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Abstract
Background: Cell competition is an important feature in pancreatic cancer (PC) progression, but the underlying mechanism
remains elusive. This study aims to explore the role of exosomes derived from normal pancreatic ductal epithelial cells involved in
PC progression.
Methods: PC cells and pancreatic stellate cells (PSCs) were treated with exosomes isolated from pancreatic ductal epithelial cells.
Cell proliferation was assessed by CCK8 assays. Cell migration and invasion were assessed by Transwell assays. PC and matched
adjacent non-tumor tissue specimens were obtained from 46 patients pathologically diagnosed with PC at Peking University First
Hospital from 2013 to 2017. Tissue miR-485-3p and p21-activated kinase-1 (PAK1) expression was examined by real-time
polymerase chain reaction (RT-PCR), and the relationship of the two was analyzed using Pearman’s product-moment correlation.
The clinical significance of miR-485-3p was analyzed using the Chi-square test, Wilcoxon rank-sum test, and Fisher exact
probability, respectively. The binding of miR-485-3p to PAK1 50-untranslated region (50-UTR) was examined by luciferase assay.
PC cells were xenografted into nude mice as a PC metastasis model.
Results: Exosomes from pancreatic ductal epithelial cells suppressed PC cell migration and invasion as well as the secretion and
migration of PSCs. MiR-485-3p was enriched in the exosomes of pancreatic ductal epithelial cells but deficient in those of PC cells
and PSCs, in accordance with the lower level in PSCs and PC cells than that in pancreatic ductal cells. And the mature miR-485-3p
could be delivered into these cells by the exosomes secreted by normal pancreatic duct cells, to inhibit PC cell migration and
invasion. Clinical data analysis showed that miR-485-3p was significantly decreased in PC tissues (P< 0.05) and was negatively
associated with lymphovascular invasion (P= 0.044). As a direct target of miR-485-3p, PAK1 was found to exert an inhibitory
effect on PC cells, and there was a significantly negative correlation between the expression levels of miR-485-3p and PAK1
(r=�0.6525, P< 0.0001) in PC tissues. Moreover, miR-485-3p could suppress PC metastasis in vivo by targeting p21-activated
kinase-1.
Conclusions: Exosomal miR-485-3p delivered by normal pancreatic ductal epithelial cells into PC cells inhibits PC metastasis by
directly targeting PAK1. The restoration of miR-485-3p by exosomes or some other vehicle might be a novel approach for PC
treatment.
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Introduction

Cell competition describes the competitive growth and
survival of different cell types and the newly emerging
unfit cells within tissues, which has been recognized as an
important feature in organ homeostasis,[1-3] maintenance
of immune function,[4] and tumor development.[4,5] Our
previous study based on laser capture microdissection
revealed that pancreatic cancer (PC) cells, pancreatic
stellate cells (PSCs), and normal pancreatic ductal
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epithelial cells were the three main components in PC
tissues.[6] However, it remains unclear whether normal
pancreatic ductal epithelial cells with a high proportion
within PC tissues could show competition against PC cells
and PSCs.

Exosomes are nanosized extracellular vesicles released by
almost all types of cells and have been recognized as
messengers of cell-to-cell communication.[7,8] Ribonucleic
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acid (RNA) sequencing analysis has shown a diverse
collection of exosomal RNA species in human plasma
samples, among which microRNAs (miRNAs) were the
most abundant.[9] Exosomal miRNAs are found to be
widely involved in tumor development, while previous
studies mainly focused on the role of exosomes derived
from tumor cells or stromal cells.[10-13] Recently, Zheng
et al[14] reported that exosomal long non-coding RNA
PTENP1 derived from normal bladder cells could inhibit
the biological malignant behavior of cancer cells, indicat-
ing that cell competition mediated by exosome may play
an important role in cancer progression. The effects and
mechanisms of cell competition in PC progression remain
unclear. Therefore, the present study aimed to investigate
whether miRNAs released by exosomes derived from
normal pancreatic ductal epithelial cells could suppress PC
progression.
Methods

Clinical specimens and ethical approval

PC and matched adjacent non-tumor tissue specimens
were obtained from 46 patients who were pathologically
diagnosed with PC at Peking University First Hospital
(Beijing, China) from 2013 to 2017. All specimens
were stored in liquid nitrogen immediately after
resection. The study was conducted in accordance
with the Declaration of Helsinki and was approved
by the local ethics committee of Peking University
First Hospital (No. 201933). Informed written consent
was obtained from all patients before their enrollment in
this study.
Cell culture and transfection

