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A B S T R A C T

The roles of miRNAs in the development of cancer have made them promising tools for novel therapeutic ap-
proaches. However, the successful delivery of miRNAs to cancer cells has been hampered by difficulties in
developing an effective and sustainable delivery mechanism. Exosomes are small endogenous membrane vesicles
that mediate communication between cells by delivering genetic materials. Thus, given their intrinsic properties,
exosomes have been a focus for use as biological delivery vehicles for miRNAs transfer. Whether exosomes can
effectively deliver exogenous miRNAs to pancreatic ductal adenocarcinoma (PDAC) cells has not been thor-
oughly investigated. Here, we used exosomes from human umbilical cord mesenchymal stromal cells (hucMSCs)
to deliver exogenous miR-145-5p, which inhibited PDAC cell proliferation and invasion and increased apoptosis
and cell cycle arrest, concomitant with decreased Smad3 expression in vitro. Using a mouse model, we also
demonstrated that overexpressing miR-145-5p significantly reduced the growth of xenograft tumors in vivo. Our
findings provide novel insights that exosomes might be an attractive therapeutic vehicle for the clinical ad-
ministration of miRNAs in patients with PDAC.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the fourth most
common cause of cancer-related death in the USA, and the incidence
and mortality due to PDAC are closely paralleled [1]. Indeed, the
overall 5-year survival rate for patients is as low as 3%–8%, which can
be ascribed to approximately 52% of patients remaining asymptomatic
until late in their advanced stage [2]. This dismal prognosis is a result of
a lack of early effective diagnosis and resistance to systemic therapies
by intrinsic characteristics [3,4]. As a consequence, there is an urgent
need for clinicians and researchers to develop new optimal therapeutic
strategies for PDAC patients.

The transforming growth factor-β (TGF-β) signaling pathway plays
a crucial role in tumorigenesis and the progression of carcinomas [5].
Moreover, the TGF-β signaling pathway has been identified as one of
ten core molecular pathways that are significantly altered in PDAC and
the increased TGF-β levels in the serum or tumor tissues of PDAC

patients have been correlated with poor prognosis [6,7]. This phe-
nomenon is widely associated with the oncogenic roles of epithelial-
mesenchymal transition (EMT), which has been shown to strongly
correlate with local progression, distal metastasis and chemoresistance
in PDAC [8]. As an intracellular direct mediator of the TGF-β signaling
pathway, Smad3 plays a critical role in TGF-β-mediated EMT, resulting
in tumor invasion and metastasis [9]. Furthermore, upregulation of
Smad3 in PDAC patients correlated with EMT-like features, vascular
invasion, lymph node metastasis, and poor prognosis, such as shorter
overall survival and early recurrence [10]. However, the miRNA-based
regulatory mechanism on the basis of Smad3 in TGF-β-mediated EMT of
PDAC has been poorly illuminated.

The application of microRNAs (miRNAs), short single-stranded
noncoding RNA molecules of 18–25 nucleotides in length that play a
central role in the post transcriptional regulation of target gene ex-
pression by degrading or inhibiting the 3’-untranslated region (3’-UTR)
of mRNA, may emerge as an attractive prognostic, diagnostic and
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therapeutic tool for better treatment of PDAC [11,12]. Moreover, miR-
145-5p is a tumor suppressor that is frequently downregulated in var-
ious types of cancer including hepatocellular carcinoma, gastric cancer,
colorectal cancer, breast cancer, and PDAC [13–18]. It has been de-
monstrated that miR-145-5p participates in PDAC treatment by sup-
pressing the expression of oncogenes, such as angiopoietin-2 and
NEDD9, suggesting that miR-145-5p may be relevant in clinical therapy
by inhibiting PDAC cells [19,20]. Indeed, the 3’-UTR of Smad3 is pre-
dicted to be a target of miR-145-5p, and the expression of Smad3 has
been downregulated by miR-145-5p in non-small cell lung cancer and
nasopharyngeal cancer, respectively [21,22]. Thus, we hypothesized
that miR-145-5p could affect TGF-β-mediated EMT and tumor pro-
liferation and invasion by regulating Smad3 in PDAC.

