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Abstract

Distant metastasis is a dismal prognostic factor of pancreatic cancer. Metastasis is established in several steps, but the
mechanism underlying the very early stages remains unclear. Epithelial-mesenchymal transition (EMT) is involved in these
stages. Although signaling molecules have been reported to induce EMT, the mechanism underlying their origin is unclear.
In this study, we hypothesized that pancreatic cancer cell-derived exosomes induce EMT in cancer cells themselves, a notion
we entertained because we found EMT in in vitro three-dimensional colonies of cancer cells, with vimentin-positive cells
observed in some of the budding pancreatic cancer cells and in single cells outside the colony as well. First, we clarified that
pancreatic cancer cell-derived exosomes induce EMT in cancer cells themselves. Next, we examined the involvement of
transforming growth factor-p1 (TGF-p1), and TGF-p1 knock-down in pancreatic cancer cells with TGF-f1 siRNA signifi-
cantly suppressed TGF-B1 gene expression in cancer cells, and exosomal TGF-f1 was significantly reduced in the secretory
exosomes. Exosomes from TGF-B1 knock-down cells suppressed EMT induction in cancer cells themselves and TGF-f1
protein expression in target cells. Taken together, these findings suggest that TGF-B1 is involved in EMT induction via
exosomes, results that may support the production of effective metastasis inhibitors.
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Introduction

The 5-year survival rate for pancreatic cancer is about < 10%,
which is much lower than with other cancers [1]. By the time
subjective symptoms appear, distant metastasis is already
present, and surgical resection is not indicated, with antican-
cer drug treatment often performed instead [2, 3]. Although
distant metastasis of pancreatic cancer is greatly involved in
the prognosis, there are many unclear points concerning the
mechanism underlying metastasis, and controlling distant
metastasis is an urgent issue to improve the prognosis.
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Epithelial-mesenchymal transition (EMT) is involved in
the metastasis and infiltration of various epithelial cancers
including pancreatic cancer [4, 5]. EMT is a reversible phys-
iological process in which well-polarized epithelial cells
lose their apical-basal polarity and cell-cell contacts while
acquiring a spindle-shaped mesenchymal-like morphology
[6] as well as cancer stem cell properties and therapy resist-
ance [7]. These morphological changes are characterized by
repression of epithelial markers (e.g. E-cadherin, claudins,
occludins) and production of mesenchymal markers (e.g.
vimentin and N-cadherin) [4]. It is also characterized by
epithelial-mesenchymal transforming regulatory transcrip-
tion factors, such as Snail and Zebl, which are regulated
by transforming growth factor-f1 (TGF-p1) and Notch sig-
nals [8, 9]. Cancer cells in which EMT is induced acquire
migration ability, and distant metastasis becomes possible
[10]. Taking the above into consideration, EMT can be a
therapeutic target [11].

In recent years, it has been clarified that extracellular
vesicles, called exosomes, secreted from all cells play an
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important role in cell-cell communication by transmitting
the nucleic acids, proteins, and microRNA contained therein
[12]. In cancer metastasis research, a paradigm shift has
occurred since exosomes were first reported to determine
organotropic metastasis [13]. As mentioned above, EMT is
important in the early stage of metastasis, but the mecha-
nisms that induce EMT signals are not fully understood.

In the present study, we explored the hypothesis that pan-
creatic cancer cell-derived exosomes induce their own EMT
and establish the initial stage of metastasis.

Materials and methods
Cell lines and culture conditions

The human pancreatic cancer cell line AsPC-1 was cultured
in RPMI medium (Sigma-Aldrich, St. Louis, MO, USA)
with 10% fetal bovine serum (FBS), 100 U/mL of penicillin,
and 100 pg/mL of streptomycin. PANC-1 and MIA PaCa-2
were cultured in DMEM medium (Thermo Fisher Scientific,
Waltham, MA, USA) with 10% FBS, 100 U/mL of penicil-
lin, and 100 pg/mL of streptomycin. The human pancreatic
tumor-initiating cell line KMC26 was isolated from a pan-
creatic ductal adenocarcinoma (PDAC) patient as described
before [14]. The mouse stromal cell line PA6 (a gift from
Dr. Nishikawa [RIKEN, Kobe, Japan]) was maintained in
o-minimum essential medium (Invitrogen, Carlsbad, CA,
USA) containing 10% FBS [14]. KMC26 was co-cultured
with PA6 cells in serum-free Stem medium (DSRK100;
DS Pharma Biomedical, Osaka, Japan) containing 0.1 pM
2-mercaptoethanol, 50 U/mL of penicillin, and 50 pg/mL of
streptomycin (Life Technologies, Kwartsweg, Netherlands)
at 37 °C in a humidified atmosphere containing 5% CO,.
To exclude the effect of exosomes from the FBS used in the
culture, the exosomes were excluded in advance by ultracen-
trifugation, as described below.