Human PSCs were isolated from resected PC tissues and
cultured as previously described.[10,15] Human pancreatic
normal epithelial cell line hTERT-HPNE and PC cell lines
(AsPC-1, BxPC-3, MIA PaCa-2, PANC-1, Patu8988,
T3M4) were purchased from the American Type Culture
Collection (Manassas, USA). hTERT-HPNE cells were
cultured in 75% Dulbecco’s modified eagle medium
(DMEM) without glucose (Corning, New York, USA)
and 25% Medium M3 Base (Incell Corporation, Texas,
USA) containing 10 ng/mL human recombinant epider-
mal growth factor (Amyjet Scientific, Wuhan, China),
5.5 mmol/L D-glucose (MedChemExpress, Shanghai,
China), 750 ng/mL puromycin (Beyotime, Shanghai,
China), and 5% Fetal bovine serum (FBS) (Corning). PC
cell lines were cultured in RPMI-1640 (Gibco, California,
USA) or DMEM (Corning) containing 10% FBS. All cell
lines were cultured at 37°C in a humid atmosphere with
5% CO2.

The lentiviral vector pCDH/MSCV/MCS/EF1/GFP/Puro
for PAK1 overexpression was constructed by SyngenTech
(Beijing, China). Other plasmids were purchased from
GenePharma (Shanghai, China). The hsa-miR-485-3p
mature sequence (miR-485-3p mimic GTCATACACGG
CTCTCCTCTCT) and the scramble sequence (miR-NC
TT CTCCGAACGTGTCACGT) were cloned into
pGLV10/U6/RFP/Puro lentivirus vector. The miR-485-
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3p inhibitor sequence (Inh-miR-485-3p GATCCAGA
GAGGAGAGCC GTGTATGACCGATAGAGAGGAGA
GCCGTGTATGA CACCGGTAGAGAGGAGAGCCGT
GTATGACTCACA GAGAGGAGAGCCGTGTATGAC
TTTTTTGAATT) and the scramble sequence (Inh-NC
TTCTCCGAACGTGT CACGT) were cloned into
pGLV3/H1/GFP/Puro lentivirus vector.

Lentivirus was produced via 293T cells seeded in 6-cm
dishes using lipofectamine 3000 (Invitrogen, California,
USA) according to the manufacturer’s instructions.
Transfection reagent was prepared in two parts: one
was the 250 mL mixture of opti-MEM (Gibco) and 10 mg
total plasmids, the other was the mixture of 15 mL
lipofectamine 3000 and 235 mL opti-MEM. To construct
PC cells that express PAK1 stably, PC cells were cultured
in a medium containing lentivirus and polybrene (Beyo-
time) for 24 h and were selected with 2 mg/mL puromycin.
Exosome isolation and characterization

Exosomes were isolated from PSCs, hTERT-HPNE, and
PC cell lines using the ultracentrifugation method as
previously described or ExoQuick-tc kits (SBI, California,
USA).[16,17] The morphological characteristics of exo-
somes were observed and imaged using a transmission
electron microscope (FEI, Oregon, USA). The particle size
of exosomes was analyzed by Beijing Enze Kangtai
Biological Technology (Beijing, China).
Transwell migration and invasion assays

BxPC-3, PANC-1 cells, and PSCs (2� 104 cells/well)
were suspended in FBS-free medium and seeded in the
top chambers of 24-well Transwell inserts (Corning).
For invasion assays, the top chambers were pre-coated
with 100 mL of Matrigel Matrix (1:7 dilution, Corning,
New York, USA) according to the manufacturer’s
instructions. The lower chambers contained 600 mL of
culture medium supplemented with 10% FBS as the
chemoattractant. All the cells were cultured under
standard conditions for 36 to 48 h. Cells that migrated
or invaded through the polycarbonate membranes were
fixed in 4% paraformaldehyde (Solar-bio, Beijing,
China), washed with phosphate-buffered saline (PBS)
(Solarbio, Beijing, China), stained with 0.1% crystal
violet (Solarbio), imaged, and counted under a micro-
scope (Olympus, Tokyo, Japan).
Immunofluorescence

