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Comparative proteomic analysis identifies exosomal Eps8 protein
as a potential metastatic biomarker for pancreatic cancer
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Abstract. Exosomes are small vesicles found in extracellular
environments including blood, urine, and cell culture medium.
Their contents are cell-type specific, and molecules embedded
in exosomes can be useful fluid-based clinical biomarkers.
To identify proteins with metastatic marker potential, we
conducted a comparative exosomal proteome analysis using
human pancreatic cancer cell lines derived from metastasis,
ascites, and primary tumors. Metastatic potential of cell lines
was assessed by migratory and invasive activities. A pancreatic
cancer cell line from metastasis (SU.86.86) revealed 23-fold
and 20-fold increases in cell migratory and invasive activities,
respectively, compared to the MIA PaCa-2 cell line derived
from primary tumor cells. Liquid chromatography-mass
spectrometry-based proteome analysis and subsequent
validation by immunoblot analysis revealed that epidermal
growth factor receptor pathway substrate 8 (Eps8) was highly
abundant in exosomes from metastasis-derived SU.86.86 cells.
Comparison of 12 pancreatic cancer cell lines derived from
different stages of malignancy revealed a strong relationship
between exosomal Eps8 protein levels and cell motile
activities (migration: r=0.85, P=4.2x10-4; invasion: r=0.60,
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P=3.2x10-2). Conversely, relationships between intracellular
Eps8 protein levels and cell motile activities were moderate
(migration: r=0.65, P=2.0x10-2; invasion: r=0.51, P=9.2x10-2).
It was therefore concluded that exosomal Eps8 protein levels
were correlated with the migratory cell potential of human
pancreatic cancer cells, indicating that exosomal Eps8 has the
potential to be a metastatic biomarker for human pancreatic
cancer.

Introduction

Exosomes are 30-100 nm membranous organelles that are
released from cells into the extracellular microenviron-
ment (1). Exosomes are vesicular carriers for intercellular
communication, and they contain various signaling biomol-
ecules, including proteins, metabolites, RNA, DNA, and
lipids to target cells (2-4). Mass spectrometry and microarray
technologies have been used to perform exosomal biomol-
ecules profiling. These efforts have revealed that exosomal
biomolecule composition varies depending on the cell type
of origin (1,5). Since exosomes are found in biological fluids,
including blood and urine, exosomal biomolecules with
disease specificity are promising targets in liquid biopsies (6).

Cancer diagnosis at an early stage, before it has grown
and spread to other organs by metastasis, is a prerequisite for
successful treatment. Pancreatic cancer is one of the most deadly
cancer forms and the third leading cause of cancer-related deaths
in the United States (7), the EU (8) and Japan (http:/ganjoho.
jp/en/professional/statistics/brochure/2017_en.html). Early
stage pancreatic cancer is difficult to diagnose since it is asymp-
tomatic, making pancreatic cancer particularly challenging to
treat and/or cure (9). In most cases, pancreatic cancer growth
and metastasis have occurred by the time of diagnosis, leading
to the poorest outcomes among the major types of cancer with
a 5-year survival rate of <10% (7). While early diagnosis is
essential for effective pancreatic cancer treatment and/or cure,
there are currently no proven clinical tumor markers for the
early stages of pancreatic cancer. However, recent develop-
ments in molecular profiling technologies have indicated that
proteins and microRNAs identified in exosomes could be
useful as fluid-based diagnostic and prognostic markers for
pancreatic cancer (10,11).
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Cell culture systems have been used for secretome
analyses to identify the extracellular or exosomal proteins and
microRNAs released into the medium (12-14). Using cancer
cells coupled with proteomics- or transcriptomics-based
approaches, we have identified an abundance of polyadenylate
binding protein 1 and let-7 family microRNAs in exosomes
isolated from metastatic duodenal cancer cells (15,16). In the
present study, we aimed to identify pancreatic cancer metastasis.
We performed exosomal proteome analysis using pancreatic
cancer cell lines derived from early (primary tumors), and late
stages (ascites, and metastatic tumors) of tumor progression.
Comparative analyses revealed that epidermal growth factor
receptor pathway substrate 8 (Eps8) protein was abundant in
exosomes derived from metastatic tumors and ascites and that
the amount of exosomal Eps8 was quantitatively correlated
with the in vitro cell migratory activity. These observations
indicating that exosomal Eps8 is a predictive biomarker for
pancreatic cancer metastasis.

Materials and methods

Cell culture. Cell lines used in the present study are listed in
Table I. Cells were maintained in a humidified atmosphere
(37°C, 5% CO,) in RPMI-1640 medium (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany) supplemented with
2 mM L-glutamine (Nissui Pharmaceutical, Co., Ltd., Tokyo,
Japan), 100 U/ml penicillin-100 mg/ml streptomycin, and 10%
heat-inactivated (FBS) (all from Thermo Fisher Scientific,
Inc., Waltham, MA, USA).

Cell migration and invasion assays. Real-time cell analysis
(RTCA) of in vitro cell migratory and invasive activities was
performed using an xCELLigence RTCA DP instrument
(Roche Diagnostics, Indianapolis, IN, USA) as previously
described (15). Samples were analyzed in quadruplicate as
technical replicates. Data analysis was performed using the
RTCA software (version 1.2) supplied with the instrument.

Production and isolation of exosomes. Exosomes were isolated
from the cell culture medium as previously described (15,16).
Briefly, cells were cultured for 48 h at 37°C with 5% CO,
in complete RPMI-1640 medium containing 10% FBS
depleted of contaminating microvesicles by centrifugation at
100,000 x g for 18 h. Culture medium (CM) was collected
and centrifuged at 800 x g for 5 min and at an additional
2,000 x g for 10 min to remove detached cells. The superna-
tant was then filtered through a 0.1-um pore polyethersulfone
membrane filter (Thermo Fisher Scientific, Inc.) to remove
cell debris and large vesicles, then concentrated using a
Centricon Plus-70 with a 100,000-MW cut-off membrane
(EMD Millipore; Billerica, MA, USA). Concentrated CM was
ultracentrifuged at 100,000 x g for 2 h at 4°C using a 70Ti
rotor (Beckman Coulter, Inc., Brea, CA, USA). Resultant
pellets were resuspended in 6 ml phosphate-buffered saline
(PBS) and ultracentrifuged at 100,000 x g for 1 h at 4°C using
a 100Ti rotor (Beckman Coulter, Inc.).

