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BACKGROUND AND AIMS: Precise diagnostic biomarkers are
urgently required for pancreatic ductal adenocarcinoma
(PDAC). Therefore, the aim of this study was to identify PDAC-
specific exosomal microRNAs (Ex-miRs) from pancreatic juice
(PJ) and evaluate their diagnostic potential. METHODS: Exo-
somes in PJ and serum were extracted using ultracentrifugation
and confirmed morphologically and biochemically. PDAC-
specific Ex-miRs were identified using our original miR ar-
rays, in which “Ex-miRs derived from the PJ of patients with
chronic pancreatitis (CP)” were subtracted from Ex-miRs
commonly expressed in both “human PDAC cell lines” and
“the PJ of patients with PDAC.” We verified the expression of
these miRs using quantitative real-time reverse transcription
polymerase chain reaction. Changes in serum Ex-miR levels
were assessed in 2 patients with PDAC who underwent curative
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resection. In situ hybridization was performed to directly
visualize PDAC-specific miR expression in cancer cells.
RESULTS: We identified novel Ex-miR-4516 and Ex-miR-4674
from the PJ of patients with PDAC, and they showed 80.0%
and 81.8% sensitivity, 80.8% and 73.3% specificity, and 90.9%
and 80.8% accuracy, respectively. The sensitivity, specificity,
and accuracy of a triple assay of Ex-miR-4516/4674/PJ
cytology increased to 93.3%, 81.8%, and 88.5%, respectively.
In serum samples (n ¼ 88), the sensitivity, specificity, and ac-
curacy of Ex-miR-4516 were 97.5%, 34.3%, and 68%, respec-
tively. Presurgical levels of serum-derived Ex-miR-4516 in 2
patients with relatively early disease stages declined after
curative resection. In situ hybridization demonstrated that Ex-
miR-4516 expression exclusively occurred in cancer cells.
CONCLUSION: Liquid assays using the in situ-proven Ex-miR-
4516 may have a high potential for detecting relatively early-
stage PDAC and monitoring its clinical course.
Keywords: Exosomes; Extracellular Vesicles; Cancer Early
Detection; Liquid Biopsy
Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a ma-
lignant tumor with extremely poor prognosis and a

5-year survival rate of 9%,1 which is attributed to diffi-
culties in early disease detection.2,3 However, the reported
survival rate for stage 0 intraepithelial pancreatic cancer
and tumors with a diameter �1 cm is >80%; thus, early
diagnosis using precise biomarkers is essential for
improving PDAC prognosis.4

Currently, carcinoembryonic antigen (CEA), a glycopro-
tein, and carbohydrate antigen 19-9 (CA19-9), a glycan an-
tigen, are tumor markers for PDAC in clinical practice.
Although CA19-9 is the most specific diagnostic marker for
PDAC, its overall sensitivity is 70%–90%.5 Further, the
usefulness in early PDAC diagnosis is limited because it has
a sensitivity of 4.7%–55.6%4,6 and 50%7 for stage I PDAC
and tumors with a diameter �2 cm, respectively. Regarding
the sensitivity of pancreatic juice (PJ) pancreatic juice
cytology (PJC) for PDAC, the reported sensitivity before
brushing is 21.3% and that after brushing is 48.8% and
65.8%.8,9 Moreover, the obtained results are not always
satisfactory and inter-institutional disparity is another ma-
jor issue.

Exosomes are lipid-bilayer-enclosed extracellular vesi-
cles with a diameter of 50–150 nm.10,11 They contain
nucleic acids and proteins, which mediate intercellular
communication.10,12,13 In the case of tumor-derived exo-
somes, intra-exosomal contents are believed to enrich
tumor-specific genomic information.14,15 Therefore, they
can be highly useful as tumor markers. Currently, serum
microRNA (miR) and circulating tumor cells are under
consideration in developing promising assays for early
detection of PDAC; however, further research is required to
determine the practical application of these biomarkers.16
The aims of this study were to identify PDAC-specific
exosomal microRNAs (Ex-miRs) from PJ, found in direct
contact with PDAC in the pancreatic duct, and evaluate their
diagnostic potential against known tumor markers and PJC.
Material and Methods
Patients and Samples