Exosomes were fluorescently labeled with PKH-67
(BestBio, Shanghai, China) at 37°C for 30min according
to the manual. Excessive PKH-67 was removed with
Exosome Spin Columns (MW 3000) (Thermo Fisher
Scientific, Massachusetts, USA) following previously
published protocols.[10] Then PKH-67-labeled exosomes
were mixed with PSCs, BxPC-3, or PANC-1 in confocal
dishes (Nest, Wuxi, China) under standard conditions for
8 to 12 h. Next, the cells were fixed, permeabilized,
blocked, stained in DAPI (Beyotime), and imaged using a
laser scanning confocal microscope (Leica, Wetzlar,
Germany).
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Real-time polymerase chain reaction (RT-PCR)

RNA isolation and real-time PCR wereperformed follow-
ing our previously published protocols.[10] The primers
for U6 and miR-485-3p were purchased from RiboBio
(Guangzhou, China). Other primers were purchased from
TSINGKE (Beijing, China): GAPDH, Forword primer
50- GTATTGGGCGCCT GGTCACC-30, Reverse primer
50-CGCTCCTGGAAGATGGT-GATGG-30; PAK1, For-
word primer 50- CAGCCCCTCCGATGAGAAATA-30,
Reverse primer 50-CAAAACCGACATGAATTG TGTGT-
30; Pre-miR-485-3p, Stem loop primer 50-GTCGTATC-
CAGTGCGTGTCG TGGAGTCGGCAATTGACCACT
GGATACGACTAAAAG-30, Forword primer 50- GCCGA
GTGGAGAGAGGCTGGC-30, Reverse primer 50-CAGT
GCGTGTCGTGGAGT-30; Pri-miR-485-3p, Forword
primer 5’- CGAGTCATACACGGCTCTCC-30, Reverse
primer 50- TACCTTGGAAGCAGCACTGG-30. U6 and
GAPDHserved as the endogenous controls formiRNAand
mRNA, respectively. Each sample was examined in
triplicate, and all data were analyzed using the 2�DDCT

method.
Western blotting and immunohistochemistry (IHC)

Western blotting and immunohistochemistry analyses
were performed as previously described.[18] Antibodies
for PAK1 (ab172730), TSG101 (ab125011) were pur-
chased from Abcam (Cambridge, MA, USA); anti-CD9
(#13174) were purchased from Cell Signaling Technology
(Beverly, MA, USA); anti-CD63 (AF1471) was purchased
from Beyotime; and b-actin (bs-0061R) antibody was
obtained from Bioss (Beijing, China).
CCK-8 assay

The cell viability of PSCs and PC cells was detected using
Cell Counting kit-8 (Dojindo, Kyushu, Japan). PC cells
and PSCs were, respectively, seeded at 5000 cells/well and
10,000 cells/well in 96-well plates (Nest, Wuxi, China) in
triplicate. One hundred microliters of FBS-free medium
containing 10 mL WST-8 reagent were added into each
well and the plates were incubated at 37°C for 1 h, and the
optical absorbance at 450 nm was measured using a
microplate reader (Bio-Rad Laboratories, California,
USA).
Enzyme linked immunosorbent assay (ELISA)

The levels of fibronectin 1 (FN1), Col I, and fibroblast
activation protein alpha (FAP) in PSCs cell supernatant
were detected by using Human FN ELISA Kit (No. E-EL-
H0179c, Elabscience, Wuhan, China), Human Col I
ELISAKit (No. JM-03329H1, JINGMEI, Jiangsu, China),
and Human FAPa ELISA Kit (No. EH3037, FineTest,
Wuhan, China) according to the manufacturer’s instruc-
tions.
Dual-luciferase reporter assay

The reporter plasmids containing 50UTR fragment of
PAK1 harboring wild-type or mutant miR-485-3p binding
sites were constructed by SyngenTech (Beijing, China).
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Then, PANC-1 cells were cultured in 96-well plates and
co-transfected with 50 nmol/L miR-485-3p mimic or
negative control and 100 ng of either reporter plasmid
using Lipofectamine 3000. PANC-1 cells were lysed 48 h
after transfection, and the luciferase activity of each group
was measured according to the manufacturer’s instruc-
tions (Promega, Wisconsin, USA). All experiments were
independently performed three times.
Animal model

BxPC-3 cells transfected with luci-miR-NC, luci-miR-
485-3p mimic, luci-Inh-NC, and luci-Inh-miR-485-3p
were harvested to prepare single cell suspensions. An
equal number of BxPC-3 cells (1� 106 cells in 100 mL of
PBS) from each group was injected into the lateral tail
vein of 4-week-old nude mice (BALB/c-nu) (n= 5).
Potential metastases in the mice were detected and
photographed with an IVIS Spectrum in-vivo imaging
system (Perkin Elmer, Massachusetts, USA) at 35 days
after injection. Then, all the mice were euthanized, and
the lungs were collected for further analysis. All animal
studies were approved and supervised by the Ethics
Committee for Animal Studies at Peking University First
Hospital.
Statistical analysis