Proteome analysis using mass spectrometry. Exosomal
proteome analysis was performed by LC-MS/MS (liquid chro-
matography-mass spectrometry) as previously described (15,17).
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Proteins (200 ug) from isolated exosomes were dissolved
in lysis buffer containing 7.5 M urea and 2.5 M thio-
urea (both from Sigma-Aldrich; Merck KGaA), 12.5%
glycerol (Chemical Industries, Osaka, Japan), 50 mM Tris,
2.5% n-octyl-p-p-glucoside, 6.25 mM Tris(2-carboxyethyl)
phosphine hydrochloride, and 1.25 mM protease inhibitor (all
from Sigma-Aldrich; Merck KGaA) before being rotated at 4°C
for 60 min. After centrifugation at 14,000 x g for 60 min at 4°C,
the supernatant was fractionated using the Agilent 1200 HPLC
system (Agilent Technologies, Inc., Santa Clara, CA, USA)
with an Intrada WP-RP column (0.46x25 cm, 3-um particle
size and 30-nm pore size; Imtakt, Kyoto, Japan). Collected
fractions were digested with trypsin (Promega Corp., Madison,
WI, USA) and analyzed by LC-MS/MS using a nanoflow
LC-ESI linear ion trap-TOF NanoFrontier L mass spectrom-
eter (Hitachi High-Technologies, Tokyo, Japan). Raw LC-ESI
data were converted to peak list files using NanoFrontier L
Data Processing software (Hitachi High-Technologies). The
peak list files were used for protein identification with the
MASCOT MS/MS ion search (http:/www.matrixscience.
com) and X! Tandem software (http://www.thegpm.org).
Upon peptide sequence annotation, the UniProtKB/Swiss-Prot
database (version 2016_10; Homo sapiens; http:/www.uniprot.
org/statistics/Swiss-Prot) was used with the following param-
eters: enzyme, trypsin or none (when used with the home-made
dataset only); maximum number of missed cleavage, 1; peptide
tolerance, 0.2 Da; MS/MS tolerance, 0.2 Da; variable modi-
fication, oxidation of methionine; and peptide charge, (1+,
2+ and 3+4). All identified proteins with MASCOT threshold
scores < 95% confidence level and peptide numbers <2 were
then removed from the protein list using Scaffold software
(http://www.proteomesoftware.com/products/scaffold/).

Immunoblot analysis. Exosomes and cells were lysed with
7.5 M urea-based lysis buffer as described above. Protein
concentrations were determined by the Bradford assay
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). Proteins
(5 or 10 pg) were subjected to 8% SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and transferred onto an Immobilon-P
polyvinylidene fluoride (PVDF) membrane (0.45-mm pore
size; EMD Millipore). PVDF membranes were blocked for 1 h
at room temperature in Tris-buffered saline (10 mM Tris-HCI,
pH 7.5, 150 mM NaCl) containing 0.01% Tween-20 and 5%
non-fat dried milk (Wako Pure Chemical Industries). Blocked
membranes were then incubated overnight at 4°C with primary
monoclonal antibodies (listed in Table II). Membranes were
then incubated for 1 h at room temperature with anti-mouse IgG
antibodies conjugated with horseradish peroxidase (Table II).
Specific proteins were visualized using an ECL Plus western
blotting detection system (GE Healthcare, Wauwatosa, WI,
USA) and a Fujifilm Luminescent Image Analyzer LAS3000
(Fujifilm, Tokyo, Japan). The molecular weight of each protein
was deduced using Precision Plus Protein All Blue Standards
(Bio-Rad Laboratories, Inc.).

RNA isolation and quantitative RT-PCR analysis. Cells were
cultured for 48 h, and total RNA was extracted using the
miRNeasy Mini Kit (Qiagen, Hilden, Germany) as previously
described (15). RNA samples were quantified with a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Inc.) and
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Table II. List of antibodies used for western blot analysis.
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Protein Clonality Host Supplier Catalogue no. Dilution Dilution of 2nd Ab
Eps8 Monoclonal Mouse BD Biosciences?® 610144 1:5,000 1:10,000¢
a-tubulin Monoclonal Mouse EMD Millipore® CP06 1:5,000 1:10,000¢
GAPDH Monoclonal Mouse SCBT* sc-36562 1:1,000 1:5,000¢

“BD Biosciences, San Jose, CA, USA; PEMD Millipore, Billerica, MA, USA; “Santa Cruz Biotechnology, Inc., Dallas, Texas, USA; dSec-
ondary antibody conjugated with horseradish peroxidase: Goat anti-mouse IgG antibody (cat. no. 115-035-062, Jackson ImmunoResearch

Laboratories). Eps8, epidermal growth factor receptor pathway substrate

8; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

assessed using an Agilent 2100 Bioanalyzer and an RNA 6000
Nano Total RNA kit (both from Agilent Technologies, Inc.).
Quantitative mRNA levels were determined using real-time
RT-PCR using the Applied Biosystems 7900 HT Sequence
Detection System, a TagMan Gene Expression Assay for
human EPSS8 (assay ID Hs00610286_m1), and a Eukaryotic
18S rRNA Endogenous Control (Applied Biosystems; Thermo
Fisher Scientific, Inc.). Only the probe sequence for EPSS8
(TTGGATGAAAGCCAGAGCAGAGTGG) was provided by
the manufacturer. The probes of EPS8 and 18S rRNA were
labelled with FAM and VIC dyes, respectively. cDNA was
generated using 100 ng of total RNA, and a High Capacity
cDNA Reverse Transcription kit (Applied Biosystems;
Thermo Fisher Scientific, Inc.). RT-PCR was carried out in a
total volume of 20 ul containing 100 ng of cDNA, TagMan
Fast Advanced Master Mix (Applied Biosystems), and the
respective TagMan target gene reagents. The amplification
conditions were 95°C for 20 sec followed by 40 cycles of 95°C
for 1 sec and 60°C for 20 sec. Samples were analyzed in trip-
licate as technical replicates. The EPS8 mRNA levels were
defined from the cycle threshold (Ct), using the comparative Ct
method (18), and each sample was normalized by comparison
to 18S rRNA levels. The fold change of EPS8 mRNA levels
in each cell line was determined using SU.86.86 cell EPSS8
mRNA levels as a reference.