This study was designed as an observational study; it was
approved by the Ethical Committee of Kurume University
(Kurume, Japan) (Study registration no: 351) and Yanagawa
Hospital (Yanagawa, Japan), was conducted according to the
Ethical Guidelines for Human Genome/Gene Research enacted
by the Japanese Government, and adhered to the recommen-
dations specified in the Declaration of Helsinki. Interventional
approaches were not applied in this study. Written informed
consent for the use of PJ and serum was obtained from all
patients and healthy donors (HDs) prior to specimen collection,
and planned analyses regarding early diagnostic markers for
pancreatic cancer were disclosed. Patient eligibility criteria
were age 20 or older, written consent, histologically verified
malignant tumors (PDAC, hepatocellular carcinoma (HCC), and
colorectal cancer (CRC)), chronic pancreatitis (CP) and intra-
ductal papillary mucinous neoplasm (IPMN) with no tumor
development during the 12-month observation, and negative
medical history for any other malignant disease. HD eligibility
criteria were age 20 or older, written consent, and negative
medical history for any malignant disease. After PJ and blood
collection, the PJ and serum samples were first utilized for
assessing PJC and blood biochemistry, respectively. The sam-
ples remaining after these tests were used for further analyses.
Eighty patients who visited Kurume University Hospital (Kurume,
Japan) and Yanagawa Hospital from January 2018 to January
2021 were enrolled in this study (Table A1). Fifty patients had
PDAC, 12 had CP, 4 had IPMN, 8 had HCC, and 6 had CRC. Eight
HD patients were also included in this study. PJ samples obtained
from 15 patients with PDAC and 11 patients with CP (Table 1)
through endoscopic retrograde cholangiopancreatography
(ERCP) were used to assess the diagnostic values of PDAC-
specific Ex-miRs. The serum analysis of miRs included 75 cases
(40 PDAC and 35 non-PDAC) (Table 1). The non-PDAC group
included 9 CP, 4 IPMN, 8 HCC, 6 CRC, and 8 HD cases.

PJ and Serum Samples
PJ collected at the time of ERCP or from the endoscopic

nasobiliary drainage tube was used as a specimen. Serum was
simultaneously obtained from patients within 2 days before and
after PJ collection. Both samples were stored at �80 �C until use.

Cell Lines and Culture Conditions
The following human PDAC cell lines were used: PANC-1

(American Type Culture Collection (ATCC, Manassas, VA, USA)
CRL-1469), BxPC-3 (ATCC CRL-1687), and MIA PaCa-2 (ATCC
CRL-1420). All cell lines were cultured in Dulbecco’s modified
Eagle medium (DMEM) (Wako, Osaka, Japan) supplemented
with 10% heat-inactivated (56 �C, 30 min) exosome-depleted
fetal bovine serum (System Biosciences, Palo Alto, CA, USA),
100 units/mL penicillin, and 100 mg/mL streptomycin (Nacalai
Tesque, Kyoto, Japan) at 37 �C in a humidified atmosphere



Table 1. Characteristics of Patients Included for PJ-Based Diagnosis and Serodiagnosis

PJ-based diagnosis PDAC (n ¼ 15) CP (n ¼ 11) P value

Age, y [median (range)] 70 (55–83) 64 (41–91) .81

Gender, male/female 9/6 9/2 .39

Location, head/body/tail 9/4/2 – –

TS, TS1/TS2/TS3/TS4 3/8/4/0 – –

Stage, 0/I/II/III/IV 0/0/6/3/6 – –

T factor, 1/2/3/4 0/0/10/5 – –

N factor, 0/1 6/9 – –

M factor, 0/1 9/6 – –

CEA, ng/mL [median (range)] 3.5 (1.8–33.5) 3.9 (1.8–7.7) .26

CA19-9, U/mL [median (range)] 271 (<1.0–>12,000) 10.3 (<2.0–65.1) .04

PJC, positive/negative/none 9/2/4 0/11/0 <.0001

Serodiagnosis PDAC (n ¼ 40) Non-PDAC* (n ¼ 35) P Value

Age, y [median (range)] 65.5 (45–83) 63 (34–91) .22

Gender, male/female 19/21 22/13 .18

Location, head/body/tail 22/14/4 – –

TS, TS1/TS2/TS3/TS4 8/25/6/1 – –

Stage, 0/I/II/III/IV 0/6/8/4/22 – –

T factor, 1/2/3/4 4/2/18/16 – –

CEA, ng/mL [median (range)] 4.95 (0.4–1381) 4.75 (2–2977) .17

CA19-9, U/mL [median (range)] 118 (<1.0–26,312) 23.25 (<2.0–2015) .05

non-PDAC*: CP: n ¼ 9, HD: n ¼ 8, IPMN: n ¼ 4, HCC: n ¼ 8, CRC: n ¼ 6.
CA19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; CP, chronic pancreatitis; CRC, colorectal cancer; HCC,
hepatocellular carcinoma; HD, heathy donor; IPMN, intraductal papillary mucinous neoplasm; PDAC, pancreatic ductal
adenocarcinoma; PJC, pancreatic juice cytology; TS, tumor size.
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containing 5% CO2. Cells were used within 3–8 passages after
recovery from frozen stocks. Cell passages were performed at
the 70%–80% confluent state. Negative test results for myco-
plasma contamination were ascertained in all cell lines in our
study using LookOut® Mycoplasma PCR Detection Kit (Sigma-
Aldrich, Saint Louis, MO, USA).