Lentiviral vector and lentiviral-mediated gene
transfer

cDNA for enhanced green fluorescent protein (EGFP)
was amplified by polymerase chain reaction (PCR) using
pCX4ble-EGFP [15] as a template and substituted with the
puromycin-resistant gene (puroR) of pLKO.1-puro Empty
Vector to make pLKO-EGFP plasmid. Lentiviral-mediated
gene transfer was carried out using the ViraPower Lentivi-
ral Packaging Mix (Thermo Fisher Scientific) according to
the manufacturer’s directions. In brief, pLKO-EGFP was
co-transfected with the packaging mix into 293FT cells
(Thermo Fisher Scientific), and culture supernatants were
collected two days after transfection. The supernatants
were then filtered, supplemented with 8 ug/ml polybrene,
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and used for infection to make EGFP-expressing KMC26
and AsPC-1 cells. The EGFP-positive cells were sorted by
a flow cytometer, and in all cases, cultures arose from the
polyclonal expansion of infected cells.

Colony formation

GFP-AsPC-1 and PA6 were mixed at a ratio of 2:1. A total
of 10,000 cells was distributed into 24-well ultra-low attach-
ment plates (Corning, Glendale, AZ, USA) and cultured in
RPMI medium containing 10% exosome-depleted FBS for
5 days to form colonies. The colonies were picked and trans-
ferred onto PA6 cultured in 24-well plates for 3 h, and then
cell staining was performed.

Isolation of exosome from culture supernatant

The culture supernatant from AsPC-1 and PANC-1 cells
were collected, centrifuged at 2000g for 10 min at 4 °C,
and filtered through a 0.22-um filter before being ultra-
centrifuged at 100,000g for 70 min at 4 °C. The pellet was
then resuspended in phosphate-buffered saline (PBS) and
ultracentrifuged again at 100,000g for 70 min at 4 °C. The
pellets were resuspended in PBS as the exosome fraction.
Exosomes were confirmed by Western blotting using the
exosome markers CD63, CD81, and Alix. The exosome con-
centration was analyzed using the Micro BCA Protein Assay
Kit (Thermo Fisher Scientific), and the protein concentration
was unified to 5 pg/mL for each experiment.

Quantitative reverse transcription PCR (RT-PCR)

AsPC-1 and PANC-1 cells were seeded on a 96-well plate
and cultured to confluence. Two days after exosome addi-
tion, total RNA was extracted using RNeasy mini Kit (Qia-
gen Inc., Hilden, Germany), and quantitative real-time PCR
was performed using QuantiTect SYBR Green RT-PCR
System (Life Technologies). The primer sequences were
Snail: 5'-GACCCCAATCGGAAGCCTAA-3' (forward),
5'-AGGGCTGCTGGAAGGTAAAC-3' (reverse) (70 bp),
Zebl: 5'-GCTGCCAATAAGCAAACGAT-3' (forward),
5'-CCATTTGGCTGGATCACTTT-3' (reverse) (107 bp),
TGF-p1: 5'-GGTTGAGCCGTGGAGGGGAAAT-3' (for-
ward), 5 "-TGAACCCGTTGATGTCCACTTGC-3' (reverse)
(99 bp), E-cadherin: 5’-CTCATGAGTGTCCCCCGGTA-3'
(forward), 5'-GAATCATAAGGCGGGGCTGT-3' (reverse)
(116 bp), p-actin: 5'-AGCCTCGCCTTTGCCGATCC-3'
(forward), 5'-TTGCACATGCCGGAGCCGTT-3' (reverse)
(104 bp).

The results are presented as the parameter threshold
cycle (Cy) values. AC was the difference in the Cy values
derived from the specific gene being assayed and f-actin,
whereas AAC; represented the difference between the paired
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samples, as calculated by the formula AAC;=AC; of a
sample-ACy of a reference.