However, the successful delivery of miRNAs to cancer cells has been
hampered by difficulties in developing an effective and sustainable
delivery mechanism. Exosomes are small endogenous membrane ve-
sicles that mediate communication between cells by carrying proteins
and nucleic acids [23,24]. In fact, human mesenchymal stem cells
(MSCs) are the ideal source of exosomes for drug delivery, as MSCs are
readily available proliferative, immunosuppressive, and have intrinsic
homing ability and a clinically tested character [25]. It has been de-
monstrated that human umbilical cord mesenchymal stromal cell
(hucMSC) derived exosomes are safe for use in animal models and ex-
hibit intrinsic therapeutic effects in heart and hepatic disease [26–28].
Furthermore, recent studies have revealed that exosomes can deliver
tumor-suppressive miRNAs into cancer cells, thereby possibly enabling
a clinically relevant exosome-based miRNA theraoeutic strategy for
PDAC [29].

The current study utilized hucMSC exosomes overexpressing miR-
145-5p, as a therapeutic tool to treat PDAC. Further experiments con-
firmed that overexpressing miR-145-5p significantly inhibited PDAC
cell proliferation and invasion, which was associated with the down-
regulation of Smad3. Moreover, overexpressing miR-145-5p led to up-
regulation of epithelial markers E-cadherin, concurrent with down-
regulation of the mesenchymal markers N-cadherin. In addition,
expression of the apoptosis-related gene Bax was increased compared
with significant downregulation of Bcl-2. Furthermore, flow cytometric
analysis revealed an increase in apoptotic cells among miR-145-5p-
treated PDAC cells and an increase in the percentage of G0/G1 stage
cells in the cell cycle. Similarly, in a mouse model of PDAC, over-
expression of miR-145-5p corresponded to smaller tumor volume and
weight, with downregulation of Smad3, N-cadherin, and Bcl-2 expres-
sion and upregulation of E-cadherin, and Bax expression. Our findings
provide novel insights into a PDAC therapy strategy based on hucMSC
exosomes.

2. Materials and methods

2.1. Isolation and identification of hucMSCs

Fresh umbilical cords were isolated from mothers at XuanWu
Hospital of Capital Medical University. This experimental protocol was
approved by the hospital's ethics committee, and informed consent was
obtained from each patient and their relatives. The cords were rinsed
three times with Dulbecco's phosphate-buffered saline (PBS) supple-
mented with 1% penicillin and streptomycin (Gibco, USA), and the
vessels were removed. The washed cords were subsequently cut into
1mm3 fragments, maintained in MesenCult-ACF Basal Medium con-
taining L-glutamine (serum-free culture medium) (Stem Cell
Technologies, Canada), and incubated at 37 °C with 5% CO2.

HucMSCs from passages 3–8 were used for all experiments.
HucMSCs were cultured in hucMSCs osteogenic, or adipogenic differ-
entiation media (Cyagen, USA) for differentiation, and differentiated
cells were identified by Alizarin Red staining and Oil Red O staining,
respectively. The phenotype profile of hucMSCs was evaluated through
flow cytometry analysis using PE-labeled human anti-CD34, anti-CD45,

anti-CD90, anti-CD73, anti-CD105, and anti-HLA-DR (all from
Biolegend, USA). At least 10,000 events were acquired on a FACSCanto
plus instrument (BD Bioscience), and the results were analyzed using
FlowJo software (Tree Star, Ashland, OR).

2.2. Cell culture

Human pancreatic cancer cell lines Capan-1, CFPAC-1, BxPC-3, and
Panc-1and normal human pancreatic duct epithelial cells (HPDEC)
were purchased from Cell Bank of the Chinese Science Academy
(Shanghai, China) and maintained at 37 °C in a 5% CO2 incubator in
RPMI 1640 medium (PANC-1, Capan-1 and BxPC3) or DMEM (CFPAC-
1, HPDEC) with 10% fetal bovine serum (FBS) and 1% streptomycin
sulphate and penicillin, respectively (all from Gibco, USA).

2.3. Isolation and purification of hucMSCs exosomes

After 3 days of incubation, the hucMSCs were cultured until ∼80%
confluent in culture dishes. The exosomes were isolated from the su-
pernatants using the exosome precipitation solution, Total Exosome
Isolation (Invitrogen, CA). Briefly, the cell supernatants were cen-
trifuged at 2000×g for 30min to remove cells and debris. A volume of
0.5 Total Exosome Isolation reagent was added, and the samples were
incubated at 2 °C–8 °C overnight. The samples were then centrifuged at
10,000×g for 1 h at 4 °C. Finally, the pellet was resuspended at the
bottom of the tube in a convenient volume of 100–1000 μl of 1×PBS.
The particle size distribution and concentration of hucMSC exosomes
were measured using a ZetaView (Particle Metrix, Germany) according
to the operating instructions.

