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Abstract

Background Exosomes are potential tools for disease control by regulating intercellular communication through carrying
proteins and RNAs between cells or remote organs. Exosome activities have aroused wide concerns in cancer biology and
malignancy control.

Aims This study was performed to explore the roles of mesenchymal stem cell (MSC)-derived exosomes in colorectal cancer
(CRC) progression.

Methods MSC-exosomal microRNAs (miRNAs) in CRC tissues were analyzed, and aberrantly expressed miRNAs in CRC
tissues were obtained from the data available on the GEO database. Altered expression of miR-3940-5p was introduced to
identify its role in CRC invasion and metastasis in both cell and animal models. The binding relationship between miR-
3940-5p and Integrin alpha6 (ITGA6) was predicted on TargetScan and validated through a luciferase assay. The effects of
ITGAG6 on CRC were figured out.

Results MSC-derived exosomes carried miR-3940-5p into CRC cells. Up-regulation of miR-3940-5p inhibited epithelial—
mesenchymal transition (EMT) and invasion of CRC cells, and suppressed the tumor metastasis and growth in vivo. miR-
3940-5p was found to directly bind to ITGA6. Overexpression of ITGA6 promoted CRC cell invasion and EMT and tumor
progression through upregulating the transforming growth factor-betal (TGF-f1) signaling. A TGF-$1-specific antagonist,
Disitertide, blocked the functions of ITGAG6 both in vivo and in vitro.

Conclusion MSC-exosomal miR-3940-5p inhibits invasion and EMT of CRC cells as well as growth and metastasis of tumors
through targeting ITGAG6 and the following TGF-f1 inactivation. This study may provide novel insights into exosome-based
treatment for CRC.
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MSC-exos  MSC-derived exosomes
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RT-qPCR Reverse transcription quantitative polymer-
ase chain reaction

siRNA Small interfering RNA

TEM Transmission electron microscopy

TGF-p1 Transforming growth factor-beta 1
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Introduction

Cancer diagnosis and treatment has been a major challenge
in recent society. In China, the cancer mortality rate has not
seen a significant decline, which has exceeded the world
average by 17% [1]. Colorectal cancer (CRC) ranks the 5th
most common cancer among all cancer types, and most
cases were diagnosed at an old age though patients are also
increasingly becoming younger [2]. Although the treating
strategies have seen a significant improvement, the overall
5-year survival rate of CRC patients in China remains unfa-
vorable at 31% mainly due to the late diagnosis, recurrence,
and metastasis of tumor cells [3]. Metastasis is the most
lethal feature of malignant tumors that is responsible for
approximately 90% of tumor-related mortality including in
CRC-related death [4, 5]. Identifying novel interventions or
molecules for metastasis control is of great importance to
improve the outcome of CRC patients.

Recently, the ubiquitous mesenchymal stem cells (MSCs)
in many tissues have been widely employed in clinical stud-
ies because of their unique advantages [6]. They can migrate
to the tumor surrounding stroma and fulfill complex func-
tions on tumor growth and progression with the involve-
ment of extracellular vesicles (Evs), mainly exosomes [6,
7]. Exosomes are 30—100 nm Evs abundantly existed in
numerous body fluids that can mediate cell-to-cell com-
munication via carrying proteins and RNAs between cells
or remote organs [8]. The MSC-derived exosomes (MSC-
exos) can exert key functions in cancer progression by car-
rying microRNAs (miRNAs) and involving a wide array of
molecules [9, 10]. The cargoes of exosomes were suggested
to participate in several cancer-related processes including
metastasis, epithelial-mesenchymal transition (EMT) and
drug resistance of CRC [11, 12]. In light of these findings,