Western blotting

AsPC-1 and PANC-1 cells were seeded on a 96-well plate
and cultured to confluent. The cells were collected 48 h
after exosomes addition and crushed by ultrasonic waves
to recover the protein. After developing by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE),
gel was transferred to a nitrocellulose membrane using an
iBlot Gel Transfer Device (Life Technologies), and West-
ern blotting was performed with anti-vimentin antibody
(BioLegend, San Diego, CA, USA), anti-TGF-f1 antibody,
anti-CD63 antibody, anti-CD81 antibody (Abcam, Cam-
bridge, MA, USA), anti-f-actin antibody (Sigma-Aldrich),
and anti-Alix antibody (Santa Cruz Biotechnology, Dallas,
TX, USA). Using human-specific f-actin expression as an
endogenous control, color was developed with Clarity Max
Western ECL Substrate (Bio-Rad Laboratories, Hercules,
CA, USA), and expression was quantified with Optima Shot
CL-420a (Wako Pure Chemical Industries, Osaka, Japan).

Immunostaining

The cells and the colony grown on plates were fixed in
4% paraformaldehyde for 10 min at room temperature and
washed three times with PBS. Next, non-specific binding of
antibodies was blocked with Blocking One Histo (Nacalai
Tesque, Kyoto, Japan) for 5 min, and the cells and colony
ware incubated with primary antibodies diluted in 10% FBS/
Tris-buffered saline-Tween20 (TBST) (25 mM Tris—HC1
[pH 7.4], 75 mM NaCl, and 0.1% Tween20) for 1 h at room
temperature. Primary antibodies were used at the follow-
ing dilutions: mouse anti-E-cadherin monoclonal antibody,
1:1000 (BioLegend); mouse anti-vimentin monoclonal
antibody, 1:1000 (BioLegend); and chicken anti-GFP poly-
clonal antibody, 1:500 (Abcam). One hour later, the cells
and colony were washed three times with PBS and incubated
with secondary antibodies for one hour at room tempera-
ture. Secondary antibodies were used at the following dilu-
tions: goat anti-mouse-IgG Alexa Fluor 555, 1:200 (Thermo
Fisher Scientific); goat anti-chicken-IgY Alexa Fluor 488,
1:200 (Thermo Fisher Scientific). One hour later, the cells
and colony were washed and incubated with DAPI (Thermo
Fisher Scientific) for 10 min. Immuno-peroxidase staining
for human normal pancreas and mouse tumors from human
pancreatic cancer cells was performed as described previ-
ously [16]. Each slide was incubated with rabbit anti-TGF-f1
monoclonal antibody (Abcam) diluted 1:100 in Dako Real
antibody diluent (Dako, Glostrup, Denmark) at 4 °C over-
night. The primary antibody detection was performed with
anti-rabbit horseradish peroxidase polymer (Dako) at room

temperature for 1 h, followed by three rinses with TBST.
The signal was developed with diaminobenzidine solu-
tion (Dako) for 3 min. The samples were rinsed with dis-
tilled water three times, counterstained with hematoxylin
for 3 min, dehydrated in alcohol solution and xylene, and
mounted in Entellan (Merck, Darmstadt, Germany).

Transfection of siRNA

AsPC-1 or PANC-1 cells (1 x 10° cells) were plated 24 h
before transfection in RPMI or DMEM supplemented
with 10% FBS. Transfection was performed in serum-free
Opti-MEM medium (Invitrogen, Carlsbad, CA, USA) with
150 pmol Stealth RNAi mixture for TGF-B1 (Invitrogen;
HSS110683 and HSS110684) and 5 pL. Lipofectamine (Inv-
itrogen) for 24 h. The transfection medium was then replaced
with RPMI or DMEM supplemented with 10% exosome-
deplete FBS for 48 h. Negative controls (NCs) were trans-
fected with the scrambled siRNA. After 48 h, the culture
supernatant was collected, and exosomes were collected by
the same method as described above.

Statistical analyses

All values were expressed as the means + standard error of
the mean. Statistical significance was determined using the
two-tailed unpaired Student’s ¢ test, and differences were
considered to be statistically significant when P <0.05.

