 6), chronic pancreatitis (CH) (n � 6), and PDAC (n �
8) frozen tissue samples (right panels). The Ct values for individual miRNA biomarkers were normalized to those of miR-24. �, FNA-8
(suspected pancreatic adenocarcinoma); ‚, FNA-13 (atypical); �, FNA-12 (neoplasia of endocrine pancreas).

Analysis of MicroRNAs in Pancreatic FNAs
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the training set were also deregulated in the PDAC FNA
samples (Fig. 1). The mean production levels of the 12
miRNAs in the PDAC FNA set were highly similar to
those of the training set (paired Pearson correlation
coefficient, 0.97). Interestingly, the FNA sample from
the patient with the diagnosis of “neoplasm of endo-
crine pancreas” did not exhibit miRNA-production
patterns characteristic of PDAC. In contrast, the pro-
duction levels of particular miRNAs, such as miR-196a
and miR-375, in the FNA sample suspicious for adeno-
carcinoma were indicative of pancreatic cancer.

We also noted that miR-196a was detected above
the background level only in samples diagnosed as
PDAC. Because a healthy pancreas consists mainly of
acinar cells, which could mask the low-level produc-
tion of miR-196a in healthy nonneoplastic ductal cells,
we next assessed miR-196a production in fresh frozen
microdissected samples. We performed end-point RT-
PCR followed by gel analysis to rule out any nonspe-
cific background signal (Fig. 2). No bands specific for
miR-196a were observed in 5 independent prepara-
tions of nonpathologic ductal cells, in 5 independent
preparations of acinar cells, or in 4 hyperplastic PanIN
lesions (PanIN-1b). In contrast, 11 of 11 PDAC sam-
ples, 1 of 4 PanIN-2 samples, and 3 of 5 PanIN-3 sam-
ples were positive for miR-196a. Thus, miR-196a pro-
duction is likely specific for PDAC cells, and its
incidence seems to parallel PDAC progression.

AN miRNA SIGNATURE FOR CLASSIFYING PDAC SAMPLES

To identify the best single marker or combination of
markers for PDAC classification, we used miRNA delta
threshold cycle (�Ct) values normalized to miR-24 to de-
velop a multiclass classifier. To select features that are
highly correlated with the class labels (PDAC vs non-
PDAC), the feature-selection algorithm combined a ge-
netic-algorithm search method with a correlation-based
subset evaluator. Optimization of the feature selection
with the training set yielded a 5-miRNA classifier (miR-
130b, miR-148a, miR-196a, miR-210, and miR-217) and

Table 2. Mean production of miRNA targets normalized to miR-24 production, their differential production, and
associated P values for the set of frozen tissues.

Target
P

(ANOVA)

Mean, �Cta

CHb NP PDAC
P

(CH � NP)
��Ctc

(CH � NP)
P

(CH � PDAC)
��Ctc

(CH � PDAC)
P

(NP � PDAC)
��Ctc

(NP � PDAC)

miR-196a 3.51 � 10�6 11.61 13.51 6.92 6.79 � 10�2 �1.90 8.00 � 10�5 4.69 1.39 � 10�6 6.59

miR-217 1.30 � 10�9 10.59 7.67 18.48 5.93 � 10�3 2.92 6.33 � 10�8 �7.89 5.85 � 10�10 �10.81

miR-148a 2.58 � 10�9 3.47 1.59 7.75 3.20 � 10�3 1.88 2.01 � 10�7 �4.28 9.79 � 10�10 �6.15

miR-130b 2.65 � 10�7 7.31 5.90 9.76 7.13 � 10�3 1.41 2.78 � 10�5 �2.45 7.85 � 10�8 �3.86

miR-375 8.88 � 10�7 0.91 �1.24 4.95 1.69 � 10�2 2.15 5.62 � 10�5 �4.05 2.81 � 10�7 �6.20

miR-210 3.54 � 10�4 7.53 7.38 5.08 8.06 � 10�1 0.15 3.42 � 10�4 2.45 6.08 � 10�4 2.31

miR-155 8.48 � 10�4 3.96 5.19 2.16 9.83 � 10�2 �1.22 1.37 � 10�2 1.80 2.45 � 10�4 3.02

miR-143 1.42 � 10�2 8.78 10.20 8.84 1.04 � 10�2 �1.43 8.92 � 10�1 �0.06 9.12 � 10�3 1.36