Isolation and Characterization of Exosomes
Exosomes were isolated from PJ by ultracentrifugation only

for transmission electron microscopy (TEM) and nanoparticle
tracking analysis (NTA).17 Briefly, 2 mL of PJ was filtered
through a 0.8 mm filter and the filtrate was added to an equal
volume of 5% glutaraldehyde. The solution was mixed by
inversion and then fixed for 1 h at 4 �C. The mixture was
centrifuged at 300 � g for 10 min at 4 �C, followed by centri-
fugation at 2000 � g for 10 min at 4 �C to discard cellular
debris. Then, the supernatant was centrifuged at 10,000 � g for
30 min at 4 �C to remove the remaining debris. Thereafter, the
supernatant was ultracentrifuged at 100,000 � g for 90 min at
4 �C. Next, the exosome pellet was washed in 500 mL 1X
phosphate-buffered saline (PBS), followed by ultracentrifuga-
tion at 100,000 � g for 90 min at 4 �C. The supernatant was
discarded, and pelleted exosomes were solidified by adding 15
mL of 1% agar for TEM and resuspended in 50 mL of PBS for
NTA. Both samples were stored at 4 �C until analysis the next
day. Otherwise, exosomes were isolated from PJ and serum
using the exoEasy Maxi Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s protocol. Upon reaching 70%–80%
cell confluence, exosomes were extracted from cell lysate
similarly. Exosomes used for RNA extraction were resuspended
in 500 mL of TRIzol Reagent (Invitrogen/Life Technologies,
Carlsbad, CA, USA) and then stored at �80 �C. Exosomes used
for protein extraction were resuspended in 5X RIPA buffer
(Pierce, Rockford, IL, USA) containing protease inhibitor cock-
tail (Nacalai Tesque, Kyoto, Japan) and Halt phosphatase in-
hibitor cocktail (Pierce, Rockford, IL, USA) and then stored
at �20 �C. To confirm the presence of exosomes in liquid
samples, common protein markers for exosomes, including
CD9, CD63, CD81, and HSP70, were assessed using western
blotting, as previously described.17

Isolation of Total RNA
Total RNA (including the miRs) was isolated from 1 mL of

PJ or serum using TRIzol Reagent (Invitrogen/Life Technolo-
gies, Carlsbad, CA, USA) and purified using the miRNeasy Mini
Kit (QIAGEN) according to the manufacturer’s instructions.
RNA samples were quantified using an ND-1000 spectropho-
tometer (NanoDrop Technologies, Wilmington, DE, USA), and
their quality was confirmed using the Agilent 4200 TapeStation
(Agilent Technologies, Santa Clara, CA, USA).

Microarray Analysis of miR Expression
A total of 100 ng total RNA from each sample was labeled

using a FlashTag� Biotin HSR RNA Labeling Kit and hybridized
to the Affymetrix GeneChip® miRNA 4.0 Array according to the
manufacturer’s instructions. All hybridized microarrays were
scanned using an Affymetrix scanner. Relative hybridization
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intensities and background hybridization values were calcu-
lated using Affymetrix Expression Console�. We processed the
raw CEL files for gene-level analysis with median polish sum-
marization and quantile normalization using Affymetrix®
Transcriptome Analysis Console Software and obtained
normalized intensity values. To identify the upregulated or
downregulated genes, we calculated ratios (nonlog-scaled fold
change) from the normalized intensities of each gene for
comparisons between control and experiment samples. Then,
we established criteria for regulated genes: upregulated genes,
ratio �2.0-fold; downregulated genes, ratio �0.5.

Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)

For qRT-PCR analysis, complementary DNA was generated
from total RNA using the TaqMan® MicroRNA Reverse Tran-
scription Kit (Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s protocols. Real-time PCR was then per-
formed using the TaqMan® FAST Advanced Master Mix (Applied
Biosystems) with technical triplicates on a StepOnePlusTM Real-
Time PCR System (Applied Biosystems). Relative quantification of
gene expression was performed using the 2-DDCT method18 in
StepOne Software 2.0 (Applied Biosystems). Hsa-miR-6858-5p,
the miR showing the least variation in the microarray data
(when examining PJ and serum), and U6 (when examining the cell
culture supernatants) were used as the reference for raw data
normalization. The primer sequences used are listed in Table A2.