Results

EMT in the colonies of human pancreatic cancer cells
and epithelial phenotypes of human pancreatic
cancer cell lines

First, we examined whether or not EMT could be induced
in pancreatic cancer cells with the epithelial phenotype. In
the colonies of human pancreatic cancer cells (KMC26)
established in our laboratory [14], vimentin-positive cells
were observed in some of the budded pancreatic cancer cells
(arrowheads). Vimentin-positive cells were also observed
in single cells outside the colony (arrows) (Fig. 1a). Similar
results were also obtained in colonies generated by culturing
GFP-AsPC-1 cells, a human pancreatic cancer cell line with
epithelial cell phenotypic characteristics (Fig. 1b). These
phenomena are similar to how pancreatic cancer cells metas-
tasize away from neighboring cells by EMT.

We focused on the exosomes in the supernatant secreted
by pancreatic cancer cells. We thus performed E-cadherin
staining on AsPC-1, PANC-1, and MIA PaCa-2 cells and
confirmed that E-cadherin staining was positive in AsPC-1
and PANC-1 cells and negative in MIA PaCa-2 cells, as
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Fig. 1 Epithelial mesenchy-
mal transition in colonies of

human pancreatic cancer cells
and epithelial phenotypes of
human pancreatic cancer cells.
In colonies of human pancreatic
cancer cells GFP-KMC26 (a)
and GFP-AsPC-1 (b), vimentin-
positive cells were observed in
some of the budding pancreatic
cancer cells (arrowheads) and in
single cells outside the colony

DAPI ‘

vimentin

(arrows). E-cadherin staining
was positive in AsPC-1 (c)
and PANC-1 (d) but nega-
tive in MIA PaCa-2 (e). Scale
bar=100 pum

E-cadherin DAPI

previously reported [17] (Fig. 1c—e), indicating that AsPC-1
and PANC-1 have an epithelial phenotype while MIA
PaCa-2 has a mesenchymal one. Thereafter, we consid-
ered the induction of EMT by exosomes using AsPC-1 and
PANC-1 cells.

Exosomes derived from pancreatic cancer cells
with epithelial phenotype induce EMT in pancreatic
cancer cells themselves

Exosomes from AsPC-1 and PANC-1 cells were con-
firmed by Western blotting using exosome markers, such
as CD63, CD81, and Alix (data not shown). The expres-
sion of epithelial-mesenchymal transforming regulatory
transcription factors, such as the Snail and Zebl genes, was
significantly increased in exosome-treated cells compared to
PBS-treated control cells in both cancer cell lines (Fig. 2a,
b). Vimentin gene product was also significantly increased
in exosome-treated cells (Fig. 2c, d). These results indicate
that exosomes derived from pancreatic cancer cells with
epithelial phenotype induce EMT in pancreatic cancer cells
themselves.

The TGF-B1 expression in human normal
pancreatic ducts and pancreatic cancer tissue,
human pancreatic cancer cell lines, and mouse
subcutaneous tumors from human pancreatic
cancer cells

We next focused on TGF-f1, a typical EMT-inducing mol-
ecule, to investigate the mechanism underlying EMT induc-
tion by exosomes from pancreatic cancer cells. First, we
examined the TGF-P1 expression in human normal pancre-
atic tissue and pancreatic cancer tissue, human pancreatic
cancer cell lines (AsPC-1, PANC-1, and MiaPaCa-2), and
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mouse subcutaneous tumors from human pancreatic can-
cer cells AsPC-1, PANC-1, and KMC26 by immunohisto-
chemistry. As a result, we noted the accumulation of TGF-
B1-positive cells in the islets of normal pancreas, while the
pancreatic duct, which is the origin of human pancreatic
ductal adenocarcinoma, was negative (Fig. 3a). TGF-p1
was strongly expressed in both stromal and pancreatic can-
cer cells in human PDAC tissue (Fig. 3b). The compari-
son of the TGF-B1 expression among the three cell lines
revealed that TGF-p1 was predominantly expressed at both
the gene and protein levels in AsPC-1 and PANC-1 cells in
comparison to MiaPaCa-2 cells (Fig. 3c—f). These results
are consistent with a previous report [18]. In contrast, in
AsPC-1-, PANC-1-, and KMC26-derived mouse subcuta-
neous tumors, TGF-B1 was strongly expressed in stromal
cells and weakly expressed in pancreatic cancer cells (arrow-
heads) (Fig. 3g—i). Furthermore, in the colonies of KMC26
and AsPC-1 cells, TGF-p1-positive cells were observed in
pancreatic cancer cells on the outer surface, in addition to
vimentin-positive cells (arrowheads) (Fig. 3j, k).