this study aimed to identify the roles of MSC-exos in CRC
progression using human umbilical cord mesenchymal stem
cells (hUC-MSC:s). Our study identified miR-3940-5p as an
MSC-exosomal miRNA that was poorly expressed in CRC
tissues. Though it is a relatively seldom studied one, this
miRNA has been identified as a tumor suppressor in non-
small cell lung cancer [13]. More specifically, miR-3940-5p
was reported to be poorly expressed in CRC patient serum
and closely linked to prognosis of patients [14]. However, its
exact role in CRC metastasis remains unknown yet. In addi-
tion, our study confirmed integrin a6 (ITGA6) as a target of
miR-3940-5p. ITGAG6 has been suggested to promote cancer
progression and metastasis in several malignancies such as
metastatic breast cancer [15], and CRC [16]. This is poten-
tially due to its function in cancer stem cell maintenance
and regulation in tumorigenic microenvironment [17]. High
expression of ITGA6 was suggested to be correlated with
worse global survival in CRC patients [18]. In addition, the
transforming growth factor-betal (TGF-p1), reported as an
oncogenic signaling that triggers cancer cell migration and
invasion [19, 20], was found to be influenced by ITGAG6 in
this paper. Thereby, we speculated that MSC-exos inhibit
CRC metastasis and progression by carrying miR-3940-5p
with the involvement of ITGA6 downregulation and TGF-f1
inactivation. Then, gain- and loss-of functions of these mol-
ecules were performed in in vitro and in vivo experiments
to validate this hypothesis and to figure out the mechanism
of action.

Materials and Methods
Bioinformatics Analysis

The miRNAs in MSC-exos and in CRC tissues were
searched on EVmiRNA DataBase (http://bioinfo.life.hust.
edu.cn/EVmiRNA/#!/). Differentially expressed miRNAs
between CRC tissues and normal colon tissues were ana-
lyzed using the Gene Expression Omnibus (GEO, http://
www.ncbi.nlm.nih.gov/geo/) available on national center
for biotechnology information (NCBI). The potential target
messenger RNAs (mRNAs) of exosomal miRNA were pre-
dicted on TargetScan (http://www.targetscan.org/), and the
expression of candidate mRNAs in CRC and tumor tissues
was analyzed on http://gepia.cancer-pku.cn/.

Cell Culture and Transfection

hUC-MSCs, CRC cell lines HT-29 and DLD-1, and normal
colon cell line FHC were all acquired from American Type
Culture Collection (ATCC, USA). The hUC-MSCs were
cultured in serum-free medium (Gibco Company, Grand
Island, NY, USA), while CRC and normal colon cell lines
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were in Roswell Park Memorial Institute (RPMI)-1640 sup-
plemented with 10% fetal bovine serum (FBS) in a constant
incubator (37 °C, 5% CO,). miR-3940-5p mimic/inhibitor,
small interfering RNA (siRNA) targeting ITGA6, pcDNA
ITGAG, and the corresponding control vectors were pur-
chased from Gene Pharma Co., Ltd. (Shanghai, China).
A TGF-B1-specific antagonist, Disitertide, was acquired
from Med Chem Express (Monmouth Junction, NJ, USA).
The above vectors were co-cultured with cells for 48 h (h)
and then cultivated in 3 pg/mL puromycin-supplemented
medium for 10—14 days (d) to screen out the cells harbor-
ing stable transfection. Then, the transfection efficiency
was determined based on the RNA expression measured by
reverse transcription quantitative polymerase chain reaction
(RT-gPCR).

RT-qPCR

Total RNA from all cells was extracted using the TRIzol
Reagent (Invitrogen, Inc., Carlsbad, CA, USA) and then
reversely transcribed into complementary DNA (cDNA)
using a PrimeScript™RT Master Mix (TaKaRa Holdings
Inc., Kyoto, Japan). RT-qPCR was performed using SYBR
Premix Ex Taq™II (TaKaRA) on a StepOnePlus real-
time PCR System (Life Technologies, Foster, CA, USA).
The expression ratio between genes in experimental group
and control group was determined by the 2724 method.
U6 small nuclear RNA (snRNA) was served as the inter-
nal reference for miRNA and glyceraldehyde-3-phosphate
dehydrogenase for mRNAs. Three independent experiments
were performed to minimize errors. Primer sequences are
presented in Table 1.