2.4. Transmission electron microscopy

The purified hucMSC exosomes were fixed with 4% paraformalde-
hyde (Electron Microscopy Science, USA) in PBS at ambient tempera-
ture. Then, the fixed hucMSC exosomes were dropped onto a carbon-
coated copper grid and fixed with 4% paraformaldehyde for 30 s. The
grid was examined using a transmission electron microscope (JEM-
1400plus, Japan).

2.5. Transient transfection

PDAC cells were cultured until ∼50% confluence in 6-well plates,
and the medium was changed to serum-free culture medium. Exosomes
were loaded with miR-145-5p mimics and negative control miRNA by
Exo-Fect™ Exosome Transfection Reagent (System Biosciences, USA).
Briefly, 150 μl total transfection reaction containing 10 μl Exo-Fect so-
lution, 20 pmol miRNA, 70 μl sterile 1×PBS and 50 μl purified exo-
somes. The exosome transfection solution was incubated at 37 °C in a
shaker for 10min, and then, 30 μl of the ExoQuick-TC reagent was
added to stop the reaction on ice for 30min. The sample were cen-
trifuged for 3min at 13000–14000 rpm, and the transfected exosome
pellet was resuspend in 300 μl 1× PBS. At least 150 μl of transfected
exosomes were added to approximately 1× 105 cells per well in a 6-
well culture plate.

2.6. RNA isolation and quantitative real-time PCR

Total RNA and miRNA were extracted from PDAC cells or tumor
samples using an RNAprep Prue Cell/Bacteria Kit and a miRcute miRNA
isolation kit (TIANGEN, Beijing, China) according to the manufacturer's
protocol. Then, the RNA was reverse transcribed to cDNA using a
FastKing RT Kit and miRcute Plus miRNA First-strand cDNA Synthesis
Kit (TIANGEN, Beijing, China). Quantitative real-time PCR was per-
formed using a LightCycler® 480 system (Roche Molecular Diagnostics,
Pleasanton, CA, USA). All of the primers for quantitative real-time PCR
were purchased from Sangon Biotech (Shanghai, China). The relative
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expression of mRNAs or miRNA was evaluated by the 2−ΔΔCt method
and normalized to GAPDH or U6, respectively. Each experiment was
performed three times with 3 replicates per group.

2.7. Cell proliferation assay and invasion assay

Cell proliferation assays were performed using a Cell Counting Kit-8
assay (Dojindo, Tokyo, Japan). Briefly, 3× 103 PDAC cells were plated
per well in 96-well plates and treated with exosome alone, NC-exo or
145-exo for 96 h; control cells were left untreated. Absorbance was
measured at 450 nm using a 96-well plate reader (Thermo Fisher
Scientific, Inc.). The cell invasion assay was analyzed using Transwell
chambers coated with Matrigel (Corning, USA). Then, 4×104 PDAC
cells from the control, exosome alone, NC-exo and 145-exo groups in
100 μl DMEM or RPMI-1640 medium without FBS were plated on the
upper chamber containing the Matrigel-coated membrane matrix, and
the lower chamber was filled with 500 μl DMEM or RPMI-1640 medium
supplemented with 10% FBS to stimulate cell invasion. After 48 h of
incubation, cells on the upper membrane surface were removed from
the bottom of the filter, fixed with 4% paraformaldehyde, and stained
with 5% crystal violet; 5 random fields were captured under an inverted
microscope (Olympus Corporation, Tokyo, Japan) for quantification of
each well.

2.8. Flow cytometry analysis of cell cycle and cell apoptosis

Cells were plated in 6-well plates at a concentration of 1× 106/well
and treated with NC-exo or 145-exo. At 48 h after treatment, cell cycle
and cell apoptosis were detected using a Cell Cycle Detection Kit and an
Annexin V-FITC Apoptosis Detection Kit (Nanjing KeyGen Biotech.,
China) according to the manufacturer's instructions. The cell cycle and
percentage of apoptotic cells were evaluated using a FACSCanto plus
(BD Biosciences). At least 10,000 events were acquired, and the results
were analyzed using FlowJo software.

2.9. Western blotting

Cells, exosomes and tumor samples were lysed with RIPA buffer
containing Phenylmethanesulfony fluoride (PMSF) (Beyotime
Biotechnology, Jiangsu, China). The protein content of different frac-
tions was detected via the BCA method. Equivalent amounts of protein
(50 μg) were separated by 10% SDS-PAGE, transferred to PVDF mem-
branes (Merck Millipore, Darmstadt, Germany), and blocked with 5%
nonfat dry milk (BD Biosciences, USA) in TBST for 1 h at room tem-
perature. The membrane was incubated with primary antibodies such
as CD9, CD81, Smad3, E-cadherin, N-cadherin, Bax, Bcl-2 and GAPDH
antibodies (all from Abcam) with 5% nonfat dry milk overnight at 4 °C.
After incubating with the HRP-conjugated secondary antibody (Abcam,
USA) at a dilution of 1:5000 with 5% nonfat dry milk for 1 h at room
temperature, the bands were visualized and analyzed on an
FluorChemHD2 system (ProteinSimple, USA).