Effect of TGF-B1 knock-down cells on TGF-B1 gene
expression in pancreatic cancer cells and pancreatic
cancer cell-derived exosomes

Next, we examined the effect of TGF-B1 knock-down on
TGF-P1 gene expression in pancreatic cancer cells and pan-
creatic cancer cell-derived exosomes using real-time PCR.
In AsPC-1 (Fig. 4a) and PANC-1 (Fig. 4b), the expression
of TGF-B1 mRNA was significantly decreased in pancre-
atic cancer cells, and exosomal TGF-B1 was significantly
reduced in the secretory exosomes. The exosomes utilized
in this study were the same ones used in the experiment
in Fig. 2. Furthermore, in the presence of NC siRNA-exo-
some, some cells in both cell lines showed transformation to
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Fig.2 Pancreatic cancer cell a
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with epithelial phenotype-
derived exosomes induces EMT
in pancreatic cancer cells them-
selves. The Snail and ZebI gene
expression was significantly
increased in exosome-treated
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spindle-shaped cells. On the other hand, these transforma-
tions were not observed in the presence of TGF-f1 siRNA-
exosome (Fig. 4c, d).

Exosomes from TGF-B1 knock-down cells
suppressed EMT induction in pancreatic cancer cells
themselves and TGF-B1 protein expression in target
cells

We investigated the effect of exosomes from TGF-f1
knock-down pancreatic cancer cells (hereafter, TGF-f1
siRNA-exosome) on EMT induction in pancreatic cancer
cells. The Snail and Zebl gene expression (Fig. 5a, b) and
vimentin gene product (Fig. 5c, d) were significantly sup-
pressed in TGF-PB1 siRNA-exosome treated cells compared
to NC siRNA-exosome-treated cells. In contrast, the E-cad-
herin gene expression was significantly downregulated in
NC siRNA-exosome-treated cells and these changes were
reversed in TGF-p1 siRNA-exosome-treated cells (Fig. Sc,
d). Taken together, these findings suggested that exosomes
from TGF-B1 knock-down cells suppressed EMT induction
in pancreatic cancer cells themselves. Importantly, TGF-p1

siRNA-exosomes suppressed the expression of TGF-f1 pro-
tein in target cancer cells (Fig. Se, f).

Discussion

Distant metastasis from an early stage is a factor that wors-
ens the prognosis of pancreatic cancer. In the present study,
we analyzed the mechanism underlying metastasis in the
early stage of pancreatic cancer development, as the inhibi-
tion of metastasis would greatly contribute to the improve-
ment of the prognosis. EMT, which is an early event in
distant metastasis, is a process by which cancer cells lose
intercellular adhesion and acquire migratory and invasive
abilities, and then leave the primary tumor and metastasize
[19]. In other words, activation of EMT induces metastasis,
which correlates with poor clinical prognosis [20]. However,
although there have been reports on signaling molecules that
induce EMT in cancer cells, the mechanism concerning their
origin remains unclear. The idea for the present study came
to us because we noted EMT in three-dimensional colonies
in vitro in our human pancreatic cancer strain, KMC [14],
and thought it would be a good model to investigate the
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Fig.3 The TGF-1 expression
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mechanism underlying the induction of EMT in the early
stage of metastasis.

In this study, we demonstrated that exosomes derived
from AsPC-1 and PANC-1, which have a strong epithelial
phenotype, induced EMT in the pancreatic cancer cells
themselves. In addition, in TGF-B1 knock-down pancreatic
cancer cells, the TGF-1 gene expression was suppressed
in the cancer cells, and exosomal TGF-f1 was significantly
reduced in the secretory exosomes, thereby inhibiting the
induction of EMT by exosomes and indicating the partial
involvement of TGF-f1. Although the process by which
TGF mRNA in exosomes is incorporated into target pancre-
atic cancer cells and the subsequent fate of TGF mRNA has
not been clarified, the mechanism of action of recent mRNA
vaccines against COVID-19 may serve as a reference. Lipid
nanoparticles, including mRNA, encoding spike protein of
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COVID-19 are taken up into target cell by endocytosis, the
mRNA is translated into protein, and the protein is released
[21]. Our experimental results confirmed the validity of this
hypothesis, as TGF-p1 protein expression was upregulated
in target pancreatic cancer cells that had themselves been
exposed to exosomes, and the amount of protein was down-
regulated by TGF-f1 knock-down in host cells. Regarding
the relationship between exosomes and metastasis, metasta-
sis is reportedly promoted by cleavage of vascular endothe-
lial cells [22]. We also confirmed this fact in in vivo experi-
ments, but that was not the very early stage of metastasis, as
in the present study.