In Situ Hybridization (ISH)
ISH was performed using an ISH Reagent Kit (GenoStaff,

Tokyo, Japan) according to the manufacturer’s instructions.
Tissue sections were deparaffinized with G-Nox (Nippon Ge-
netics, Co, Ltd, Tokyo, Japan) and rehydrated using an ethanol
series and PBS. The sections were then fixed with 10% neutral
buffered formalin for 30 min at 37 �C, washed in distilled water,
placed in 0.2% HCL for 10 min at 37 �C, washed in PBS, treated
with 10 mg/mL Proteinase K (Fujifilm, Tokyo, Japan) in PBS for
10 min at 37 �C, and washed in PBS. The sections were then
heat-treated in PBS for 10 min at 95 �C, cooled immediately in
PBS at room temperature (RT), and placed in a Coplin jar
containing 1� G-Wash (GenoStaff), which was equal to 1� SSC
buffer. Hybridization was performed with 250 nM of probes in
G-Hybo-L (GenoStaff) for 16 h at 40 �C. The hybridization se-
quences used were as follows: 5ʹ-GGGAGAAGGGUCGGGGC-3ʹ
(miR-4516), 5ʹ-CUGGGCUCGGGACGCGCGGCU-3ʹ (miR-4674),
and 5ʹ-GTGTAACACGTCTATACGCCCA-3ʹ (scramble) (QIAGEN).
After hybridization, the sections were washed 3 times with
50% formamide in 2� or 0.5� G-Wash for 30 min at 40 �C and
5 times in 0.1% Tween 20 in Tris-buffered saline (TBST) at RT.
After treatment with 1� G-Block (GenoStaff) for 15 min at RT,
the sections were incubated with anti-DIG AP conjugate (Roche,
Basel, Switzerland) diluted 1:2000 with G-Block (diluted 1/50)
in TBST for 1 h at RT. The sections were then washed twice in
TBST and incubated in 100 mM NaCl, 50 mM MgCl2, 0.1%
Tween 20, and 100 mM Tris-HCl at pH 9.5. Color reactions were
performed with nitroblue tetrazolium/5-bromo-4-chloro-3-
indolyl-phosphate solution (Sigma-Aldrich), followed by
washing in PBS. The sections were counterstained with Ker-
nechtrot Stain Solution (Muto Pure Chemicals, Co, Ltd, Tokyo,
Japan), and mounted with G-Mount (GenoStaff), followed by
Malinol (Muto Pure Chemicals). Images were obtained using a
NanoZoomer S210 Digital slide scanner (C13239-01, Hama-
matsu Photonics, Hamamatsu, Japan) and NDP.view 2 Plus
Viewing software (U12388-02, Hamamatsu Photonics).

Cell Transduction With miR-4516 Inhibitor
PANC-1 cells were transduced with copepoda green fluores-

cence protein control lentiviral particles (Catalog No. SC-108084)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) or LentimiRa-Off-
hsa-miR-4516 Virus (Catalog No. mh36516) (Applied Biological
Materials, Richmond, BC, Canada) according to the manufacturer’s
instructions. Briefly, 1 � 104 cells were seeded and cultured
overnight in a 10% serum-containing medium. After 24 h, the
medium was changed to Stemline (Thermo Fisher Scientific,
Waltham, MA, USA) containing the transduction agent TransDux
(Catalog No. LV850A-1) (Systems Biosciences, Palo Alto, CA, USA)
and either LentimiRa-Off-has-miR-4516 Virus or copepoda green
fluorescence protein control lentiviral particles were added to the
cells overnight according to manufacturer’s protocol. After 3 days
of incubation, green fluorescence protein expression was
confirmed by microscopy, and puromycin treatment (1 mg/mL)
(Invitrogen) was applied to establish stably transduced cells.
Single-cell clones with green fluorescence protein expression were
isolated under continuous puromycin treatment. miR-4516
expression was then determined using qRT-PCR.

Cell Proliferation Assay
PANC-1 cells transduced with miR-4516 inhibitor and scram-

bled miR (control) were plated onto 96-well plates at a density of
3� 103 cells/well and incubated in amedium containing 10%FBS
at 37 �C for 12 h. Subsequently, the cell proliferation rates were
determined using Cell Count Reagent SF (Nacalai Tesque, Kyoto,
Japan) according to the manufacturer’s protocol.