2.10. Luciferase (Gluc) activity assays

The 3’-UTR of Smad3 constructs containing predicted miR-145-5p
seed-matching sites from the cDNA library was amplified by PCR and,
then cloned into pmiR-RB-REPORT-3’-UTR (wild type and mutant type)
and 50 nM miR-145-5p mimics, 100 nM miR-145-5p inhibitor, and
negative control miRNA (Ribobio, guangzhou, China) using
Lipofectamine 2000 (Invitrogen, USA) according to the manufacturer's
manual. After 48 h, cells were lysed with a dual luciferase assay kit
(Ribobio, Guangzhou, China), and luciferase activities were calculated
and normalized to the control. After treatment with recombinant
human TGF-β1 (R&D Systems, USA) at 10 ng/ml for 24 h, Panc-1 cells
were harvested and dual luciferase reporter assay was performed ac-
cording to the manufacturer's instructions.

2.11. Mouse model study

Six-week-old male BALB/c nude mice were purchased from Capital
Medical University and housed under specific pathogen-free conditions.
All experimental procedures were approved by the Institutional Animal
Care and Use Committee of Capital Medical University. Mice were
randomly allocated into control, exosomes alone, NC-exo and 145-exo
treat groups (n=5/group). The nude mice were inoculated sub-
cutaneously on both flanks with human pancreatic cancer Panc-1 cells
(1× 106). After 7 days of tumor growth, exosomes alone, NC-exo, and
145-exo suspension were directly administered via intra-tumor injec-
tion for three days per week. PBS was administered to the control
group. On day 35, mice were killed, and tumors were removed for
examination. Xenograft volumes were calculated using the formula:
Volume (mm3)= L×W 2/2 (L represents length and W represents
width).

2.12. Immunohistochemistry

The tumor tissue sections were incubated with an antibody to Ki-67
(Abcam, Cambridge, MA), followed by an HPR-conjugated secondary
antibody. The nuclei were counterstained with Harris's hematoxylin.
Cell apoptosis was assessed using a terminal TUNEL assay with an In
Situ Cell Death Detection Kit (Roche, Germany) according to the
manufacturer's instructions.

2.13. Clinical samples

All clinical samples were collected from the Department of General
Surgery, Xuan Wu Hospital, Capital Medical University, Beijing, China,
with written informed consent from all human participants. Approval
for the study was granted by the Institute Research Ethics Committee at
the Capital Medical University.

2.14. Statistical analysis

The statistical analyses were performed with GraphPad Prism 7.0.
Each experiment was repeated at least thrice, and the data are ex-
pressed as the mean ± SD. Statistical significance was determined
using Student's t-test or one-way analysis of variance. Correlation stu-
dies were performed to show the expression of miR-145-5p and Smad3.
A P value of 0.05 or less was considered statistically significant.

2.15. Data availability

The data that support the findings of this study are available in the
article. The microarray data and Smad3 expression data have been
deposited in The Cancer Genome Atlas (TCGA). Smad3 expression data
have been deposited in the Oncomine database under accession code
Badea Pancreas and Collisson Pancreas.

3. Results

3.1. MiR-l45-5p and Smad3 expression of PDAC in vitro and in vivo

To identify whether miR-145-5p is involved in the regulation of
PDAC progression, the expression of miR-145-5p and Smad3 was ana-
lyzed by quantitative real-time PCR. MiR-145-5p expression was sig-
nificantly decreased in four PDAC cell lines, corresponding to a sig-
nificant upregulation of Smad3 expression, compared with normal
pancreatic duct epithelial cells (Fig. 1A and B). Similarly, miR-145-5p
expression was significant downregulated in eight primary PDAC tis-
sues, concurrent with a significant increase in Smad3 expression re-
lative to adjacent normal pancreatic tissues (Fig. 1C and D). Moreover,
the expression levels of miR-145-5p and Smad3 were analyzed in eight
freshly enrolled PDAC tissues, and the correlation studies showed that
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miR-145-5p levels were inversely correlated with Smad3 (r= - 0.888;
P=0.003) protein levels (Fig. 1E and F). Additionally, the TCGA da-
tabase showed that miR-145-5p expression was decreased and Smad3
expression was increased in PDAC tissues relative to normal pancreatic
tissues (Fig. 1G and H). The Oncomine datasets showed that Smad3
expression was overexpressed in PDAC tissues relative to the normal

pancreatic tissues (Fig. 1I). Collectively, these results indicated a
downregulation of miR-145-5p and upregulation of Smad3 expression
in PDAC in vitro and in vivo.