Statistical analysis was carried out using SPSS 19.0 (SPSS,
Chicago, IL, USA) and GraphPad Prism 8 (GraphPad,
La Jolla, CA, USA). Categorical data and hierarchical
data were reckoned using percentages and counts of cases
to be described. The correlations between varieties
of clinical data and miR-485-3p were ascertained using
Chi-square test, Wilcoxon test, or Fisher exact test for
comparison. The relationships between the expression of
miR-485-3p and PAK1 were arrived at using paired
sample test and Pearson correlation analysis. Independent-
sample t test and non-parametric test were used to
compare two groups; Bonferroni or Dunnett t test were
used for pairwise comparisons, which were applied using
continuous variables. All tests were performed using a
two-sided test. Factors with P< 0.05 were considered
statistically significant.
Results

Exosomes of hTERT-HPNE cells suppressed PC cell
migration and invasion

To explore exosome-mediated cell competition among
different cell clones within PC tissues, we isolated the
exosomes from non-transformed immortalized normal
pancreatic duct cell line hTERT-HPNE (ExohTERT-HPNE)
andobserved typical exosomalmorphologyandparticle size
distribution [Supplementary Figure 1A-B, http://links.lww.
com/CM9/B64]. The detection of exosomal markers CD9,
CD63, and TSG101 confirmed the isolation of ExohTERT-
HPNE [Supplementary Figure 1C, http://links.lww.com/
CM9/B64]. To examine the pickup of ExohTERT-HPNE

by the PC cell lines BxPC-3 and PANC-1, ExohTERT-HPNE

was labeled with PKH-67, and the internalization in PC
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cells was captured by laser scanning confocal microscopy
[Supplementary Figure 1D, http://links.lww.com/CM9/
B64]. These results demonstrated the isolation of Exoh-
TERT-HPNE and its internalization into PC cells.

Next, BxPC-3 and PANC-1 cells were treated with
ExohTERT-HPNE. CCK8 assay showed that PC cell
proliferation could not be inhibited by ExohTERT-HPNE

[Supplementary Figure 1E, http://links.lww.com/CM9/
B64], but Transwell migration and invasion assays
showed that ExohTERT-HPNE suppressed PC cell migration
and invasion [Figure 1A]. These data suggest that hTERT-
HPNE cells could release exosomes to inhibit PC cell
migration and invasion.

Exosomes of hTERT-HPNE cells suppressed PSC migration
and secretion

As an important cell component within PC tissues, PSCs
contribute to the malignant phenotype of PC cells.[19,20]

First, we examined the internalization of PKH-67-labeled
ExohTERT-HPNE in PSCs [Supplementary Figure 1D, http://
links.lww.com/CM9/B64]. CCK8 assays showed that cell
proliferation of PSCs was not affected by ExohTERT-HPNE

[Supplementary Figure 1E, http://links.lww.com/CM9/
B64], but cell migration of PSCs was significantly sup-
pressed by ExoTERT-HPNE [Figure 1B]. It is well known that
activated PSCs secrete a large amount of fibronectin and
collagen to maintain the stroma of PC.[20-22] FAP is an
important immunosuppressive factor within the PC
microenvironment.[23] We found that the secretion of
FN1, collagen type alpha 1 chain (COLIA1), and FAPwere
downregulated in PSCs treated by ExohTERT-HPNE

[Figure 1C]. Taken together, these results suggest that
hTERT-HPNE cells could release exosomes to inhibit cell
migration and secretion of PSCs without affecting cell
proliferation.
Exosomal miR-485-3p was downregulated in those of PC
cells and PSCs