Statistical analysis. Student's t-test for comparison of cell
motility between SU.86.86 and MIA PaCa-2 cell lines, the
Pearson correlation coefficient to compare two variables in five
analyses (exosomal Eps8 protein, intracellular Eps8 protein,
intracellular Eps§ mRNA, migration, and invasion), and
Multiple t-tests with Bonferroni-correction for comparison of
three different cell origins of metastasis, ascites and primary
tumors were used. P-values <0.05 were considered to indicate
a statistically significant difference.

Results

In vitro migratory and invasive activities of SU.86.86 and
MIA PaCa-2 cells. SU.86.86 cells were derived from a liver
metastasis of a pancreatic ductal carcinoma (19). MIA PaCa-2
cells were derived from a primary pancreatic adenocarci-
noma (20). Before proteome analysis, we first performed
in vitro cell migration and invasion assays to evaluate if the
two cell lines exhibited differences in metastatic-potential.
The impedance-based RTCA has shown a strong correlation

N 015 e
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T T

0 12 24 36 48 MIA PaCa-2 SU.86.86
Time (h) Cells

0 —f—

< |
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Cell index (invasion)

Slop

0 12 24 36 48 MIA PaCa-2 SU.86.86
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Figure 1. Real-time assessment of cell migration and invasion in human
pancreatic cancer cell lines. Measurements were obtained for the metas-
tasis-derived SU.86.86 and primary tumor-derived MIA PaCa-2 cell lines,
using the XxCELLigence RTCA DP instrument. Patterns of (A) cell migration
and (B) invasion for SU.86.86 (closed circles) and MIA PaCa-2 (open circles)
were reconstructed from the original data points by plotting data every hour.
All data points are presented as the mean + SD from independent quadru-
plicate (n=4) experiments. The kinetics for cell migration and invasion is
presented as a linear slope of the cell index after 24 h. Statistical significance
(""P<0.001) was evaluated using the Student's t-test.

with the conventional Boyden chamber Transwell endpoint
assay (15,21). Using the RTCA assay system, SU.86.86 cells
had 23-fold greater cell migratory activity than did MIA
PaCa-2 cells (Fig. 1A). Additionally, using a Matrigel barrier,
SU.86.86 cells were found to be 20-times more invasive than
MIA PaCa-2 cells (Fig. 1B). Collectively, these results indi-
cated that the in vitro cell migratory and invasive behaviors
of SU.86.86 and MIA PaCa-2 cells were correlated with their
metastatic and primary tumor cell origins, respectively.

Exosomal proteome profiles of SU.86.86 and MIA PaCa-2
cells. The proteome profiles of SU.86.86 and MIA PaCa-2
cell-derived exosomes were analyzed using LC-MS/MS. After
48 h of cell growth, exosomes were isolated from culture media
by a series of filtration and ultracentrifugation steps as previ-
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1. Comparative exosomal proteome analysis between

human metastatic and primary pancreatic cancer cell
lines, SU.86.86 and MIA PaCa-2, respectively
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2. Comparison of 101 proteins specific to SU.86.86
exosomes with previously identified exosomal proteins
from duodenal cancer cell lines AZ-521 and AZ-P7a
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3. Selection of Eps8 from 82 proteins specific to
SU.86.86 exosomes in the following conditions:

1) 2nd highest number of matched peptides (14)
2) 10th highest sequence coverage (29%)
3) 6th highest total spectral count (32)
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Figure 2. Identification of Eps8 in exosomes from SU.86.86 human metastatic pancreatic cancer cells by comparative proteomics. (A) The procedure was used
to identify exosomal proteins specific to SU.86.86 cells. Comparison of proteins identified in SU.86.86-derived and MIA PaCa-2-derived exosomes revealed
that 101 proteins were specifically observed in SU.86.86-derived exosomes (Venn diagram, step 1). All exosomal proteins derived from these two cell lines are
listed in Table ITI. Comparison with proteins that had been previously identified in exosomes derived from duodenal cancer cell lines, AZ-521 and AZ-P7a (15)
revealed that 82 from the 101 proteins aforementioned were specific to SU.86.86-derived exosomes (Pie chart, step 2). Comparative exosomal proteome data
from the four cell lines are listed in Table I'V. The Eps8 protein was selected as a specific exosomal protein derived from SU.86.86 in the indicated conditions
(step 3). (B) Intracellular and exosomal Eps8 levels of SU.86.86 and MIA PaCa-2 cells. Proteins (10 mg) from WCL and Exo were separated by 8% SDS-PAGE
and subjected to immunoblotting using antibodies against Eps8, a-tubulin, and GAPDH, the latter two of which were used as internal standards for WCL. For
Exo, these two housekeeping proteins, a-tubulin and GAPDH, were not suitable for normalization (15), and no internal standard proteins were available. ESP8,
epidermal growth factor receptor pathway substrate 8; WLC, whole cell lysates; Exo, exosomes.

ously described (15,16). Proteome data processing identified
a total of 133 proteins from exosomes derived from both cell
lines (Fig. 2A, Table I1I). Among them, 31 proteins were identi-
fied in the exosomes of both cell types. A total of 101 proteins
were uniquely identified in SU.86.86 cell-derived exosomes,
and a single unique protein, histone H2A type 2-B (H2A2B),
was identified in MIA PaCa-2 cell-derived exosomes.

Identification of Eps8 in SU.86.86 cell-derived exosomes.
To identify the SU.86.86 cell-specific exosomal proteins, we
compared the 101 SU.86.86 cell-specific proteins with those that
had been previously identified in exosomes derived from human
duodenal cancer cell lines AZ-521 and AZ-P7a (Fig. 2A) (15).
This comparison identified 82 proteins that were unique to
SU.86.86 cell-derived exosomes (Table IV). Of the 82 proteins
unique to SU.86.86, Eps8 revealed relatively high MS/MS
values, including the number of matched peptides, the rate of
sequence coverage, and the total spectral count. Furthermore,
the Eps8 expression was elevated in pancreatic cancer cells
derived from ascites and metastasis (22). Therefore, we chose
to validate the presence of Eps8 in exosomes by western blot
analysis.