miR-145 2.11 � 10�2 6.98 8.39 6.83 2.36 � 10�2 �1.41 7.90 � 10�1 0.14 9.37 � 10�3 1.56

miR-223 2.73 � 10�3 1.40 2.59 0.37 5.48 � 10�2 �1.19 7.18 � 10�2 1.03 7.08 � 10�4 2.22

miR-96 1.72 � 10�4 13.77 11.12 15.47 6.14 � 10�3 2.65 4.69 � 10�2 �1.70 4.02 � 10�5 �4.35

miR-31 6.04 � 10�2 5.01 6.52 4.04 1.62 � 10�1 �1.51 3.26 � 10�1 0.97 1.96 � 10�2 2.48

miR-205 3.05 � 10�1 16.29 14.65 12.96 4.75 � 10�1 1.64 1.30 � 10�1 3.34 4.29 � 10�1 1.70

a Data are �Ct values (normalized to miR-24 Ct values).
b CH, chronic pancreatitis; NP, nonneoplastic.
c Difference in �Ct values (��Ct) between the indicated experimental groups.

Healthy
ductal cells PDAC Acinar cells +

100 bp

100 bp

M

PanIN-1b PanIN-2 PanIN-3 No-RT controls+M

–

+ –

Fig. 2. Analysis of miR-196a production in microdis-
sected tissue samples.

End-point RT-PCRs were performed with total RNA isolated
from healthy ductal, PDAC, acinar, PanIN-1b, PanIN-2, and
PanIN-3 microdissected cells. Only representative reactions
without reverse transcriptase (No-RT) are shown. M, mo-
lecular size marker; �, positive control; �, no-template
negative control.
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a 2-miRNA classifier (miR-196a and miR-217) with sim-
ilar performances. The second classifier has the advantage
that it is a difference between 2 features and therefore does
not require the inclusion of a normalizer [miR-196a
�Ct � miR-217 �Ct � (miR-196a Ct � miR-24 Ct) �
(miR-217 Ct � miR-24 Ct) � miR-196a Ct � miR-217
Ct]. Subtraction of raw miR-196a and miR-217 Ct values
perfectly segregated the 8 PDAC samples from the 12
nonneoplastic tissues, including 6 chronic pancreatitis
cases (P � 8.18 � 10�10, 3-way ANOVA; Fig. 3). For the
training set, the P value for the comparison of PDAC vs
non-PDAC samples was 4.3 � 10�9, and the spread be-
tween the highest PDAC index value (�6.24) and the
lowest non-PDAC index value (�2.34) was approxi-
mately 4 Ct.

When we used a cutoff index value of �4 in apply-
ing the same classifier to the FNA set, we correctly iden-
tified 9 of 10 FNAs as being from PDAC samples (Fig. 3,
left panel). Interestingly, the FNA-8 sample, which was
from a patient suspected of having adenocarcinoma,
was clearly identified as PDAC (index value of �5.2),
whereas the FNAs from atypical pancreas and neo-
plasm of endocrine pancreas were not. For this sample

set, the assay sensitivity was 90% (95% confidence
interval, 62%–98%) with 100% specificity (95% con-
fidence interval, 56%–100%), and the difference be-
tween PDAC (including FNA-8) samples and non-
PDAC samples obtained with this assay was highly
significant (P � 1.1 � 10�5).

To further evaluate our optimal miRNA classifier, we
used chemically synthesized oligonucleotides spiked into
a background of 5 ng yeast tRNA to test the individual
TaqMan assays for analytical sensitivity, precision, and
linearity. Both assays had a 7-log dynamic range with a
limit of detection of 5–10 copies per reverse-transcription
reaction (Fig. 4A). The reproducibilities between runs
with a single operator, between operators on a single in-
strument, and between different reagent lots were high
with all SDs �0.5 Ct (data not shown). Linearity was
also good with all r2 values �0.99 and all slopes of the
fitted lines between �3.22 and �3.4. Finally, a titration
experiment with total RNA from a pancreatic FNA sam-
ple showed that the assay was accurate between 5 ng and
50 ng of added RNA (Fig. 4B). We concluded that the
measurement of miR-196a and miR-217 production
levels with TaqMan miRNA assays is a robust method
and can be performed with pancreatic FNA samples.
Analysis of the difference in production of the 2 miRNAs
can be used to track the proliferation of ductal adeno-
carcinoma cells relative to acinar cells and warrants fur-
ther evaluation with a larger set of FNAs and archived
clinical samples.