Statistical Analyses
All statistical analyses were performed using JMP Pro 16

software (SAS Institute Inc, Cary, NC, USA). Receiver operating
characteristic (ROC) curves were constructed using each miR
expression value. The area under the curve (AUC) and sensitivity
and specificity values were calculated to evaluate the diagnostic
potential of the candidate miRs. Statistically significant differ-
ences were assessed using unpaired Student’s t-tests. All exper-
imental data were expressed as mean � standard deviation, and
P < .05 indicated statistically significant differences.
Results
Identification of Exosomes in PJ

The presence of exosomes in PJ from patients with PDAC
and CP was morphologically confirmed via TEM (Figure 1A)
and NTA (Figure 1B). Approximately 100 nm-sized, round-
shaped, double membrane-enclosed vesicles were observed by
TEM, and they were consistent with the typical exosome
structure (Figure 1A). NTA showed that the mean mode size
(�standard deviation) and particle concentration of PJ-derived
exosomes were 109.2� 6.0 nm and 2.62� 1011 particles/mL,
respectively (Figure 1B). Successful purification of exosomes
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Figure 1. Characterization of PJ-derived exosomes and overview of the PDAC-specific Ex-miR identification process. (A) TEM
showing the ultrastructural appearance of PJ-derived exosomes from patient CP-3. Arrowheads indicate exosomes. (B) NTA
showing the size distribution of PJ-derived exosomes from patient CP-3. The black line represents the mean of 5 experiments,
and the red line indicates the standard deviation. (C) Exosomes isolated from PJ were analyzed by western blotting using
antibodies against exosomal markers, including CD9 (28 kDa), CD63 (53 kDa), CD81 (26 kDa), and HSP70 (53–70 kDa). A
representative image of western blot analysis using samples obtained from patients PDAC-2 and CP-3 is shown. (D) Venn
diagram representing a compartment of the identified PDAC-specific Ex-miRs. (E) Heat map of the miR array analysis depicts
the top 15 most upregulated Ex-miRs. The samples are cell culture supernatants from 3 PDAC cell lines and PJ from 4 patients
with PDAC and 3 patients with CP. (F) qRT-PCR analysis reveals the Ex-miR-4484, Ex-miR-6800-5p, Ex-miR-4516, Ex-miR-
3940-5p, Ex-miR-3621, Ex-miR-149-3p, Ex-miR-4674, and Ex-miR-3656 expression in the supernatants of PDAC cell lines
(n ¼ 3) and PJ of PDAC (n ¼ 4) and CP cases (n ¼ 2). Relative values normalized to those for the control miR-6858-5P are
expressed as fold-changes compared with those in patient CP-1. The results are presented as mean � SD. CP, chronic
pancreatitis; Ex, exosome; miR, microRNA; NTA, nanoparticle tracking analysis; PDAC, pancreatic ductal adenocarcinoma;
PJ, pancreatic juice; TEM, transmission electron microscopy.
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was confirmed by western blotting of exosome-specific
proteins, such as CD9, CD63, CD81, and HSP70 (Figure 1C).
Identification of Novel PDAC-Specific Ex-miR-
4516 and Ex-miR-4674 From PJ

Figure 1D shows the Venn diagram illustrating our
original method. We identified the top 15 most upregulated
Ex-miRs in PDAC (Figure 1E and Table A2). To validate the
reproducibility of these miRs, we performed qRT-PCR and
confirmed the expression of 8 out of 15 miRs (Figure 1F).
Subsequently, we identified novel Ex-miR-4516 and Ex-miR-
4674 as candidates for PDAC-specific Ex-miRs.

Diagnostic Potential of Ex-miR-4516 and Ex-miR-
4674 in PJ

To evaluate the diagnostic value of PJ-derived Ex-miR-
4516 (PJ-Ex-miR-4516) and Ex-miR-4674 (PJ-Ex-miR-
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4674), the miR expression levels were evaluated using qRT-
PCR in 26 samples (15 and 11 samples of PJ from patients
with PDAC and CP, respectively). As shown in Figure 2A, PJ-
Ex-miR-4516 expression was significantly higher in the
PDAC group than in the CP group (P < .001). PJ-Ex-miR-
4674 showed a trend similar to that of PJ-Ex-miR-4516,
but the observed difference was not significant (P ¼ .058)
(Figure 2B). ROCs were generated, and the sensitivity,
specificity, and accuracy were determined. The AUCs for PJ-
Ex-miR-4516 and PJ-Ex-miR-4674 were 0.82 (P ¼ .0026)
and 0.78 (P ¼ .1657) (Figure 2C and D), respectively. PJ-Ex-
miR-4516 and PJ-Ex-miR-4674 showed 80% and 81.8%
sensitivity, 80.8% and 73.3% specificity, and 90.9% and
80.8% accuracy, respectively. The sensitivity, specificity,
and accuracy percentages of the combination of PJ-Ex-miR-
4516/4674/PJC increased to 93.3%, 81.8%, and 88.5%,
respectively (Table 2).
Diagnostic Potential of Ex-miR-4516 in Serum
To determine the potential of PJ-derived PDAC-specific