Western blot analyses revealed that the Eps8 protein
was abundant in SU.86.86 cell-derived exosomes, while no
immunoreactive Eps8 signals were detected in MIA PaCa-2
cell-derived exosomes (Fig. 2B). Furthermore, intracellular
Eps8 expression levels were much higher in SU.86.86 cells

than in MIA PaCa-2 cells, indicating a positive correlation with
tumor malignancy, as previously reported (22). Comparison of
the house-keeping proteins in the exosomes of both cell types
revealed variation in glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) levels and no immunoreactive signals for
a-tubulin, making them unsuitable for normalizing exosomal
protein levels previously described (15).

Exosomal Eps8is abundant in metastasis- and ascites-derived
pancreatic cancer cells. Eps8 was specifically detected in
exosomes from metastatic-derived SU.86.86 cells. Therefore,
we assessed exosomal Eps8 protein levels in other pancreatic
cancer cell lines. Western blot analysis revealed positive immu-
noreactive Eps8 signals in exosomes from metastasis-derived
pancreatic cancer cell lines, including CFPAC-1, KP-3,
PK-45H, PK-8 and Capan-1 (Fig. 3A). Additionally, positive
immunoreactive Eps8 signals were observed in exosomes from
ascites-derived pancreatic cancer cell lines, including HuP-T3,
HuP-T4 and AsPC-1. In contrast, Capan-2 was the only
primary tumor cell line that exhibited Eps8 immunoreactivity.
Densitometric analysis, using relative amounts of exosomal
Eps8 protein, was used to quantify the Eps8 immunoreactivi-
ties observed (Fig. 4). The level of Eps8 immunoreactivity in
the exosomes of different cell lines was assessed relative to
that observed in SU.86.86 cell-derived exosomes, which was
given a value of 1.0. The relative Eps8 immunoreactivity was
0.76, 0.15 and 0.17 in metastatic cell lines PK-45H, CFPAC-1
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Table III. List of proteins identified in exosomes derived from SU.86.86 and MIA PaCa-2 cells.
Number of
matched peptides
UniProtKB/Swiss-Prot
Accession no. entry name Protein name M.W. (kDa) SU.86.86 MIA PaCa-2
Q77406 MYH14_HUMAN Myosin-14 228 29 0
Q12929 EPS8_HUMAN Epidermal growth factor receptor 92 14 0
pathway substrate 8
Q14764 MVP_HUMAN Major vault protein 99 14 0
P05121 PAIl_HUMAN Plasminogen activator inhibitor 1 45 10 0
P16104 H2AX_HUMAN Histone H2AX 15 8 0
P21589 SNTD_HUMAN 5'-nucleotidase 63 7 0
P84243 H33_HUMAN Histone H3.3 15 7 0
Q9GZM7 TINAL_HUMAN Tubulointerstitial nephritis 52 7 0
antigen-like
P01023 A2MG_HUMAN Alpha-2-macroglobulin 163 6 0
P80188 NGAL_HUMAN Neutrophil gelatinase-associated 23 6 0
lipocalin
P23396 RS3_HUMAN 408 ribosomal protein S3 27 5 0
QIUQB8 BAIP2_HUMAN Brain-specific angiogenesis inhibitor 61 5 0
1-associated protein 2
QI9UHR4 BI2L1_HUMAN Brain-specific angiogenesis inhibitor 57 5 0
1-associated protein 2-like protein 1
P02458 CO2A1_HUMAN Collagen alpha-1 (II) chain 142 5 0
P23142 FBLN1_HUMAN Fibulin-1 77 5 0
P13647 K2C5_HUMAN Keratin, type II cytoskeletal 5 62 5 0
P05787 K2C8_HUMAN Keratin, type II cytoskeletal 8 54 5 0
P15880 RS2_HUMAN 40S ribosomal protein S2 31 4 0
P08865 RSSA_HUMAN 408 ribosomal protein SA 33 4 0
P09525 ANXA4_HUMAN Annexin A4 36 4 0
P08133 ANXA6_HUMAN Annexin A6 76 4 0
095994 AGR2_HUMAN Anterior gradient protein 2 homolog 20 4 0
015335 CHAD_HUMAN Chondroadherin 40 4 0
P12109 CO6A1_HUMAN Collagen alpha-1 (VI) chain 109 4 0
P39060 COIA1_HUMAN Collagen alpha-1 (XVIII) chain 178 4 0
P08238 HS90B_HUMAN Heat shock protein HSP 90-beta 83 4 0
Q16270 IBP7_HUMAN Insulin-like growth factor-binding 29 4 0
protein 7
Q08431 MFGM_HUMAN Lactadherin 43 4 0
Q13753 LAMC2_HUMAN Laminin subunit gamma-2 131 4 0
QI9NRNS OLFL3_HUMAN Olfactomedin-like protein 3 46 4 0
000391 QSOX1_HUMAN Sulfhydryl oxidase 1 83 4 0
P00750 TPA_HUMAN Tissue-type plasminogen activator 63 4 0
P29144 TPP2_HUMAN Tripeptidyl-peptidase 2 138 4 0
QOHOH4 VP37B_HUMAN Vacuolar protein sorting-associated 31 4 0
protein 37B
P62241 RS8_HUMAN 40S ribosomal protein S8 24 3 0
P46781 RS9_HUMAN 40S ribosomal protein S9 23 3 0
Q07020 RL18_HUMAN 60S ribosomal protein L18 22 3 0
P12429 ANXA3_HUMAN Annexin A3 36 3 0
075531 BAF_HUMAN Barrier-to-autointegration factor 10 3 0
P02462 CO4A1_HUMAN Collagen alpha-1(IV) chain 161 3 0
Q86YQ8 CPNES_HUMAN Copine-8 63 3 0
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Number of
matched peptides
UniProtKB/Swiss-Prot
Accession no. entry name Protein name M.W. (kDa) SU.86.86 MIA PaCa-2
P68871 HBB_HUMAN Hemoglobin subunit beta 16 3 0
P16403 H12_HUMAN Histone H1.2 21 3 0
Q71UI9 H2AV_HUMAN Histone H2A.V 14 3 0
Q6ZNFO0 ACP7_HUMAN Acid phosphatase type 7 50 3 0
P02533 K1C14_HUMAN Keratin, type I cytoskeletal 14 52 3 0
P05783 K1C18_HUMAN Keratin, type I cytoskeletal 18 48 3 0
P04259 K2C6B_HUMAN Keratin, type II cytoskeletal 6B 60 3 0
Q16787 LAMA3_HUMAN Laminin subunit alpha-3 367 3 0
P60660 MYL6_HUMAN Myosin light polypeptide 6 17 3 0
P19105 ML12A_HUMAN Myosin regulatory light chain 12A 20 3 0
P19338 NUCL_HUMAN Nucleolin 77 3 0
Q8WUM4 PDC6I_HUMAN Programmed cell death 6-interacting 96 3 0
protein
P00734 THRB_HUMAN Prothrombin 70 3 0
P78371 TCPB_HUMAN T-complex protein 1 subunit beta 57 3 0
P68371 TBB4B_HUMAN Tubulin beta-4B chain 50 3 0
P62195 PRS8_HUMAN 268 protease regulatory subunit 8 46 2 0
P62847 RS24_HUMAN 40S ribosomal protein S24 15 2 0
P50914 RL14_HUMAN 60S ribosomal protein L14 23 2 0
P61313 RL15_HUMAN 60S ribosomal protein L15 24 2 0
P18124 RL7_HUMAN 60S ribosomal protein L7 29 2 0
P62424 RL7A_HUMAN 60S ribosomal protein L7a 30 2 0
P53999 TCP4_HUMAN Activated RNA polymerase II 14 2 0
transcriptional coactivator p15
P08758 ANXA5_HUMAN Annexin A5 36 2 0
P98160 PGBM_HUMAN Basement membrane-specific heparan 469 2 0
sulfate proteoglycan core protein
P02749 APOH_HUMAN Beta-2-glycoprotein 1 38 2 0
P62158 CALM_HUMAN Calmodulin 17 2 0
P15169 CBPN_HUMAN Carboxypeptidase N catalytic chain 52 2 0
P49747 COMP_HUMAN Cartilage oligomeric matrix protein 83 2 0
QO9NZZ3 CHMP5_HUMAN Charged multivesicular body protein 5 25 2 0
P08123 CO1A2_HUMAN Collagen alpha-2(I) chain 129 2 0
P01031 CO5_HUMAN Complement C5 188 2 0
075367 H2AY_HUMAN Core histone macro-H2A.1 40 2 0
P26641 EF1G_HUMAN Elongation factor 1-gamma 50 2 0
QI9H6S3 ESSL2_HUMAN Epidermal growth factor receptor kinase 81 2 0
substrate 8-like protein 2
P09972 ALDOC_HUMAN Fructose-bisphosphate aldolase C 39 2 0
P23229 ITA6_HUMAN Integrin alpha-6 127 2 0
Q772794 K2C1B_HUMAN Keratin, type II cytoskeletal 1b 62 2 0
P19013 K2C4_HUMAN Keratin, type II cytoskeletal 4 57 2 0
P02538 K2C6A_HUMAN Keratin, type II cytoskeletal 6A 60 2 0
P08729 K2C7_HUMAN Keratin, type II cytoskeletal 7 51 2 0
P51884 LUM_HUMAN Lumican 38 2 0
Q14112 NID2_HUMAN Nidogen-2 151 2 0
P30101 PDIA3_HUMAN Protein disulfide-isomerase A3 57 2 0
P60903 S10AA_HUMAN Protein S100-A10 11 2 0
P31949 S10AB_HUMAN Protein S100-A11 12 2 0
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Table III. Continued.