To explore the inhibitory mechanisms of ExohTERT-HPNE

on PC cells and PSCs, we collected ExohTERT-HPNE and
ExoBxPC-3 to conduct miRNA sequencing (Supplementary
Exo-miRNA sequencing data, http://links.lww.com/CM9/
B68). After incorporating the miRNA sequencing data of
PSC-derived exosomes (ExoPSC) reported by Takikawa
et al[16] into the present study, we noticed that miR-485-
3p was absent both in ExoPSC and ExoBxPC-3. Exosomes of
PSCs, hTERT-HPNE and six PC cell lines (AsPC-1,
BxPC-3, MIA PaCa-2, PANC-1, Patu8988, and T3M4
cells) were all collected, and the results confirmed that
exosomal miR-485-3p was deficient in PC cells and PSCs
compared with hTERT-HPNE [Figure 1D and Supple-
mentary Figure 2, http://links.lww.com/CM9/B65). The
miR-485-3p expression was also detected in the corre-
sponding parental cells, and the results showed that miR-
485-3p was expressed at a lower level in PSCs and PC
cells compared with pancreatic ductal cells [Figure 1D].
We further detected miR-485-3p expression in 46
paired PC and adjacent non-tumor tissues by RT-PCR
to determine its clinical significance. Clinical data
analysis showed that miR-485-3p was decreased in
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78.3% (36/46) of PC tissues, and was negatively
associated with lymphovascular invasion (P= 0.044)
[Table 1].

PANC-1 and BxPC-3 cell lines were chosen to conduct
further experiments. ExohTERT-HPNE was added to the
medium of PC cells (BxPC-3, PANC-1) and PSCs for 12 h.
ExohTERT-HPNE and recipient cells were collected to detect
the expression of mature miR-485-3p and precursor
RNA. The results showed that ExohTERT-HPNE directly
delivered mature miR-485-3p into PC cells and PSCs
[Figure 1E and Supplementary Figure 3, http://links.lww.
com/CM9/B66] rather than stimulating its production.
Collectively, these results suggest that exosomal miR-485-
3p is downregulated in PC cells and PSCs, and the mature
miR-485-3p could be delivered into these cells by the
exosomes secreted by normal pancreatic duct cells.
MiR-485-3p regulated PC cell migration and invasion

To investigate the role of miR-485-3p in PCmetastasis, we
used BxPC-3 and PANC-1 cells as models and established
stable miR-485-3p-overexpressing cells (miR-485-3p
mimic), miR-485-3p-silenced cells (Inh-485-3p), and
control cells (miR-NC and Inh-NC) [Figure 2A,B]. PC
cells overexpressing miR-485-3p were less likely to
migrate or invade compared with control cells
[Figure 2C]. In contrast, silencing of miR-485-3p in PC
cells increased cell migration and invasion [Figure 2D].

Next, miR-485-3p was also overexpressed or silenced in
PSCs [Figure 2E]. No significant changes in migration
compared to control PSCs were found [Supplementary
Figure 4, http://links.lww.com/CM9/B67]. COLIA1 se-
creted by PSCs changed slightly with the overexpression or
silencing of miR-485-3p [Figure 2F]. Taken together,
miR-485-3p could regulate PC cell migration and invasion
but did not markedly affect PSCs.
Upregulation of miR-485-3p in hTERT-HPNE cells enhanced
the inhibitory effect of ExohTERT-HPNE on PC cell migration
and invasion

To explore the contribution of miR-485-3p to the
inhibitory effects of ExohTERT-HPNE on PC cell migration
and invasion, hTERT-HPNE cells were transfected
with miR-485-3p mimic [Figure 3A] or its inhibitor
[Figure 3C] and then exosomes were successively
enriched, including ExomiR-NC, ExomiR-485-3pmimic,
ExoInh-NC, and ExoInh-miR-485-3p. BxPC-3 and PANC-1
cells were treated with these exosomes for 48 h, and the
cells were collected to confirm the changes of miR-485-3p
expression [Figure 3B,D].

Transwell migration and invasion assays showed that
overexpression of miR-485-3p enhanced the inhibitory
effect of ExohTERT-HPNE on PC cell migration and invasion
[Figure 3E]. However, the knockdown of miR-485-3p
could not abolish the inhibitory effect of ExohTERT-HPNE

[Figure 3F]. These results suggest that exosomal miR-485-
3p from hTERT-HPNE cells plays an important role in the
inhibition of PC cell migration and invasion.
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Figure 1: Suppressive effects of ExohTERT-HPNE on PC cells and PSCs through delivering mature miR-485-3p into the corresponding cells. (A) Transwell migration and invasion assays of
BxPC-3 and PANC-1 cells treated with or without ExohTERT-HPNE (bar: 100 mm). Cells were imaged at 200�magnification in five random fields and counted using ImageJ software. (B)
Transwell migration assay of PSCs treated with or without ExohTERT-HPNE (bar: 100 mm). (C) FN1, COLIA1, and FAP levels in cell supernatant of PSCs treated with or without ExohTERT-HPNE

assessed by ELISA. (D) Detection of miR-485-3p in exosomes of hTERT-HPNE, PSCs, and PC cells, as well as in the corresponding parental cells using RT-PCR. MiR-485-3p was not
detected in ExoPSC, ExoBxPC-3, and ExoMIAPaCa-2. U6 served as endogenous reference. (E) Mature miR-485-3p and its precursors (pre-miR-485-3p, pri-miR-485-3p) of PSCs and PC cells
were detected by RT-PCR. U6 and GAPDH, respectively, served as endogenous reference of miRNA and mRNA.