miRs for PDAC serodiagnosis, qRT-PCR was preliminarily
performed using serum samples from 4 to 5 patients with
PDAC and CP, respectively, whose PJ and serum were
simultaneously collected. In 2 of 4 patients with PDAC, high
levels of Ex-miR-4516, but not Ex-miR-4674, were detected
in both the PJ and serum samples, whereas in the patients
with CP, Ex-miR-4516 was not found (Figure 3A and B). Ex-
miR-4516 expression before and after radical resection in 2
patients with PDAC was determined to identify high
expression levels of Ex-miR-4516 in both PJ and serum. The
clinical backgrounds of the 2 cases are presented in
Table A3 and Figure A1A–F. In these 2 cases, the PJ-Ex-miR-
4516 and serum-derived Ex-miR-4516 (S-Ex-miR-4516)
expressional levels before surgical resection were elevated,
although PJC showed no obvious malignancy. Notably, S-Ex-



Table 2. Diagnostic Value of PJ-Ex-miR-4516, PJ-Ex-miR-4674, Pancreatic Juice Cytology, and S-Ex-miR-4516 in
Pancreatic Ductal Adenocarcinoma

Variables TP FN FP TN Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%)

PJ-Ex-miR-4516 12 3 2 9 80 81.8 80.8 85.7 75

PJ-Ex-miR-4674 11 4 1 10 73.3 90.9 80.8 91.7 71.4

PJ-Ex-miR-4516/4674 13 2 2 9 86.7 81.8 84.6 86.7 81.8

PJC 8 3 0 11 72.7 100 86.4 100 78.6

PJ-Ex-miR-4516/PJC 13 2 2 9 86.7 81.8 84.6 86.7 81.8

PJ-Ex-miR-4674/PJC 14 1 1 10 93.3 90.9 92.3 93.3 90.9

PJ-Ex-miR-4516/4674/PJC 14 1 2 9 93.3 81.8 88.5 87.5 90

S-Ex-miR-4516 39 1 23 12 97.5 34.3 68 62.9 92.3

Ex, exosome; FN, false negative; FP, false positive; NPV, negative predictive value; PJ, pancreatic juice; PJC, pancreatic
juice cytology; PPV, positive predictive value; S, serum; TN, true negative; TP, true positive.
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miR-4516 was markedly decreased at 22 months post-
resection in Case 1 (P < .001) (Figure 3C) and the serum
value declined at 4 months postresection in Case 2 (P < .001)
(Figure 3D). As the presurgical levels of S-Ex-miR-4516 in
patients at a relatively early disease stage decreased after
curative resection, a serum assay for Ex-miR-4516 may be
used for disease detection and treatment effect monitoring.

To confirm the diagnostic ability of S-Ex-miR-4516, qRT-
PCR was performed using sera from patients with PDAC, CP,
IPMN, HCC, CRC, and HD. All non-PDAC patients were
defined as the non-PDAC group. As shown in Figure 3E, the
expression level of S-Ex-miR-4516 was significantly higher
in the PDAC group than in the non-PDAC group (P < .0001).
Next, the ROC curve was generated, and the sensitivity,
specificity, and accuracy were determined. S-Ex-miR-4516
had an AUC of 0.67 (P < .0001) (Figure 3F) and sensitivity,
specificity, and accuracy of 97.5%, 34.3%, and 68%,
respectively (Table 2). The positive rate of S-Ex-miR-4516
by stage was as follows: Stage 0/I 100% (6/6); Stage II
100% (8/8); Stage III 100% (4/4), and Stage IV 95.5% (21/
22) (Table A4). S-Ex-miR-4516 expression was significantly
higher in the patients with PDAC than in those with CP (P ¼
.01) and patients with IPMN (P < .001), suggesting that the
miR has potential usefulness in the differential diagnosis of
PDAC from other inflammatory diseases and benign neo-
plasms of the pancreas (Figure 3G). S-Ex-miR-4516 had an
AUC of 0.66 (P < .0001) (Figure 3H) and sensitivity, spec-
ificity, and accuracy of 30%, 100%, and 47.2%, respectively.
Distribution of miR-4516 and miR-4674 in Resec-
ted PDAC Tissue