Number of
matched peptides

UniProtKB/Swiss-Prot

Accession no. entry name Protein name M.W. (kDa) SU.86.86 MIA PaCa-2
P21980 TGM2_HUMAN Protein-glutamine gamma-glutamyltransferase 2 77 2 0
Q92954 PRG4_HUMAN Proteoglycan 4 151 2 0
P50454 SERPH_HUMAN Serpin H1 46 2 0
P24821 TENA_HUMAN Tenascin 241 2 0
P35908 K22E_HUMAN Keratin, type II cytoskeletal 2 epidermal 65 16 1
P07437 TBB5_HUMAN Tubulin beta chain 50 15 1
POCOL4 CO4A_HUMAN Complement C4-A 193 9 1
P35580 MYH10_HUMAN  Myosin-10 229 9 1
P68363 TBA1B_HUMAN Tubulin alpha-1B chain 50 7 1
P36955 PEDF_HUMAN Pigment epithelium-derived factor 46 6 1
P16401 H15_HUMAN Histone H1.5 23 5 1
P23284 PPIB_HUMAN Peptidyl-prolyl cis-trans isomerase B 24 5 1
Q9H444 CHM4B_HUMAN  Charged multivesicular body protein 4b 25 4 1
P05452 TETN_HUMAN Tetranectin 23 4 1
P62854 RS26_ HUMAN 408 ribosomal protein S26 13 2 1
P35579 MYH9_HUMAN Myosin-9 227 78 11
P02751 FINC_HUMAN Fibronectin 263 42 5
P04264 K2C1_HUMAN Keratin, type II cytoskeletal 1 66 29 9
P07996 TSP1_HUMAN Thrombospondin-1 129 27 2
P13645 K1C10_HUMAN Keratin, type I cytoskeletal 10 59 26 4
P35527 K1C9_HUMAN Keratin, type I cytoskeletal 9 62 19 2
P01024 CO3_HUMAN Complement C3 187 17 2
P60709 ACTB_HUMAN Actin, cytoplasmic 1 42 15 4
P07355 ANXA2 HUMAN  Annexin A2 39 14 2
P11142 HSP7C_HUMAN Heat shock cognate 71 kDa protein 71 13 13
P15311 EZRI_HUMAN Ezrin 69 13 6
P62805 H4_HUMAN Histone H4 11 10 6
P04406 G3P_HUMAN Glyceraldehyde-3-phosphate dehydrogenase 36 10 3
P06396 GELS_HUMAN Gelsolin 86 10 2
P12259 FA5_HUMAN Coagulation factor V 252 9 4
P14618 KPYM_HUMAN Pyruvate kinase PKM 58 9 3
000560 SDCB1_HUMAN Syntenin-1 32 9 2
P33778 H2B1B_HUMAN Histone H2B type 1-B 14 8 3
P04083 ANXA1_HUMAN  Annexin Al 39 8 2
P69905 HBA_HUMAN Hemoglobin subunit alpha 15 6 3
P02768 ALBU_HUMAN Serum albumin 69 5 4
P68104 EF1A1_HUMAN Elongation factor 1-alpha 1 50 5 3
P04075 ALDOA_HUMAN  Fructose-bisphosphate aldolase A 39 5 3
P06733 ENOA_HUMAN Alpha-enolase 47 4 2
P03956 MMP1_HUMAN Interstitial collagenase 54 4 2
P02788 TRFL_HUMAN Lactotransferrin 78 2 5
P62249 RS16_HUMAN 40S ribosomal protein S16 16 2 4
P10643 CO7_HUMAN Complement component C7 94 2 3
P02748 CO9_HUMAN Complement component C9 63 2 3
Q71DI3 H32_HUMAN Histone H3.2 15 2 2
Q06830 PRDX1_HUMAN Peroxiredoxin-1 22 2 2
QS8IUE6 H2A2B_HUMAN Histone H2A type 2-B 14 0 3
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Table IV. List of proteins specifically identified in exosomes derived from SU.86.86 compared to other cancer cell lines.