Fig. 1. MiR-l45-5p and Smad3 expression of PDAC in vitro and in vivo. (A–B) Four PDAC cell lines displayed downregulated expression of miR-145-5p, corre-
sponding to upregulated expression of Smad3, compared with normal human pancreatic duct epithelial cells. (C–D) The eight primary PDAC tissues (T) showed
downregulated expression of miR-145-5p, concurrent with upregulated expression of Smad3, compared with normal pancreatic tissues (N). (E) The expression
profiles of miR-145-5p and the expression levels of Smad3 protein in eight freshly collected human PDAC tissue samples. The expression of miR-145-5p was examined
using quantitative real-time PCR analysis and normalized by U6 expression. Sample T5 was used as a standard, and the fold change in miR-145-5p expression in other
samples was calculated by comparing with the miR-145-5p/U6 ratio in sample T5. The expression levels of Smad3 were examined using Western blotting. GAPDH
was used as a loading control. Data are representative of three independent experiments and presented as the mean ± SD of the mean. *P < 0.05, **P < 0.01. (F)
Correlation between miR-145-5p expression and Smad3 expression in the PDAC tissue samples. (G–H) MiR-145-5p expression was decreased and Smad3 expression
was increased in PDAC tissues (n = 178) compared with normal tissues (n = 4) based on the TCGA database. (I) Smad3 expression was overexpressed in PDAC
tissues (n = 39) compared with normal tissues (n = 39) based on the Oncomine datasets. Data are representative of three independent experiments and presented as
the mean ± SD of the mean. *P < 0.05.
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Fig. 2. Isolation and characterization of exosomes derived from hucMSCs. (A) The cell morphology of hucMSCs (passage 3) was observed under a light
microscope (magnification,× 100). (B) Representative images of osteocytes (× 100) and adipocytes (× 100) differentiation of hucMSC cultured in the differ-
entiation media. The cells were analyzed using cytochemical staining with Alizarin Red and Oil red O, respectively. (C) Flow cytometry analysis of the surface
markers of hucMSC. (D) Transmission electron microscopic images of hucMSC exosomes. The scale bars indicate 100 nm. (E) The size distribution of the hucMSC
exosomes was examined using a ZetaView. (F) The positive expression of markers CD9 and CD81 in hucMSC exosomes was detected by Western blotting.
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3.2. Isolation and characterization of exosomes derived from hucMSCs

The hucMSCs were purified and confirmed on the basis of the cri-
teria defined by the International Society for Cellular Therapy [30]. The
cell morphology of hucMSCs (passage 3) was observed under a light
microscope (magnification,× 100) (Fig. 2A). Positive cytochemical
staining for Alizarin Red and Oil Red was observed after osteogenic and
adipogenic induction of hucMSCs, respectively. (Fig. 2B). Moreover,
hucMSCs positively expressed CD73, CD90, and CD105 but negatively
expressed CD34, CD45, and HLA-DR. (Fig. 2C). Exosomes were isolated
and purified from the hucMSC-conditioned medium. HucMSC exosomes
had a characteristic ‘saucer-like’ morphology with diameters that
ranged from 52.5 nm to 185.5 nm, with an average of 119 nm and the
concentration of hucMSC exosomes was 4.0×210 Particles/mL
(Fig. 2D and E). Further results showed positive expression of exosomal
markers, such as CD9 and CD81 (Fig. 2F).

3.3. Exosomes engineered to express miR-145-5p

Exosomes loaded with miR-145-5p mimics (145-exo) and negative
control miRNA (NC-exo) were added to PDAC cells. To assess the en-
docytosis efficiency of miR-145-5p produced by exosomes, Panc-1 cells
with 145-exo were detected by qPCR assay. There was a significant
increase in miR-145-5p expression in Panc-1 cells treated with 145-exo,
compared with NC-exo (Fig. 3A), confirming that miR-145-5p expres-
sion in Panc-1 cells was increased and endocytosed via hucMSC exo-
somes. To visualize the process of miR-145-5p delivery from exosomes
to Panc-1 cells, Texas Red-labeled siRNA was transfected into exosomes
as a positive control. After 24 h of culture, Texas Red-labeled siRNA was
evident in the cytoplasm of Panc-1 cells followed by intracellular vi-
sualization using immunofluorescence microscopy (Fig. 3B). Thus,
these data confirmed that hucMSC-derived exosomes can effectively
deliver miR-145-5p into Panc-1 cells in vitro.