∗
P< 0.05,

∗∗
P< 0.01,

∗∗∗
P< 0.001,

∗∗∗∗
P< 0.0001. COLIA1: Collagen

type alpha 1 chain; ELISA: Enzyme linked immunosorbent assay; FAP: Fibroblast activation protein alpha; FN1: Fibronectin 1; miRNAs: microRNAs; PC: Pancreatic cancer; PSCs: Pancreatic
stellate cells; RT-PCR: Real-time PCR; WT: Wild type.
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Table 1: Correlation analysis between tissue miR-485-3p levels and clinicopathological features of 46 PC patients (n).

miR-485-3p expression

Variables Number of cases (n= 46) Low (n= 36) High (n= 10) P value

Age 0.240
< 60 years 13 12 1
≥60 years 33 24 9

Gender 0.480
Male 28 23 5
Female 18 13 5

Location 1.000
Head 31 24 7
Other 15 12 3

Tumor size 0.719
<4cm 27 22 5
≥4cm 19 14 5

Histologic grade 1.000
Well/moderate 32 25 7
Poor 14 11 3

Regional lymph nodes 0.667
N0 22 16 6
N1 19 16 3
N2 5 4 1

Perineural invasion 0.056
Negative 14 8 6
Positive 32 28 4

Lymphovascular invasion 0.044
Negative 34 24 10
Positive 12 12 0

Based on the American Joint Committee on Cancer Staging System for Pancreatic Adenocarcinoma (8th Edition). PC: Pancreatic cancer.
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MiR-485-3p directly modulated PAK1 to suppress PC
metastasis

To elucidate the mechanism by which miR-485-3p
inhibited PC cell migration and invasion, we conducted
bioinformatics analysis to identify its potential targets.
The miRNA target database miRWalk suggested the
presence of a putative miR-485-3p binding site in the
50UTR of PAK1 [Figure 4A, left]. Furthermore, a dual-
luciferase reporter assay validated that PAK1 was a target
of miR-485-3p in PANC-1 cells [Figure 4A, right]. Then,
the expression of miR-485-3p and PAK1 in 46 pairs of
human PC tissues and adjacent normal tissues was detected
by RT-PCR. The results showed that the level ofmiR-485-
3pwas significantly decreasedwhile PAK1was increased in
PC tissues, and therewas a significantly negative correlation
between their expression levels (r=�0.6525, P< 0.0001,
Figure 4B). In addition, both ExohTERT-HPNE and transfec-
tion of miR-485-3p mimic could decrease the PAK1
expression in either transcription or protein level in
BxPC-3 cells, while transfection of Inh-miR-485-3p
increased the PAK1 expression in BxPC-3 cells [Figure 4C].

To prove the functional interaction of PAK1 andmiR-485-
3p, the small molecule PAK1 inhibitor FRAX59719
(MedChemExpress, Shanghai, China) was used. While
silencing of miR-485-3p promoted BxPC-3 cell migration
and invasion, these effects were abrogated by FRAX597
[Figure 4D].
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To verify the role of miR-485-3p in PC metastasis in vivo,
BxPC-3 cells transfected with different vectors (luci-miR-
NC, luci-miR-485-3p, luci-Inh-NC, and luci-Inh-485-3p)
were injected into the lateral tail vein of nude mice. After
5 weeks, fluorescence radiance was detected in nude mice
using an IVIS Spectrum in-vivo imaging system
[Figure 4E]. The lungs were dissected for IHC analysis
at the endpoint to evaluate PC metastasis to the lungs.
miR-485-3p overexpression effectively decreased PAK1
levels and inhibited PC metastasis, while miR-485-3p
silencing increased PAK levels and promoted PC
metastasis [Figure 4F]. Taken together, these data
indicate that miR-485-3p could suppress PC metastasis
in vivo by targeting PAK1.