Number of Total
UniProtKB/Swiss-Prot M.W. matched Sequence spectral
Accession no. entry name Protein name (kDa) peptides coverage (%)  count
Q77406 MYH14_HUMAN Myosin-14 228 29 19 71
Q12929 EPS§_HUMAN Epidermal growth factor receptor 92 14 29 32
pathway substrate 8
Q14764 MVP_HUMAN Major vault protein 99 14 25 27
P0O5121 PAI1l_HUMAN Plasminogen activator inhibitor 1 45 10 31 28
P16104 H2AX_HUMAN Histone H2AX 15 8 52 46
P84243 H33_HUMAN Histone H3.3 15 7 52 28
Q9GZM7 TINAL_HUMAN Tubulointerstitial nephritis 52 7 21 18
antigen-like
P21589 SNTD_HUMAN 5'-nucleotidase 63 7 17 15
P80188 NGAL_HUMAN Neutrophil gelatinase-associated 23 6 44 24
lipocalin
P36955 PEDF_HUMAN Pigment epithelium-derived 46 6 17 13
factor
P23284 PPIB_HUMAN Peptidyl-prolyl cis-trans 24 5 29 14
isomerase B
P13647 K2C5_HUMAN Keratin, type II cytoskeletal 5 62 5 17 22
P05787 K2C8_HUMAN Keratin, type II cytoskeletal 8 54 5 16 15
P16401 H15_HUMAN Histone H1.5 23 5 16 13
Q9UQBS8 BAIP2_HUMAN Brain-specific angiogenesis 61 5 15 6
inhibitor 1-associated protein 2
QI9UHR4 BI2L1_HUMAN Brain-specific angiogenesis 57 5 14 16
inhibitor 1-associated protein
2-like protein 1
P23142 FBLN1_HUMAN Fibulin-1 77 5 6 13
P02458 CO2A1_HUMAN Collagen alpha-1 (II) chain 142 5 4 13
095994 AGR2_HUMAN Anterior gradient protein 2 20 4 30 5
homolog
Q9H444 CHM4B_HUMAN Charged multivesicular body 25 4 22 7
protein 4b
QY9H9H4 VP37B_HUMAN Vacuolar protein sorting- 31 4 22 4
associated protein 37B
P08865 RSSA_HUMAN 40S ribosomal protein SA 33 4 21 6
015335 CHAD_HUMAN Chondroadherin 40 4 16 8
P09525 ANXA4_HUMAN Annexin A4 36 4 16 5
Q16270 IBP7_HUMAN Insulin-like growth factor- 29 4 15 11
binding protein 7
Q08431 MFGM_HUMAN Lactadherin 43 4 13 4
P00750 TPA_HUMAN Tissue-type plasminogen activator 63 4 11 8
P08133 ANXA6_HUMAN Annexin A6 76 4 9 4
000391 QSOX1_HUMAN Sulfhydryl oxidase 1 83 4 6 7
P12109 CO6A1_HUMAN Collagen alpha-1 (VI) chain 109 4 5 7
Q13753 LAMC2_HUMAN Laminin subunit gamma-2 131 4 5 8
P29144 TPP2_HUMAN Tripeptidyl-peptidase 2 138 4 5 4
P39060 COIA1_HUMAN Collagen alpha-1 (XVIII) chain 178 4 4 6
075531 BAF_HUMAN Barrier-to-autointegration factor 10 3 43 5
P68371 TBB4B_HUMAN Tubulin beta-4B chain 50 3 41 45
Q71U19 H2AV_HUMAN Histone H2A.V 14 3 31 25
P19105 ML12A_HUMAN Myosin regulatory light chain 12A 20 3 27 3
P60660 MYL6_HUMAN Myosin light polypeptide 6 17 3 24 7
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Table I'V. Continued.
Number of Total
UniProtKB/Swiss-Prot M.W.  matched Sequence spectral
Accession no. entry name Protein name (kDa)  peptides coverage (%) count
P02533 K1C14_HUMAN Keratin, type I cytoskeletal 14 52 3 18 40
P12429 ANXA3_HUMAN Annexin A3 36 3 14 3
P05783 K1C18_HUMAN Keratin, type I cytoskeletal 18 48 3 13 7
P04259 K2C6B_HUMAN Keratin, type II cytoskeletal 6B 60 3 12 38
P46781 RS9_HUMAN 40S ribosomal protein S9 23 3 12 6
Q6ZNFO0 ACP7_HUMAN Acid phosphatase type 7 50 3 12 5
P78371 TCPB_HUMAN T-complex protein 1 subunit beta 57 3 11 3
Q86YQ8 CPNES_HUMAN Copine-8 63 3 8 3
P19338 NUCL_HUMAN Nucleolin 77 3 6 9
Q16787 LAMA3_HUMAN Laminin subunit alpha-3 367 3 3 3
P02462 CO4A1_HUMAN Collagen alpha-1(IV) chain 161 3 2 5
P60903 S10AA_HUMAN Protein S100-A10 11 2 35 4
P62158 CALM_HUMAN Calmodulin 17 2 26 5
P31949 S10AB_HUMAN Protein S100-A11 12 2 24 4
P62854 RS26_ HUMAN 408 ribosomal protein S26 13 2 21 12
P62847 RS24 HUMAN 408 ribosomal protein S24 15 2 20 7
QI9NZZ3 CHMP5_HUMAN Charged multivesicular body 25 2 18 2
protein 5
P02538 K2C6A_HUMAN Keratin, type II cytoskeletal 6A 60 2 13 25
P09972 ALDOC_HUMAN Fructose-bisphosphate aldolase C 39 2 13 4
075367 H2AY_HUMAN Core histone macro-H2A.1 40 2 12 6
P53999 TCP4_HUMAN Activated RNA polymerase II 14 2 12 4
transcriptional coactivator p15
P18124 RL7_HUMAN 60S ribosomal protein L7 29 2 10 3
P0O8758 ANXA5_HUMAN Annexin A5 36 2 10 3
P19013 K2C4_HUMAN Keratin, type II cytoskeletal 4 57 2 8 13
P62424 RL7A_HUMAN 60S ribosomal protein L7a 30 2 7 6
P08729 K2C7_HUMAN Keratin, type II cytoskeletal 7 51 2 7 11
P62195 PRS8_HUMAN 26S protease regulatory subunit 8 46 2 7 2
P50454 SERPH_HUMAN Serpin H1 46 2 7 2
P51884 LUM_HUMAN Lumican 38 2 7 4
Q772794 K2C1B_HUMAN Keratin, type II cytoskeletal 1b 62 2 7 21
P15169 CBPN_HUMAN Carboxypeptidase N catalytic chain 52 2 6 2
P26641 EF1G_HUMAN Elongation factor 1-gamma 50 2 6 4
P02749 APOH_HUMAN Beta-2-glycoprotein 1 38 2 5 4
P30101 PDIA3_HUMAN Protein disulfide-isomerase A3 57 2 5 3
P21980 TGM2_HUMAN Protein-glutamine 77 2 4 5
gamma-glutamyltransferase 2
P49747 COMP_HUMAN Cartilage oligomeric matrix protein 83 2 4 4
QO9H6S3 ES8L2_HUMAN Epidermal growth factor receptor 81 2 4 3
kinase substrate 8-like protein 2
P23229 ITA6_HUMAN Integrin alpha-6 127 2 3 2
Q14112 NID2_HUMAN Nidogen-2 151 2 2 3
Q92954 PRG4_HUMAN Proteoglycan 4 151 2 2 10
P08123 CO1A2_HUMAN Collagen alpha-2(I) chain 129 2 2 3
P01031 CO5_HUMAN Complement C5 188 2 1 3
P24821 TENA_HUMAN Tenascin 241 2 1 2
P98160 PGBM_HUMAN Basement membrane-specific 469 2 0 3