3.4. MiR-145-5p overexpression inhibits proliferation and invasion of
PDAC cells

The biological function of miR-145-5p in the progression of PDAC
was investigated by adding 145-exo into Capan-1, CFPAC-1, BxPC3 and
Panc-1 PDAC cell lines. CCK-8 assays demonstrated that miR-145-5p
overexpression inhibits proliferation of PDAC cells (Fig. 4A). Transwell
assays demonstrated that overexpression of miR-145-5p significantly
decreased the invasiveness capability of PDAC cells (Fig. 4B). Flow
cytometric analysis revealed that miR-145-5p caused an increase in the
percentage of the cells in the G0/G1 stage of the cell cycle from
32.82 ± 1.2% (NC-exo) to 43.45 ± 1.3% (145-exo) (Fig. 4C). Subse-
quently, we observed an increase in apoptotic cells among 145-exo-
treated PDAC cells, relative to NC-exo treated cells (Fig. 4D). These data
indicated that 145-exo can inhibit the proliferation of PDAC cells by
enhancing cell apoptosis and cell cycle arrest.

3.5. Suppressor miR-145-5p directly targets Smad3 in PDAC cells by
exosomes

We first searched miRNA databases for potential miR-145-5p target
genes that may contribute to or promote PDAC progression. Three
public miRNA databases (miRBase, TargetScan and MicroRNA) all
predicted that Smad3 might be a potential target for miR-145-5p
(Fig. 5A), which has been reported by previous publication [31]. The 3’-
UTR of Smad3 contains a highly conserved binding site from position
1397 to 1404 or from position 3922 to 3929 in different species
(Fig. 5B). The results showed that Smad3 protein expression was sig-
nificantly downregulated in PDAC cells upon addition of 145-exo. We
also found that 145-exo led to upregulation of the epithelial markers E-
cadherin, concurrent with downregulation of the mesenchymal markers
N-cadherin. Moreover, the expression of the apoptosis-related gene Bax
was increased compared with a significant downregulation of Bcl-2
(Fig. 5C). We performed a luciferase reporter assay by cotransfecting a
vector containing the wild-type (WT) or mutant (MUT) Smad3 3’UTR-
fused luciferase together with miR-145-5p mimics or negative control
miRNA. Overexpression of miR-145-5p decreased the luciferase activity
of the wild type in Panc-1 cells. However, the mutant Smad3 3’UTR
entirely restored luciferase activity (Fig. 5D). Moreover, the TGF-β-in-
duced luciferase activity was significantly suppressed in Panc-1 cells by
overexpression of miR-145-5p; whereas silencing of miR-145-5p in-
creased luciferase activity in these cells (Fig. 5E). Collectively, these
results demonstrated that miR-145-5p is directly associated with the
mRNA 3’UTR regions of Smad3.

3.6. MiR-145-5p overexpression inhibits proliferation of PDAC cells in vivo

To investigate whether 145-exo could inhibit PDAC cells in vivo,
145-exo was administered by intra-tumor injection to nude mice
bearing human pancreatic cancer Panc-1 cells. Mice injected sub-
cutaneously with control, exosomes alone or NC-exo showed remark-
able tumor growth over 35 days. However, mice injected with 145-exo
at 7 days after subcutaneous inoculation had a much smaller tumor
volume and weight (Fig. 6A–D). We performed a Western blot analysis
of the relative expression of Smad3, E-cadherin, N-cadherin, Bax and
Bcl-2 following 35 days in the mice. There was a significant down-
regulation of Smad3 in 145-exo-treated tumors compared with NC-exo-
treated tumors. Similarly, E-cadherin and Bax were significantly in-
creased in 145-exo-treated tumors, concurrent with a significant de-
crease in N-cadherin and Bcl-2 (Fig. 6E). In addition, fewer Ki-67-po-
sitive and more TUNEL-positive cells were observed in the tumor
sections from the 145-exo group than NC-exo group (Fig. 6F and G).
Collectively, these data suggested that 145-exo effectively inhibits the
proliferation of PDAC cells in vivo.