Discussion

Successful management and treatment of PDAC re-
mains one of the key challenges in clinical oncology.
Although early-stage pancreatic carcinoma can be
treated surgically, most cases present at an advanced
stage, when surgical resection is not possible because of
vascular dissemination of tumor and its spread to re-
gional lymph nodes. In addition, the differential diag-
nosis of pancreatic carcinoma and pseudotumoral
masses caused by chronic pancreatitis is often difficult
because of their similar imaging features and clinical
presentations. Several protein and nucleic acid markers
identified in blood have been shown to have diagnostic
potential, but they lack specificity and sensitivity (19–24).

In this study, we examined the feasibility of the use
of real-time RT-PCR to detect miRNA markers in FNA
biopsies of pancreatic tissue. Because pancreatic tissues
contain high concentrations of ribonucleases, we took
special steps to ensure immediate transfer of FNA sam-
ples into a vial containing RNARetain. This reagent
rapidly permeates excised tissue, inactivating nucleases
and thereby stabilizing and protecting RNA. We have
shown that total RNA is efficiently extracted from FNA
samples preserved in RNARetain, with an average

Fig. 3. Multiclass classifiers for pancreatic diseases.

The graph shows the difference between miR-196a and miR-
217 production levels (miR-196a Ct � miR-217 Ct). The
dotted line represents the cutoff index value (�4) separating
PDAC and nonneoplastic (NP) samples, as determined with
the training set of frozen tissues. The indicated P value is for
a 3-way ANOVA of the training set of frozen tissues. Also
indicated are data for other samples (Ca): �, FNA-8 (sus-
pected pancreatic adenocarcinoma); ‚, FNA-13 (atypical); �,
FNA-12 (neoplasia of endocrine pancreas).
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yield of 4.9 �g for triple-passage FNA. This yield is
comparable to yields described in previous reports for
fresh FNAs that were stored in RNAlater® Solution
(Ambion/Applied Biosystems) (25 ). The stability of
RNA is known to be low in environments rich in ribo-
nucleases [e.g., blood; 99% of added free RNA was
degraded within 15 s (26 )]. Similar rates of RNA deg-
radation have been reported for FNA samples of breast
(15%) and lung (50%) tissues (27–29 ). Although RNA
degradation can decrease the ability to detect mRNA
(30 ), miRNAs are more robust and therefore superior
analytes to mRNAs. Their production can be measured
reliably in compromised clinical samples, such as
formalin-fixed paraffin-embedded tissue samples, in-
cluding pancreas samples (16, 17, 31, 32 ).

We previously identified miRNAs that showed
changes in production that were indicative of pancre-
atic cancer (16 ). In this study, we set out to determine
whether deregulation of these miRNAs can be used to
identify malignancy in pancreatic FNAs preserved in
RNARetain. As a first step, we used TaqMan qRT-PCR
assays to compare the production levels of selected
miRNAs in a subset of 20 previously studied frozen
tissue samples and 16 pancreatic FNA biopsies. We
found that the differential patterns of miRNA produc-

tion in the frozen tissue samples correlated well with
our previously reported results. In addition, the differ-
ences in miRNA production between the nonpatho-
logic and cancer FNA samples were nearly identical to
those between the corresponding frozen pancreas sam-
ples (Fig. 1). Further data analysis revealed that the
difference between miR-196a and miR-217 in raw Ct
values clearly separated malignant and benign tissues
for both the frozen and FNA sets of samples. This find-
ing suggests that the quality and amounts of cells sam-
pled with EUS-FNA are sufficient for successful qRT-PCR
analysis of pancreatic tissues. It also confirms that the ob-
served differences in miRNA production are specific to
the disease state of the tissue and are independent of the
method of tissue preservation (i.e., frozen vs RNARetain).
qRT-PCR analysis of these 2 miRNAs (miR-196a and
miR-217) could be used in clinical practice as an ancillary
method to improve the diagnostic potential of the FNA
procedure (33–35). In addition, a combination of these
diagnostic procedures could improve the negative predic-
tive value of pancreatic FNAs.

Interestingly, the patterns of miR-196a and miR-
217 production are diametrically opposed: The con-
centration of miR-217 is high only in healthy pan-
creatic tissues, and miR-196a is detected above the
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Fig. 4. Performance of the miRNA classifier assay.