MiR-485-3p mediated the inhibitory effect of ExohTERT-HPNE

on PC cell migration and invasion via PAK1

To confirm that hTERT-HPNE cells derived exosomal
miR-485-3p suppressed PC cell migration and invasion by
decreasing PAK1, a lenti-PAK1/BxPC-3 cell line was
established to overexpress PAK1 in a stable manner, and
the cells were treated with ExohTERT-HPNE in the absence
or presence of miR-485-3p inhibitor (Inh-miR-485-3p) or
negative control inhibitor (Inh-NC). Western blot analysis
confirmed that Inh-miR-485-3p could augment PAK1
overexpression in PAK1/BxPC-3 stable cells [Figure 5A].
Transwell migration and invasion assays showed that
PAK1 overexpression restored cell migration and invasion
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Figure 2: MiR-485-3p regulated PC cell migration and Invasion. (A, B) miR-485-3p was overexpressed and silenced In BxPC-3 and PANC-1 cells. (C, D) Transwell migration and Invasion
assays in BxPC-3 and PANC-1 cells with overexpression or silencing of miR-485-3p (bar: 100mm). The migrated or invaded cells were imaged at 200�magnification in five random fields
and counted using ImageJ software. (E) MiR-485-3p was overexpressed and silenced in PSCs. (F) FN1, COLIA1, and FAP levels in cell supernatant of PSCs transfected with miR-485-3p
mimic or Inh-miR-485-3p were assessed by ELISA.

∗
P< 0.05,

∗∗
P< 0.01,

∗∗∗
P< 0.001,

∗∗∗∗
P< 0.0001. COLIA1: Collagen type alpha 1 chain; ELISA: Enzyme linked immunosorbent

assay; FAP: Fibroblast activation protein alpha; FN1: Fibronectin 1; PC: Pancreatic cancer; PSCs: Pancreatic stellate cells.
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inhibited by ExohTERT-HPNE, and the effect could be
augmented by Inh-miR-485-3p [Figure 5B,C].

These data indicate that the inhibitory effect of ExohTERT-
HPNE on PC cell migration and invasion may be mediated
by the targeting of PAK1 by miR-485-3p [Figure 5D].
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Discussion

In this study, we demonstrated the cell competition
phenomenon in PC tissues, a resultant in which normal
pancreatic ductal epithelial cells could release exosomes to
suppress the malignant behaviors of PC cells and PSCs.
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Figure 3: Upregulating miR-485-3p enhanced the inhibitory effect of ExohTERT-HPNE on PC cell migration and invasion. (A, C) miR-485-3p was overexpressed and silenced In hTERT-HPNE
cells and their exosomes. U6 served as endogenous reference. (B, D) The expression levels of miR-485-3p in each group were detected by RT-PCR. U6 served as endogenous reference.
(E, F) Transwell migration and invasion assays in BxPC-3 and PANC-1 cells with overexpression or silencing of exosomal miR-485-3p (bar: 100 mm).

∗
P< 0.05,

∗∗
P< 0.01,

∗∗∗
P< 0.001,

∗∗∗∗
P< 0.0001. PC: Pancreatic cancer; RT-PCR: Real-time PCR.
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Moreover, we elucidated that exosomal miR-485-3p from
normal human pancreatic ductal epithelial cells mediated
cell competition by targeting PAK1 in PC cells.

Increasingstudiesreveal theepithelialdefenseagainstcancer
phenomenon, under which normal epithelial cells often
eliminate newly emerging transformed cells by squeezing
these cells and affecting theirmetabolism to promote apical
elimination.[24-27] However, transformed cells, especially
thosewithTP53,KRASmutations, oftenacquiremalignant
phenotypes to survive, such as entosis.[28] In addition, the
2333
activation of PSCs precedes the tumorigenesis during the
development of PC, which has been confirmed to enhance
the malignancy of PC cells.[29-33] Our results proved that in
human PC, the normal pancreatic ductal cells suppressed
PC cell migration and invasion as well as the migration and
secretion of PSCs, but did not affect their proliferation, at
leastpartiallyviaexosomes.Furthermore,wedemonstrated
thatmiR-485-3pwasespeciallyexpressedinExohTERT-HPNE