Separation and Purification of Exosomes
The acquired hUC-MSCs were cultured in serum-free

medium. When the cell confluence reached 90%, the cells

Table 1 Primer sequences in RT-qgPCR

Gene Primer sequence (5'-3")

miR-3940-5p F: CAAGGTAAGTGGGCTGGGAT
R: AAAAGATCGAGGTGGGTTGGG

ITGA6 F: CCGGAAATATGGAGACCCCG
R: GGAAGGGTCTGGGAACTCAC

GAPDH F: GCACCGTCAAGGCTGAGAAC

R: TGGTGAAGACGCCAGTGGA
U6 F: GCTTCGGCAGCACATATACTAAAA
R: GCTTCGGCAGCACATATACTAAAAT

RT-gPCR reverse transcription quantitative polymerase chain reac-
tion, miR microRNA, ITGA6 integrin a6, GAPDH glyceraldehyde-
3-phosphate dehydrogenase, F forward, R reverse
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were washed in phosphate-buffered saline (PBS) and then
cultured in Dulbecco’s modified Eagle’s medium (System
Biosciences, PA, USA) supplemented with 10% exosome-
depleted FBS for 72 h. Then, the medium was collected and
centrifuged at 300g at 4 °C for 20 min, and then at 2000g
at 4 °C for 20 min (min) to remove the cells, dead cells and
debris. The supernatant was centrifuged at 100,000g at 4 °C
for 70 min to precipitate the exosomes. The precipitates were
washed twice in PBS, resuspended in 100 pL. PBS and pre-
served at — 80 °C.

Transmission Electron Microscopy (TEM)
Observation

The separated particles were fixed in 2% glutaraldehyde at
4 °C overnight. After PBS washes, the particles were fixed in
1% OsO, for 1 h, dehydrated in ethanol, embedded in epoxy,
and cut into sections. The sections were further treated with
saturated sodium periodate, 0.1 N hydrochloric acid, and
then observed under a TEM (JEM-1010; JEOL, Tokyo,
Japan) 10 min later.

Nanoparticle Tracking Analysis (NTA)

The particle size and distribution were further determined
using an NTA analyzer (Malvern, UK). The machine was
prewarmed, and the sample inlet and sample pool were
washed using ultra-pure water. When the setting tempera-
ture was reached, 10-20 pL extracted particles was diluted
to 1 mL in PBS, and then injected into the sample poor using
a clean 1 mL injector. The size and distribution of particles
were measured according to the path of particle and Brown-
ian motion principle [21].

Western Blot Analysis

Total proteins from each group of cells were extracted using
the cell lysis buffer (P0013, Beyotime Biotechnology Co.,
Ltd., Shanghai, China). The protein level in supernatant
was detected using a bicinchoninic acid kit (P0009, Beyo-
time). Next, the protein was run on 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (Bio-Rad, Her-
cules, CA, USA) and transferred onto polyvinylidene fluo-
ride membranes (Millipore, Billerica, MA, USA). Then,
the membranes were blocked in 5% bovine serum albumin
(BSA)-supplemented tris-buffered saline tween for 1 h
to block non-specific binding. After that, the membranes
were co-cultured with the 5% BSA-supplemented pri-
mary antibodies at 4 °C overnight, and then with second-
ary antibody at 37 °C for 2 h. Afterward, the protein bands
were visualized via enhanced chemiluminescence reagent
(WBKLSO0100, Millipore) and imaged. Three independent
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experiments were performed. The antibodies are shown in
Table 2.