heparan sulfate proteoglycan
core protein
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Figure 3. Exosomal and intracellular Eps8 protein levels in cancer cell lines. (A) Exosomal and intracellular Eps8 levels in pancreatic cancer cell lines derived from
metastasis (Meta, M), ascites (A) and primary tumors (P). (B) Exosomal and intracellular Eps8 levels in cancer cell lines derived from stomach, duodenum and
colon. Proteins (5 mg) from WCL and exosomes Exo were separated by 8% SDS-PAGE followed by immunoblotting using a mouse monoclonal Eps8 antibody.
a-tubulin protein levels were measured as internal standards. ESP8, epidermal growth factor receptor pathway substrate 8; WLC, whole cell lysates; Exo, exosomes.
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Figure 4. Intracellular EPS8 mRNA levels in cancer cell lines. EPS8 mRNA levels in cancer cell lines relative to the levels assessed in SU.86.86 cells are
presented. Relative intracellular and exosomal Eps8 protein levels are presented on the right side. ESP8, epidermal growth factor receptor pathway substrate 8.
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Figure 5. Cell migratory and invasive activities in pancreatic cancer cell
lines. Relative activities of (A) cell migration and (B) invasion among cancer
cell lines are presented relative to the activities observed in SU.86.86 cells.
NUGC-4 cells derived from stomach cancer and LoVo cells from colon
cancer were examined as these cells exhibited moderate levels of exosomal
Eps8 immunoreactivity. ESP8, epidermal growth factor receptor pathway
substrate 8.

and KP-3, respectively. In ascites-derived cell lines HuP-T3,
HuP-T4, and AsPC-1, and the Capan-2 primary tumor cell line,
the relative Eps8 immunoreactivity was 0.49, 0.21, 0.15 and
0.55, respectively. Intracellular Eps8 levels varied among the
cell lines, particularly those derived from metastasis (PK-1,
PK-8, PK-59 and KLM-1) and primary tumors (MIA PaCa-2,
BxPC-3, PANC-1 and Panc 10.05). Except for PK-8, there was
either no Eps8 immunoreactivity, or less Eps8 immunoreac-
tivity, relative to that observed intracellularly, observed in the
exosomes of these cells. Also, distinct Eps8 immunoreactivity
was observed in NUGC-4 and MKN45P stomach cancer cell
lines and the LoVo colon cancer cell line (Fig. 3B). Furthermore,
cells with relatively high intracellular Eps8 protein levels
expressed greater amounts of EPS8 mRNA (Fig. 4). However,
Eps8 protein and mRNA expression levels did not correlate
with the amount of Eps8 in exosomes. Collectively, these
results revealed that, particularly in pancreatic cancer cells
derived from metastasis and ascites, Eps8 was secreted into
the extracellular environment via exosomes.

In vitro migratory and invasive activities of pancreatic cancer
cell lines. It was revealed that Eps8 protein is present in the
exosomes of several pancreatic cancer cell lines in addition
to SU.86.86. Therefore, we evaluated the in vitro cell migra-
tory and invasive activities in 12 pancreatic cancer cell lines.
The highest levels of migratory and invasive activities were
observed in SU.86.86 cells, and these were set at a value of 1 to
allow for comparison (Fig. 5). The metastatic PK-45H cell line,
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with the relative exosomal Eps8 protein level of 0.76, revealed
relatively high levels of cell migratory (0.64) and invasive
activities (0.56). Additionally, in ascites-derived HuP-T4
cells, with the relative exosomal Eps8 protein level of 0.21,
relatively high levels of cell migratory (0.36) and invasive
activities (0.84) were observed. However, no cell motility was
detected in stomach cancer-derived NUGC-4 cells and colon
cancer-derived LoVo cells, which exhibited moderate levels of
exosomal Eps8 immunoreactivities (Fig. 3).