Fig. 3. Exosomes engineered to express miR-145-5p. (A) Panc-1 cells transfected with 145-exo showed a significantly increased expression of miR-145-5p in
comparison with Panc-1 cells added with NC-exo. (B) Fluorescence microscopy showed that Texas Red-labeled siRNA was apparent in the cytoplasm of Panc-1 cells
after 24 h. Data are representative of three independent experiments and presented as the mean ± SD of the mean. *P < 0.05, **P < 0.01.
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Fig. 4. MiR-145-5p overexpression inhibits proliferation and invasion of PDAC cells. (A) Proliferation of PDAC cells treated as indicated. Cell viability was
detected from 0 to 96 h after transfection using the CCK-8 array. (B) The invasive properties of PDAC cells after transfection using a Matrigel-coated Boyden chamber.
Magnification, × 400. (C) Cell cycle analysis revealed an increase in the G0/G1 population among 145-exo-treated Panc-1 cells. (D) Apoptotic cells were determined
by staining with Annexin V -FITC and propidium iodide (PI) after the treatment. Data are representative of three independent experiments and presented as the
mean ± SD of the mean. *P < 0.05, **P < 0.01.

Y. Ding et al. Cancer Letters 442 (2019) 351–361

357



Fig. 5. Suppressor miR-145-5p directly targets Smad3 in PDAC cells by exosomes. (A) Schematic diagram of the putative binding sites of miR-145-5p in the
wild-type Smad3 3’UTR (in blue). The miR-145-5p seed sequence matches in the Smad3 3’UTR are mutated at the positions as indicated (in orange). (B) Potential
miR-145-5p binding sites on Smad3 (in orange) are broadly conserved among different species. (C) Expression of the target genes Smad3, the epithelial markers E-
cadherin, the mesenchymal markers N-cadherin, and apoptosis-related genes Bax and Bcl-2 in PDAC cells assessed by Western blot, following transfection with
exosomes alone, NC-exo or 145-exo for 48 h. GAPDH was used as a loading control. (D) Luciferase activity assays of WT and MUT Smad3 3’UTR luciferase reporters
after cotransfection with miR-145-5p mimic and negative control miRNA in Panc-1 cells. The normalized luciferase activity of transfected control mimic miRNA was
set as a relative luciferase activity of 1. (E) Luciferase assay showed suppression of TGF-β-induced p3TP-lux transcriptional activity by miR-145-5p in Panc-1 cells.
Data are representative of three independent experiments and presented as the mean ± SD of the mean. *P < 0.05.
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Fig. 6. MiR-145-5p overexpression inhibits proliferation of PDAC cells in vivo. (A) Representative images of xenografts in Panc-1 tumor-bearing nude mice
(n = 5 mice per group) at 35 days postimplantation (28 days after 145-exo administration). (B) Changes of miR-145-5p expression in 145-exo compared to NC-exo.
(C–D) Changes in tumor volumes and weight in the Panc-1 xenograft model at 35 days postimplantation. (E) Western blot analysis showing the levels of Smad3, E-
cadherin, N-cadherin, Bcl-2 and Bax in the tumor samples. GAPDH was used as a loading control. (F–G) Ki-67 and TUNEL immunohistochemical staining on tumor
sections from the NC-exo and 145-exo group. The images are shown at × 200. Data are representative of three independent experiments and presented as the
mean ± SD of the mean. *P < 0.05, **P < 0.01.
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4. Discussion

The contribution of miRNAs to the pathogenesis and progression of
PDAC suggests that their utility can be exploited for the development of
novel therapeutic strategies. However, the application of miRNA
therapies has been hampered in that viruses and liposomes deliver
miRNA to cancer cells in an unsafe and low-efficiency manner [32].
Exosomes are endogenous nanoparticles that can serve as a novel drug
delivery mechanism that combines non-immunogenicity, specificity
targeting ability, and a high drug carrying capacity, making them useful
in tumor therapy [33]. Thus, the use of exosomes as biological vehicles
to delivery exogenous tumor suppressor miRNAs or chemotherapy
drugs is a promising approach. In addition, MSCs are an efficient mass
producer of exosomes for drug delivery, and secreted exosomes have
been tested in numerous clinical trials [34]. The novel mechanism of
intercellular communication mediated via exosomes has been demon-
strated by exosome-mediated transfer of miR-122 to hepatocellular
carcinoma cells (HCC). In this study, adipose-derived mesenchymal
stem cells (AMSCs) could effectively package miR-122 into secreted
exosomes, which can increase the sensitivity of chemotherapeutic agent
sorafenib by reducing target gene expression in HCC cells [35]. Our
data indicated a potential and feasible therapeutic strategy that uses
hucMSC exosomes as an effective and specific vehicle to deliver exo-
genous miR-145-5p to PDAC cells.