Transwell Assay

Cell invasion was determined using the Transwell plates.
In brief, each apical chamber was pre-coated with 50 pL
diluted Matrigel (BD Biosciences, USA) and then loaded
with cells and serum-free medium. Each basolateral cham-
ber was loaded with RPMI-1640-10% FBS. The chambers
were incubated at 37 °C with 5% CO, for 16 h. Then, the
cells on the upper polycarbonate membrane were removed,
and the remaining invaded cells were stained using crystal
violet and observed under a microscope with 5 random fields
selected.

Animal Experiments

A total of 36 athymic mice (BALB/c, 5 weeks old, 20+2 g)
purchased from Vital River Laboratory Animal Technol-
ogy Co., Ltd. (Beijing, China) were used for in vivo tumor
growth and metastasis experiments. As for the tumor metas-
tasis, 24 mice were allocated into 8 groups. For the first
batch of metastasis experiments, four groups of mice were
injected with 200 pL suspension (5x 10° cells) of HT-29
cells pre-transfected with exosomes (exo-NC, exo-miR-
3940-5p, exosome-inhibitor) or PBS, respectively. For the
second batch, four groups of mice were injected with HT-29
cell suspension pre-transfected with pcDNA alone, pcDNA
ITGAG6, pcDNA ITGA6 + NC or pcDNA ITGAG6 + Disi-
tertide, respectively. All transfection was administrated
through the caudal vein. After transfection, the mice were
euthanized by intravenous injection of Bartiturate (100 mg/
kg). Next, the lung tissues were collected and the number of
metastatic nodules in lung tissues was calculated by hema-
toxylin and eosin (HE) staining. As for the tumor growth

Table 2 Antibodies used in western blot analysis

Antibodies Item no. Dilution ratio
CD63 ab217345 1:1000
CD81 ab109201 1:5000
TSG101 ab125011 1:5000
B-actin abl115777 1:200
TGF-p1 ab179695 1:1000
E-cadherin Ab212059 1:1000
N-cadherin ab18203 1:100
Vimentin ab92547 1:3000
GAPDH ab9485 1:2500
Secondary antibody ab205718 1:50,000

TGF-p1 transforming growth factor-beta 1, GAPDH glyceraldehyde-
3-phosphate dehydrogenase

experiments, 12 mice were allocated into 4 groups. Each
mouse was injected with HT-29 cells pre-transfected with
PBS, exo-miR-3940-5p, exo-miR-3940-5p + pcDNA, or
ex0-miR-3940-5p 4+ pcDNA ITGAG6 and then euthanized in
a same manner to collect the tumor tissues. Then, the tumor
weight and volume were measured. The tumor volume (V)
was calculated based on the width (W) and length (L) as the
following formula: V= (W*xL)/2.

Dual Luciferase Reporter Gene Assay

The wild type (WT) and mutant type (MT) recombinant
vectors (ITGA6-WT and ITGA6-MT) based on the putative
binding sequences between miR-3940-5p and ITGA6 were
constructed. Well-constructed vectors were co-transfected
with either miR-3960-5p mimic/inhibitor or the correspond-
ing negative control into the HT-29 and DLD-1 cells. The
cells were harvested 24 h later and incubated with the pas-
sive lysis buffer at room temperature for 10 min. The relative
luciferase activity was determined using a dual luciferase
assay kit (Promega, Madisom, WI, USA) as per the kit’s
protocols.

Statistical Analysis

SPSS 22.0 (IBM Corp. Armonk, NY, USA) was used for
data analysis. Data were in normal distribution accord-
ing to Kolmogorov—Smirnov method and exhibited as
mean = standard deviation (mean + SD). Differences
between every two groups were measured using the 7 test,
while differences among multiple groups were analyzed
using one-way or two-way analysis of variance (ANOVA).
Tukey’s multiple comparisons test was used for the pairwise
comparison after ANOVA. p was obtained by two-tailed test
and p <0.05 was regarded to show a statistically significant
difference.