ratherthaninexosomesofPCcellsandPSCs,andthemature
miR-485-3p could be delivered into PC cells and PSCs
directly by ExohTERT-HPNE.
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Figure 4: MiR-485-3p directly modulates PAK1 to suppress PC metastasis. (A) Dual-luciferase reporter assay in PANC-1 cells transfected with vectors containing 50UTR of PAK1 harboring
miR-485-3p binding sites or corresponding mutated sequences. (B) MiR-485-3p and PAK1 expression in 46 PC tissues and adjacent normal tissues (NP) were normalized to U6 and GAPDH,
and PAK1 expression was significantly correlated with miR-485-3p expression. (C) The transcription and protein levels of PAK1 in BxPC-3 cells treated with ExohTERT-HPNE and transfected with
miR-485-3p mimic or Inh-miR-485-3p were analyzed by RT-PCR and Western blot. GAPDH and b-actin served as endogenous reference. (D) MiR-485-3p silencing BxPC-3 cells and control
cells were exposed to DMSO or 100 nM FRAX597 for 48 h and subjected to Transwell migration and invasion assays (bar: 100 mm). (E) Bioluminescence images of mice in each group. The
average fluorescence radiance of mice was compared. (F) Representative H&E staining of pulmonary metastatic lesions and IHC staining of PAK1 in the lungs.

∗
P< 0.05,

∗∗
P< 0.01,

∗∗∗
P< 0.001,

∗∗∗∗
P< 0.0001. IHC: Immunohistochemistry; PC: Pancreatic cancer; RT-PCR: Real-time PCR; DMSO: Dimethylsulfoxide; CT: Cycle threshold.

Chinese Medical Journal 2022;135(19) www.cmj.org

2334

http://www.cmj.org


Figure 5: miR-485-3p mediated inhibitory effects of ExohTERT-HPNE on PC metastasis. (A) BxPC-3/PAK1 cells were treated with ExohTERT-HPNE and/or Inh-miR-485-3p, and the PAK1 protein
levels were detected by Western blot. b-actin served as loading control. (B) Transwell migration and invasion assays were conducted in each group. (C) Quantitative analysis of BxPC-3 cell
migration and invasion. (D) The model of cell competition in PC tissues.

∗
P< 0.05,

∗∗
P< 0.01,

∗∗∗
P< 0.001,

∗∗∗∗
P< 0.0001. PC: Pancreatic cancer; PSCs: Pancreatic stellate cells.
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MiR-485-3p has been proved to exert anti-cancer effects
in several types of cancers,[34-37] but its role in PC remains
to be elucidated. In the current study, we confirmed that
miR-485 was significantly decreased in both PC tissues
and cell lines. And clinical data analysis showed that miR-
485-3p was associated with perineural and lymphovas-
cular invasion in PC patients. Moreover, transfection of
miR-485-3p mimic inhibited PC cell migration and
invasion, and the miR-485-3p inhibitor promoted PC
cell migration and invasion. The upregulation of miR-
485-3p in ExohTERT-HPNE enhanced the inhibitory effects
on PC cells, while the knockdown of miR-485-3p did not
abolish the suppression of ExohTERT-HPNE, suggesting that
miR-485-3p may not be the only molecule to mediate the
role of ExohTERT-HPNE on PC cells. In addition, the
overexpression and knockdown of miR-485-3p did not
affect migration of PSCs, and so there must be other
molecules in ExohTERT-HPNE mediating the inhibitory
2335
effects of ExohTERT-HPNE on PSCs. This aspect requires
further investigation.

Next, we explored the regulatory mechanism of miR-485-
3p in PC cells and identified PAK1 as its target in PC cells.

PAK1 is an important non-receptor serine/threonine
kinase that serves as a downstream activator of various
oncogenic signaling pathways.[38-40] PAK1 expression is
upregulated in PC compared to normal tissues.[41,42] The
inhibition of PAK1 by inhibitor or the upstream molecule
could suppress PC metastasis, PC cell proliferation and
drug resistance, and immunosuppressive microenviron-
ment.[43-45] In this study, we constructed BxPC-3 cells
stably overexpressing PAK1 and demonstrated that miR-
485-3p suppressed PC cell invasion in vitro and inhibited
lung metastasis of xenografted PC cells in a mouse model
by targeting PAK1.
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Collectively, we proposed a model for normal pancreatic
ductal epithelial cells to exhibit cell competition against
PC cells and PSCs in PC tissues. In particular, exosomal
miR-485-3p delivered by normal pancreatic ductal
epithelial cells into PC cells inhibits PC metastasis by
directly targeting PAK1. The restoration of miR-485-3p
by exosomes or some other vehicle might be a novel
approach for PC treatment.
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