Based on the present results, several hypotheses can be
formulated regarding the source of TGF-f1 that causes the
EMT in pancreatic cancer cells: (1) an autocrine or paracrine
pathway by TGF-f1 directly secreted by pancreatic cancer
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Fig.4 The effect of TGF-f1 a b
knock-down with siRNA on AsPC-1 PANC-1
the TGF-1 expression in both 15 5=
human pancreatic cancer cells 5 5 =
and exosomes derived from |- = » &
g3 cell exosome 873 cell exosome
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. . ©0.5 ©0.5
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cells or by secreted exosomes; and (2) stromal cells that
strongly express TGF-f1 in human PDAC and mouse sub-
cutaneous tumors. Regarding (1), the TGF-f1 expression in
the outer layer of the colony was observed in in vitro colony
formation, along with the expression of vimentin, suggesting
that TGF-1 may be derived from cancer cells themselves.
Another possibility in case (2) is that the expression of TGF-
B1 is only observed in islets in the normal human pancreas,
but once the pancreatic tumor is formed, the expression of
TGF-P1 is strongly observed in the surrounding stromal
cells, suggesting that the expression of TGF-f1 may be
induced by the formation of a microenvironment through
the interaction of stromal cells and pancreatic cancer cells.
Further studies are needed to determine the mechanism
underlying the induction of the expression of TGF-f1 on
stromal cells in stromal formation, which is a characteristic
of pancreatic cancer. Thus far, we do not know the extent
to which these sources are involved in inducing the EMT in
pancreatic cancer.

Recently, highly differentiated pancreatic ductal adeno-
carcinoma was reported to undergo partial EMT, in which
cancer cells acquire mesenchymal characteristics while
retaining some epithelial ones, thereby resulting in collective
dissemination, while poorly differentiated pancreatic ductal
adenocarcinoma undergoes complete EMT, in which cancer
cells undergo single-cell dissemination [23]. Considering
the observation that tumor cell clusters display enhanced
metastatic potential compared to single cells, it is specu-
lated that tumors exhibiting partial EMT phenotype might
exhibit an increased metastatic rate compared to tumors
with a complete EMT phenotype. As AsPC-1 is a highly
to moderately differentiated pancreatic ductal adenocarci-
noma while PANC-1 is a moderately to poorly differentiated
pancreatic ductal adenocarcinoma [24], AsPC-1 may cause
partial EMT while PANC-1 causes complete EMT in this
study. It will be interesting to see if there is a difference in
the EMT of AsPC-1 and PANC-1 cells and if this affects
how they metastasize.
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In the present study, we used a homogeneous human pan-
creatic cancer cell line. However, since cancer tissues are
composed of heterogeneous cell populations, the induction
of EMT by exosomes secreted by cells with different char-
acteristics will require a further investigation. To develop
novel therapeutic agents to inhibit metastasis, we would
like to propose two strategies. The first involves the use of
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inhibitors for TGF-p or EGF receptor, which are signaling
molecules of EMT and have already been studied as metas-
tasis inhibitors [25]. Second, since exosomes secreted by
cancer cells circulate from tumor vessels to normal blood
vessels in the bloodstream, the inhibition of exosomes secre-
tion by antibodies targeting CD9 and CD63 in the outer
membrane of exosomes might suppress metastasis [26].
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If therapies based on these strategies are developed in the
future, distant metastasis of pancreatic cancer will likely be
suppressed, and the prognosis will be improved.

Conclusion

The development of metastasis inhibitors in the early stage
of pancreatic cancer, which has an extremely poor prognosis,
is an urgent issue. Although signaling molecules have been
reported to induce EMT in the early stage of cancer metas-
tasis, the mechanism by which they are supplied remains
unclear. In this study, we demonstrated that pancreatic can-
cer cell-derived exosomes induce EMT in human pancreatic
cancer cells themselves, partially via TGF-f1.

Acknowledgements This work was supported by JSPS KAKENHI
Grant Number 18K08705 and 21K08684 (Y.H) and 21K07099 (K.S).