Integrative comparison of the data revealed that similar
to SU.86.86 cells, PK-45H cells consistently had the highest
levels of in vitro cell migratory and invasive activities,
exosomal and intracellular Eps8 protein, and EPS8 mRNA
expression (Fig. 6A and B). Furthermore, using the Pearson
correlation coefficient, we identified that exosomal Eps8
levels were significantly correlated with migratory cell levels
(r=0.85, P=4.2x10"*) (Fig. 6C). Therefore, we proposed that
exosomal Eps8 protein level is indicative of metastatic poten-
tial in human pancreatic cancer cells.

Discussion

The present study revealed abundant levels of Eps8 protein
in exosomes derived from pancreatic cancer cell lines.
Furthermore, it was revealed that exosomal Eps8 levels were
significantly correlated with migratory cell potential (Fig. 6C).
Eps8 was initially identified as a substrate for the epidermal
growth factor (EGF) receptor that enhances EGF-dependent
mitogenic signals (23,24). Overexpression of Eps8 has been
revealed to promote cellular proliferation and/or migration in
various tumor types, including breast cancer (25), malignant
glioma (26,27), pituitary tumors (28), oral squamous cell
carcinoma (29), and cervical cancer (30). In Eps§-mediated
tumorigenesis and proliferation, stimulated EGFR results
in the activation of downstream pathways, including
Eps8/Ras/MAPK, Eps8/Akt/FoxM1 and Eps§/mTOR/STAT3
were revealed (31).

Eps8 expression was enhanced in pancreatic cancer at both
protein and mRNA levels (22), and Eps8 upregulation was
immunohistochemically detected in 72% of paraffin-embedded
clinical specimens (32). Welsch et al demonstrated that Eps8
expression levels were correlated with the degree of malig-
nancy in pancreatic cancer cell lines (22). They found low
levels of Eps8 expression in cell lines from primary pancreatic
cancers (MIAPaCa-2, BxPC-3, and PANC-1), moderate Eps8
expression levels in cell lines from metastasis (SU.86.86 and
Capan-1), and high Eps8 expression level in a cell line from
malignant ascites (AsPC-1) (22). Additionally, their Eps8
expression levels were positively correlated with migratory
potential (BxPC-3 < PANC-1<Capan-1<AsPC-1). In the
present study, a moderate correlation between cell migra-
tory capacity and intracellular Eps8 protein expression
levels (r=0.65, P=2.0x10?) was revealed but not between cell
migratory capacity and intracellular EPS8 mRNA expression
levels (r=0.44, P=1.5x10") (Fig. 6C). However, we identified
a significant correlation between exosomal Eps8 protein
levels and migratory cell capacity (r=0.85, P=4.2x10*). The
pancreatic cancer cell lines that exhibited relatively high
exosomal Eps8 protein levels were SU.86.86 and PK-45H
from metastasis, HuP-T3 from ascites, and Capan-2 from
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Figure 6. Comparison of Eps8 levels in the exosomes and cells of pancreatic cancer cell lines. The cell motile activities of cell lines derived from metastasis,
ascites, and primary tumors were compared. (A) Radar charts revealing relative Eps8 protein in exosomes and cells, Eps8 mRNA expression level, and cell
migratory and invasive activities. (B) Relative Eps8 protein and mRNA levels and cell motility in pancreatic cancer cells and their exosomes. (C) Correlations
between exosomal Eps8 protein level, intracellular Eps8 protein and mRNA levels, and cell migratory and invasive activities. Correlation coefficient r and
P-values are represented by the upper and lower numbers in each cell. ESP8, epidermal growth factor receptor pathway substrate 8.

primary tumor cells (Figs. 3A and 6B). Despite originating
from primary tumor cells, Capan-2 exhibited moderate cell
migratory activity (Figs. SA and 6B). These results were
consistent with those revealing that Capan-2 possessed
metastatic potential to the liver after being inoculated into
nude mice (33). AsPC-1 cells, derived from ascites, have
been previously revealed to have intracellular Eps8 protein
and mRNA expression levels and migratory cell potential
greater than those of metastasis-derived SU.86.86 cells (22).
In our study, AsPC-1 cells had lower levels of intracel-
lular and exosomal Eps8 protein and migratory cell levels
than did SU.86.86 cells (Figs. 3A, 5A and 6B). We assume
that these different results for AsPC-1 cells are at least due
to culture conditions for maintenance of the cell line and
preparation of samples. Additionally, among three groups of
pancreatic cancer cell lines with different degrees of malig-
nancy, intracellular Eps8 expression levels were significantly
higher in cells from metastasis than in those from ascites
(P=0.01628, the Bonferroni-corrected threshold for multiple
t-tests =0.01667, a=0.05). Eps8 expression in ascites-derived
cell lines did not significantly differ from that of primary
tumor-derived cell lines (P=0.634). Eps8 expression levels in
metastasis-derived cell lines were significantly higher than in
primary tumor-derived cell lines (P=0.01662). We compared
the levels of exosomal Eps8 protein, intracellular Eps8§ mRNA,
migratory and invasive activities of metastasis-, ascites-, and
primary tumor-derived cell line groups and found no signifi-
cant differences. Therefore, the present study indicated that

there is a strong relationship between exosomal Eps8 protein
level and migratory cell potential.

Exosomes play an essential role in tumor metastasis (34).
Eps8 is involved in metastasis, and inhibiting Eps8 expression
results in decreased levels of cell motility (26,30,32). The
Eps8 protein localizes to lysosomes via the late endosomes,
which function as a pre-degenerative compartment (35). The
late endosomes also function as a recycling compartment,
leading to extracellular secretion via fusion with the plasma
membrane (1,36,37). Collectively, with the present results, it
may be inferred that Eps8 protein is recruited to late endo-
somes, leading to either inclusion in lysosomes or extracellular
secretion. Our results revealed that in pancreatic cancer cell
lines with high migratory potential, Eps8 protein abundance in
exosomes occurs through extracellular secretion. These obser-
vations indicated that exosomal Eps8 has a potential to be a
metastatic biomarker for pancreatic cancer. Further studies
need to be performed using clinical samples to validate this
hypothesis. For validation, it is conceivable to use an ELISA
system, which can easily detect secreted proteins in serum or
plasma blood samples. For proteins embedded in exosomes,
such as Eps8, it is challenging to develop an ELISA system,
since detergents that may affect the assay are used for exosome
lysis during the sample preparation.
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