The present study reported that hucMSC exosomes, successfully
engineered to overexpress miR-145-5p, are able to deliver miR-145-5p
through endocytosis in both in vitro and in vivo models of PDAC. As a
result, 145-exo can effectively inhibit the proliferation and invasion of
PDAC cells and can enhance PDAC cell apoptosis and cell cycle arrest.
Regarding the target gene of miR-145-5p, Smad3 is involved in the
promotion of PDAC progression through EMT induction and acts as a
promising biomarker of poor prognosis of PDAC [10]. In vitro experi-
ments indicated that 145-exo treatment resulted in the downregulation
of Smad3 expression in PDAC cells. We also found that 145-exo led to
upregulation of the epithelial markers E-cadherin, concurrent with
downregulation of the mesenchymal markers N-cadherin. Moreover,
the expression of apoptosis-related gene Bax was increased compared
with a significant downregulation of Bcl-2. Flow cytometric analysis
revealed an increase in apoptotic cells among 145-exo-treated PDAC
cells and cell cycle assessment suggested that 145-exo caused an in-
crease in the percentage of cells in the G0/G1 stage of the cell cycle
from 32.82 ± 1.2% (NC-exo) to 43.45 ± 1.3% (145-Exo).

An experimental BALB/c nude mice model of Panc-1 cells was used
to demonstrate that hucMSC exosomes transferred exogenous miR-145-
5p to the xenograft tumor by intra-tumor injection. Treated mice ex-
hibited in a much smaller tumor volume and weight, together with
downregulation of Smad3, N-cadherin and Bax expression and sig-
nificant upregulation of E-cadherin and Bcl-2 expression, compared
with untreated mices. However, treatment with exosomes alone cannot
significantly influence tumor volume and weight. This phenomenon
may be attributed to the possibility that the quantity of injected exo-
somes was insufficient for tumor growth inhibition, or that hucMSC
exosomes may be have a role in promoting tumor growth. In fact, the
function of MSCs in tumor therapy remains controversial. Several stu-
dies have shown that administered MSCs can either promote tumor
development or inhibit tumor growth, both in vitro and in vivo [36,37].
This discrepancy in the effect of MSC-derived exosomes on tumor
growth according to previous studies may be ascribed to tumor char-
acteristics, MSC sources, and routes of exosome administration. A
previous study reported that different sources of MSC exosomes have
differential effects on glioblastoma cells [38]. Exosomes derived from
bone marrow and umbilical cord MSCs decreased glioblastoma cell
proliferation, while an opposite effect was observed with exosomes
derived from adipose tissue MSCs.

The primary administrations routes of exosomes currently include
intravenous injection, intratumoral injection, oral administration, and

intraperitoneal injection. It is speculated that due to the unique lipid
and protein composition of exosomes, they are more im-
munocompatible and have a low clearance rate. However, a previous
study indicated that intravenously injected exosomes are also rapidly
cleared by the liver and spleen and exhibit minimal tumor accumula-
tion, compared with liposomes. Furthermore, when delivered in-
tratumorally, exosomes resided longer in tumor tissues than liposomes
[39]. Thus, the current study directly delivered hucMSC exosomes into
the subcutaneous xenograft tumor via intratumoral injection. This rapid
clearance together with minimal intratumoral accumulation of un-
modified exosomes limits their use as an effective drug delivery vehicle
by intravenous injection. Hence, efficient targeted drug delivery ve-
hicles with tissue-specific, low immunogenic and nontoxic properties
are needed for clinical cancer therapy. Others have demonstrated that
exosomes express an exosomal membrane protein Lamp2b fused to αv
integrin-specific iRGD peptide and showed highly efficient targeting
and doxorubicin (Dox) delivery to αv integrin-positive breast cancer
cells by intravenous injection [40]. Thus, these results suggest that
exosomes modified by targeting ligands can be effectively used for the
delivery of chemotherapy drugs to tumors by intravenous injection.

To our knowledge, this study provides the first evidence that en-
gineered hucMSC exosomes delivering miR-145-5p effectively inhibit
PDAC progression by regulating Smad3 expression, suggesting that
exosomes can serve as novel and high-efficiency drug delivery vehicles
and that miR-145-5p/Smad3 may be an important regulatory me-
chanism in the progression of PDAC. Our findings may offer potentially
novel therapeutic strategies for the treatment of patients with PDAC. In
the long term, this innovative therapeutic approach could be applied to
other diseases or to clinical patients.
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