Declarations

Conflict of interest The authors have no conflicts of interest to declare.

References

1. Mizurah JD, Surana R, Valle JW, Shroff RT (2020) Pancreatic can-
cer. Lancet 395:2008-2020
2. Siegel RL, Miller KD, Jamal A (2020) Cancer statistics, 2020. CA
Cancer J Clin 70:7-30
3. American Cancer Society (2020) Cancer Fact & Figures, 2020.
American Cancer Society, Atlanta, GA
4. Lamouille S, Xu J, Derynck R (2014) Molecular mechanisms of epi-
thelial-mesenchymal transition. Nat Rev Mol Cell Biol 15:178-196
5. Beuran M, Negoi I, Paun S, Ion AD, Bleotu C, Negoi RI, Hostiuc S
(2015) The epithelial to mesenchymal transition in pancreatic can-
cer: a systematic review. Pancreatology 15:217-225
6. Kulluri R, Weinberg RA (2009) The basics of epithelial-mesenchy-
mal transition. J Clin Investig 119:1420-1428
7. Shibue T, Weinberg RA (2017) EMT, CSCs, and drug resistance:
the mechanistic link and clinical implications. Nat Rev Clin Oncol
14:611-629
8. Wellner U, Schubert J, Burk UC, Schmalhofer O, Zhu F, Sonntag
A, Waldvogel B, Vannier C, Darling D, zur Hausen A, Brunton
VG, Morton J, Sansom O, Schiiler J, Stemmler MP, Herzberger C,
Hopt U, Keck T, Brabletz S, Brabletz T (2009) The EMT-activator
ZEB1 promotes tumorigenicity by repressing stemness-inhibiting
microRNAs. Nat Cell Biol 11:1487-1495
9. Bao B, Wang Z, Ali S, Kong D, Li Y, Ahmad A, Banerjee S, Azmi
AS, Miele L, Sarkar FH (2011) Notch-1 induces epithelial-mes-
enchymal transition consistent with cancer stem cell phenotype in
pancreatic cancer cells. Cancer Lett 307:26-36
10. Singh M, Yelle N, Venugopal C, Singh KS (2018) EMT: Mecha-
nisms and therapeutic implications. Pharmacol Ther 182:80-94
11. Jonckheere S, Adams J, Groote DD, Cambell BG, Goosens S (2021)
Epithelial-mesenchymal transition (EMT) as a therapeutic target.
Cells Tissues Organs 5:1-26
12. Raposo G, Stoorvogel W (2013) Extracellular vesicles: exosomes,
microvesicles, and friends. J Cell Biol 200:373-383
13. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A,
Mark MT, Molina H, Kohsaka S, Di Giannatale A, Ceder S, Singh
S, Williams C, Soplop N, Uryu K, Pharmer L, King T, Bojmar L,

Davies AE, Ararso Y, Zhang T, Zhang H, Hernandez J, Weiss JM,
Dumont-Cole VD, Kramer K, Wexler LH, Narendran A, Schwartz
GK, Healey JH, Sandstrom P, Labori KJ, Kure EH, Grandgenett PM,
Hollingsworth MA, de Sousa M, Kaur S, Jain M, Mallya K, Batra
SK, Jarnagin WR, Brady MS, Fodstad O, Muller V, Pantel K, Minn
AJ, Bissell MJ, Garcia BA, Kang Y, Rajasekhar VK, Ghajar CM,
Matei I, Peinado H, Bromberg J, Lyden D (2015) Tumour exosome
integrins determine organotropic metastasis. Nature 527:329-335

14. Shimizu K, Chiba S, Hori Y (2013) Identification of a novel sub-
population of tumor-initiating cells from gemcitabine-resistant pan-
creatic ductal adenocarcinoma patients. PLoS ONE 8:e81283

15. Aoyanagi E, Sasai K, Nodagashira M, Wang L, Nishihara H, Thara
H, Ikeda Y, Tanaka S (2010) Clinicopathologic application of lectin
histochemistry: bisecting GlcNAc in glioblastoma. Appl Immuno-
histochem Mol Morphol 18:518-525

16. Shimizu K, Itoh T, Shimizu M, Ku Y, Hori Y (2009) CD133
expressing pattern distinguishes intraductal papillary mucinous
neoplasms from ductal adenocarcinomas of the pancreas. Pancreas
38:¢207-214