The high miR-4516 and miR-4674 expression in PJ-
derived exosomes from patients with PDAC prompted us
to perform an ISH analysis in the resected tumor specimen
of the patient PDAC-4. The results revealed high expression
of miR-4516 exclusively in cancer cells (Figure 4A) and
much weaker expression of miR-4674 (Figure 4B). These
findings strongly suggest that both miRs were produced and
secreted from PDAC cells in vivo and that miR-4516 was
abundant enough to be secreted into the blood flow in
patients with PDAC. Indeed, in Case 1 (PDAC-4), Ex-miR-
4516 was highly expressed in both PJ and serum, whereas
Ex-miR-4674 was faintly expressed in both samples.
Functional Analysis of miR-4516 in PDAC Cells
In PANC-1 cells, miR-4516 was functionally suppressed

using its inhibitor (Figure 5A). The inhibitor-treated cells
showed a significantly decreased proliferative ability than
that of the untreated cells (Figure 5B). A comprehensive
gene analysis was then performed between the 2 cell groups
to explore the genes targeted by miR-4516. The genes
regulating cancer progression and metastasis, including
EGR1, DHRS3, and SOX21, were found to be the targets of
miR-4516 (Table A5).
Discussion
We successfully identified 2 PDAC-specific miRs in the

exosomes of PJ from patients with PDAC. These 2 miRs were
determined using ISH to be expressed specifically in cancer
cells and were also detected in serum-derived exosomes
obtained from patients. Notably, the levels of Ex-miR-4516
in serum exosomes were decreased after curative resec-
tion of relatively early-stage (stage II) PDAC, suggesting its
potential for disease diagnosis as well as therapeutic effi-
cacy monitoring.

In PDAC, althoughGLYPICAN-110 andKRASmutations19 in
serum exosomes as well as several miRs, including known PJ-
derived Ex-miRs,20 have shown diagnostic value, their use-
fulness in clinical practice is yet to be confirmed. The diffi-
culty in identifying PDAC-specific biomarkers for clinical use
prompted us to use exosome-containing PJ derived from
PDAC tissues. Another unique aspect of this studywas the use
of exosome-containing supernatants from human PDAC cell
lines. These supernatants facilitated the exclusion of
contamination by unwanted exosomes secreted from stromal
cells in and around the PDAC tissues. Eventually, novel PDAC-
specific Ex-miRs were identified in our original sets of sam-
ples coupled with miR array analysis, in which “Ex-miRs
derived from the PJ of 3 patients with CP” were subtracted
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768 Sakaue et al Gastro Hep Advances Vol. 3, Iss. 6
from the miRs commonly expressed in both “Ex-miRs
secreted from 3 human PDAC cell lines” and “Ex-miRs
derived from the PJ of patientswith 4 PDAC.”This subtraction
may exclude miRs, which are elevated in both PDAC and CP
and are important for PDAC. However, high specificity was
obtained by seeking commonalities with miRs secreted from
cultured pancreatic cancer cells. Therefore, we believe that
the method employed is among the best to achieve a balance
between sensitivity and specificity.
ISH for Ex-miR-4516 and Ex-miR-4674 directly demon-
strated that the 2 miRs were produced exclusively by PDAC
cells. Further, the higher expression of Ex-miR-4516 than
that of Ex-miR-4674 clearly explained why Ex-miR-4516
could be quantified in the serum exosomes of patients
with PDAC. A drastic decrease in the levels of Ex-miR-4516
after curative surgery for PDAC was also indicated by the
ISH findings. As ISH for miRs of interest in PDAC tissues is a
strong technique to directly prove miR production,21 it
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should be performed more frequently when validating the
potential of serum biomarkers, including Ex-miRs.

The discovery of 2 specific Ex-miRs for PDAC cells
encouraged us to compare their diagnostic potential using
biopsy and PJC. Currently, pathological diagnosis using EUS-
guided fine-needle aspiration (EUS-FNA) and PJC under
ERCP is considered necessary for PDAC diagnosis.22 If a
mass-like lesion is found upon imaging, EUS-FNA is useful.
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However, in minute cancer-suspected cases showing only
dilatation of the main pancreatic duct, ERCP is recom-
mended, followed by optional PJC.22 EUS-FNA has the
highest sensitivity and specificity, with an integrated
sensitivity of 85%–89% and an integrated specificity of
95.8%–98% in meta-analyses.23–26 However, it may cause
needle-tract seeding of tumor cells, leading to tumor
recurrence after curative resection.27 However, ERCP shows
a low sensitivity of 21.3% in ordinary PJC and 48.8% and
65.8% in cytology when the brush is rubbed back and
forth.8,9 The variations in cytological diagnosis are largely
dependent on the skills and methods of endoscopists and
examiners when they collect and process PJ samples.28