(A), Calibration curves for both TaqMan miRNA assays were built by spiking in the indicated copy number of chemically
synthesized oligonucleotides in the reverse transcription reaction. Each dilution point represents 80 replicates. (B), TaqMan
assays were performed with 1, 5, 10, 25, and 50 ng total RNA from 2 FNA samples: 1 nonneoplastic (NP) and 1 PDAC. The
dotted line represents the cutoff index value (�4) separating PDAC and NP samples, as in Fig. 3. The difference between
production of miR-196a and miR-217 was similar for total-RNA inputs from 5–50 ng: �, 1–5 ng; �, 10 ng; F, 25 ng; , 50 ng.
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background level only in PDAC samples. Because
healthy pancreas consists of approximately 90% acinar
cells, this observation suggests that miR-217 is pro-
duced primarily in acinar cells. In contrast to miR-217,
we have demonstrated that miR-196a is produced only
in ductal adenocarcinoma cells and not in healthy aci-
nar or ductal cells (Fig. 2). Thus, our miRNA classifier
consisting of an acinar cell–specific marker (miR-217)
and a PDAC-specific marker (miR-196a) may in fact
measure proliferation of ductal adenocarcinoma cells
relative to the decline in acinar cells, a change that may
also be accompanied by an increase in desmoplastic
tissue. In addition, the cell specificity of miR-196a to-
gether with the observation of its high concentration in
various PDAC cell lines (16 ) suggests that this miRNA
may be an excellent target candidate for the development
of PDAC therapeutics. In the future, it will be important
to understand what cellular pathways are affected by
blocking the production of miR-196a in ductal cells.

Another important finding of our end-point RT-
PCR analysis of microdissected pancreatic tissues is the
lack of miR-196a production in PanIN-1b lesions,
which are likely to have a low propensity for progress-
ing into PDAC. In contrast, 60% of PanIN-3 lesions,
which are regarded both genetically and clinically as
high-risk early lesions (36 ), were positive for miR-
196a. The incidence of miR-196a production dropped
to 25% in PanIN-2 lesions, the intermediate type of
pancreatic early lesions. Our data indicate that positiv-
ity for miR-196a production in an FNA is expected to
correlate with either a frank carcinoma or a clinically
important advanced high- or intermediate-risk early
lesion. Most mRNA biomarker data published thus far
do not offer such a sharp distinction between healthy
tissue or benign precursor lesions and carcinoma. We
had also interrogated our training and FNA sets for
specific mRNA biomarkers encoded by the CEACAM6,
BIRC5, MUC4, and PLAUR genes (5, 14, 15, 37– 40 ).
Although comparison of the mean concentrations of
mRNAs encoded by CEACAM6, BIRC5, MUC4, and
PLAUR for frozen samples of normal, chronic pancre-
atitis, and PDAC tissues demonstrated a general up-
regulation of these genes in PDAC, an analysis of these
genes’ expression in individual samples revealed no
clear segregation of these experimental groups for ei-
ther the frozen or FNA sets (data not shown). This
observation indicates the superior specificity of
miRNA biomarkers and suggests that longer mRNA
species, which are more sensitive to RNA degradation,
may not be as robust as miRNAs for diagnostic proce-
dures with such challenging clinical samples as FNAs or
formalin-fixed paraffin-embedded tissue blocks.

For the 3 non-PDAC FNA samples analyzed in this
study, the individual patterns of miRNA production de-

pended on the interrogated marker. Combining miR-
196a with miR-217 allowed us to confirm that the FNA-8
sample, which was suspected to be from a carcinoma, was
in fact a PDAC sample (Fig. 3). The pattern of miRNA
production generated for FNA-13, which was from a case
initially diagnosed as “atypical,” indicated a disease status
intermediate between chronic pancreatitis and a healthy
pancreas. We also observed that FNA-12, from the car-
cinoma of endocrine pancreas, could be easily dis-
tinguished from a PDAC sample with the difference in
production of miR-196a and miR-217 (miR-196a Ct �
miR-217 Ct) alone. These results demonstrate that pro-
files of miRNA production can aid in the pathologic eval-
uation of suspicious cases and may become a valuable
asset in obtaining a definitive diagnosis of PDAC. Addi-
tional studies are needed to retrospectively analyze ar-
chived formalin-fixed paraffin-embedded samples and
prospectively evaluate the utility of the use of miR-196a
and miR-217 in conjunction with the EUS-FNA proce-
dure to complement the current standard histologic and
cytologic diagnosis of pancreatic diseases.
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