17. Wang OH, Azizian N, Guo M, Capello M, Deng D, Zang F, Fry
J, Katz MH, Fleming JB, Lee JE, Wolff RA, Hanash S, Wang H,
Maitra A (2016) Prognostic and functional significance of MAP4KS5
in pancreatic cancer. PLoS ONE 11:e0152300

18. Costanza B, Rademaker G, Tiamiou A, Tullio PD, Leenders J,
Blomme A, Bellier J, Bianchi E, Turtoi A, Delvenne A, Bellahcéne
A, Peulen O, Castronovo V (2019) Transforming growth factor beta-
induced, an extracellular matrix interacting protein, enhances gly-
colysis and promotes pancreatic cancer cell migration. Int J Cancer
145:1570-1584

19. Nieszporek A, Skrzypek K, Adamek G, Majka M (2019) Molecular
mechanisms of epithelial to mesenchymal transition in tumor metas-
tasis. Acta Biochim Pol 66:509-520

20. Mittal V (2018) Epithelial mesenchymal transition in tumor metas-
tasis. Annu Rev Pathol 13:395-412

21. Noor R (2021) Developmental status of the potential vaccines for the
mitigation of the COVID-19 pandemic and a focus on the effective-
ness of the Pfizer-BioNTech and Moderna mRNA vaccines. Curr
Clin Microbiol Rep 3:1-8

22. Zhou W, Fong MY, Min Y, Somlo G, Liu L, Palomares MR, Yu Y,
Chow A, O’Connor ST, Chin AR, Yen Y, Wang Y, Marcusson EG,
Chu P, Wu J, Wu X, Li AX, Li Z, Gao H, Ren X, Boldin MP, Lin
PC, Wang SE (2014) Cancer-secreted miR-105 destroys vascular
endothelial barriers to promote metastasis. Cancer Cell 25:501-515

23. Aiello NM, Maddipati R, Norgard RJ, Balli D, Li J, Yuan S, Yama-
zoe T, Black T, Sahmoud A, Furth EE, Bar-Sagi D, Stanger BZ
(2018) EMT Subtype influences epithelial plasticity and mode of
cell migration. Dev Cell 45:681-695

24. Tong Z, Kunnumakkara AB, Wang H, Matsuo Y, Diagaradjane P,
Harikumar KB, Ramachandran V, Sung B, Chakraborty A, Bresalier
RS, Logsdon C, Aggarwal BB, Krishnan S, Guha S (2008) Neutro-
phil gelatinase-associated lipocalin: a novel suppressor of invasion
and angiogenesis in pancreatic cancer. Cancer Res 68:6100-6108

25. Jonckheere S, Adams J, Groote DD, Campbell K, Berx G, Goossens
S (2021) Epithelial-mesenchymal transition (EMT) as a therapeutic
target. Cells Tissues Organs 5:1-26

26. Nishida-Aoki N, Tominaga N, Takeshita F, Sonoda H, Yoshioka
Y, Ochiya T (2017) Disruption of circulating extracellular vesicles
as a novel therapeutic strategy against cancer metastasis. Mol Ther
25:181-191

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Pancreatic cancer cell-derived exosomes induce epithelial-mesenchymal transition in human pancreatic cancer cells themselves partially via transforming growth factor β1
	Abstract
	Introduction
	Materials and methods
	Cell lines and culture conditions
	Lentiviral vector and lentiviral-mediated gene transfer
	Colony formation
	Isolation of exosome from culture supernatant
	Quantitative reverse transcription PCR (RT-PCR)
	Western blotting
	Immunostaining
	Transfection of siRNA
	Statistical analyses

	Results
	EMT in the colonies of human pancreatic cancer cells and epithelial phenotypes of human pancreatic cancer cell lines
	Exosomes derived from pancreatic cancer cells with epithelial phenotype induce EMT in pancreatic cancer cells themselves
	The TGF-β1 expression in human normal pancreatic ducts and pancreatic cancer tissue, human pancreatic cancer cell lines, and mouse subcutaneous tumors from human pancreatic cancer cells
	Effect of TGF-β1 knock-down cells on TGF-β1 gene expression in pancreatic cancer cells and pancreatic cancer cell-derived exosomes
	Exosomes from TGF-β1 knock-down cells suppressed EMT induction in pancreatic cancer cells themselves and TGF-β1 protein expression in target cells

	Discussion
	Conclusion
	Acknowledgements 
	References