Therefore, we considered that additional application of Ex-
miR-4516 and Ex-miR-4674 to PJC might increase the
diagnostic accuracy for PDAC. Indeed, in our retrospective
analysis, the combination of measuring Ex-miRs from only 1
mL of PJ along with brushing PJ cytology demonstrated high
sensitivity (>90%), specificity (w90%), and accuracy
(w90%). Although the actual diagnostic merit should be
assessed in larger prospective cohorts, the future availabil-
ity of the combination assay may be proposed at least in
cases that are unsuitable for EUS-FNA. In this study, false-
negative results were observed in 2 cases, including a case
of PDAC-5 with pancreatic mucinous carcinoma. The false
negativity could be attributed to the low amount of
exosome-derived RNA due to the small amount of PDAC
cells and the heterogeneous distribution of exosomes in
mucus-rich PJ may decrease the PCR efficiency. Two pa-
tients with CP and without PDAC showed elevated Ex-miR-
4516 levels in this study. We, thus, considered the possi-
bility of occult PDAC, and therefore suggest that they be
followed up strictly.

Regarding the serological diagnosis of PDAC, the poten-
tial of Ex-miR-4516 was promising in this study. Its strong
expression and high specificity in PDAC cells may provide a
basis for its diagnostic capacity. Serum CA19-9 is frequently
used in the current clinical practice; however, this marker is
affected by sialyl-Lewis A negativity and obstructive jaun-
dice. Therefore, serum Ex-miR-4516 can widen the target
patients and contribute to health checkups and physical
examinations as an alternative biomarker in the future. As
various issues need to be solved before its application to
disease screening, we are currently conducting a prospec-
tive study using a larger number of patients with PDAC.

Among the identified miRs, it is currently difficult to use
miR-4674 for serodiagnosis. Therefore, functional analysis
of miR-4516 was attempted. As for the functions of miR-
4516 in cancer, previous reports have demonstrated its
involvement in cancer cell proliferation, invasion, and anti-
apoptosis, contributing to the infiltrative growth of
tumors.29–32 Conversely, its roles as a tumor suppressor
have also been reported, and it has been shown to decrease
cell proliferation, inhibit cell migration and invasion, and
promote cell apoptosis.33,34 However, its expression and
function in PDAC remain largely unknown. Our gene-
silencing experiment in PANC-1 cells (Figure 5A and B)
suggests that miR-4516 is involved in cancer progression
and metastasis35–47 (Table A5). Interestingly, EGR1 was
identified as one of the target genes of miR-4516, whose
putative role reportedly enhances the perineural invasion of
PDAC cells.37

There are a few limitations in this study. First, a few
patients with PDAC, including those with early PDAC, were
enrolled in this study. Further, considering the potential
tumor-promoting role of miR-4516 in other cancers,
including glioblastoma29 and breast cancer,33 future vali-
dation studies with larger sample sizes are needed. The
second limitation is that no testing was performed for the
diagnostic utility of Ex-miR-4516 and Ex-miR-4674 in sialyl-
Lewis A negative cases that are negative for CA19-9. Third,
we included only those miR biomarkers that were signifi-
cantly up-regulated in patients with PDAC compared to
controls. However, it is important to recognize that this
approach may lead to the missing of down-regulated can-
didates that may have other potential biological or clinical
implications. Fourth, the functional analysis of PDAC-
specific Ex-miRs was not fully completed. Therefore, its
actual target genes and cells remain to be uncovered. Based
on the Kaplan-Meier curves generated using The Cancer
Genome Atlas database, both miR-4516 and miR-4674
appear to be promising biomarkers for poor prognosis
(Figure A2A and B). Future studies on metastasis, apoptosis,
and necrosis by miR inhibition will be conducted.

In conclusion, the 2 newly identified miRs specific to
PDAC may increase tumor diagnostic accuracy when com-
bined with PJC. Ex-miR-4516, which is highly expressed in
cancer cells in PDAC tissues, has the potential for use in
liquid assays using PJ as well as serum from patients with
PDAC (published patent application number PCT/JP2021/
026,597). As the target genes of Ex-miR-4516 may critically
regulate PDAC cell behavior, including proliferation, further
translational research is necessary to establish a novel
therapeutic approach for tumor elimination.
Supplementary Materials
Material associated with this article can be found, in the

online version, at https://doi.org/10.1016/j.gastha.2024.04.
011.
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