Results

Bioinformatics Analysis of Differentially Expressed
MSC-exosomal miRNAs Between CRC and Normal
Colon Tissues

The potential of MSC-exos in cancer treatment has been
reported, but the functions of MSC-exos in CRC remain
largely unknown. First, we obtained a total of 108 miR-
NAs in MSC-exos and 535 in colon tissues according to
the data available on EVmiRNA DataBase, with 79 of
them were found intersected (Fig. 1a). Next, the data on
a GEO microarray GSE53339 based on 6 pairs of CRC
and normal colon tissues were analyzed, and miR-3940-5p
was found significantly highly expressed in normal tissues

@ Springer
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Fig. 1 Differentially expressed MSC-exosomal miRNAs between
CRC and normal colon tissues measured by bioinformatics analy-
sis. a intersected miRNAs found in MSC-exos and in colon tissues;
b heatmap for part differentially expressed miRNAs between CRC

(Fig. 1b). According to the ID check by the GEO microar-
ray attachment GPL18058, miR-3940-5p was found as one
of the above 79 intersections (Fig. 1¢). In addition, data on
EVmiRNA DataBase suggested that miR-3940-5p is one
of the lowest expressed exosomal miRNAs. Therefore, we
inferred that it exerts potential functions in CRC inhibition.

MSC-exosomal miR-3940-5p Is Poorly Expressed
in CRC Cells

Next, overexpression or knockdown of miR-3940-5p was
introduced in hUC-MSCs by miR-3940-5p mimic/inhibi-
tor, and RT-qPCR found that the miR-3940-5p expression
was successfully increased or decreased (Fig. 2a). After
centrifugation and the removal of dead cells and debris,
the particles were collected. TEM observation found that
there was a large number of hUC-MSCs-derived vesicles
(Fig. 2b). Then, the NTA identified the diameter of the vesi-
cles was 50-150 nm (Fig. 2c). In addition, the western blot
analysis confirmed existences of exosome-specific protein
biomarkers CD63, CD81 and TSG101 but not B-actin in the
vesicles (Fig. 2d). These results by implication meant the
vesicles were MSC-exos. In MSCs transfected with NC, it
was found the miR-3940-5p expression in the precipitate
resuspension was notably higher than that in the superna-
tant following MSC centrifugation at 10,000g (Fig. 2e).
The exosomes from hUC-MSCs pre-transfected with miR-
3940-5p mimic/inhibitor or NC were correspondingly
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defined as exo-miR-3940-5p, exo-inhibitor and exo-NC.
Next, miR-3940-5p expression in each group of MSC-exos
was determined. Accordingly, we found the highest expres-
sion of miR-3940-5p in exo-miR-3940-5p while the low-
est in exo-inhibitor (Fig. 2f). In addition, RT-qPCR also
found that miR-3940-5p was poorly expressed in HT-29
and DLD-1 cell lines as compared to that in FHC (Fig. 2g).

Artificial Up-Regulation of miR-3940-5p in MSC-exos
Inhibits Metastasis of CRC

Each group of exosomes (exo-miR-3940-5p, exo-inhibitor,
exo-NC) or PBS were transfected into HT-29 and DLD-1
cells, and then the levels of EMT-related proteins were deter-
mined by western blot analysis. It was found that cells trans-
fected with exo-miR-3940-5p presented the highest level of
E-cadherin and the lowest levels of vimentin and N-cad-
herin, while cells transfected with PBS presented totally
reverse trends (Fig. 3a). In addition, the Transwell assay
results identified that the cells transfected with exo-miR-
3940-5p presented a decline in invasion ability (Fig. 3b). In
addition, HT-29 cells with stable transfection of exosomes
or PBS were implanted into nude mice. According to HE
staining, it was found that the number of metastatic nod-
ules in lung tissues was smallest in mice implanted with
HT-29 cells transfected with exo-miR-3940-5p, while mice
implanted with cells transfected with PBS showed a larg-
est number of metastatic nodules in lung tissues (Fig. 3c).
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cells. a miR-3940-5p mimic/inhibitor or the corresponding NC vector
was transfected into hUC-MSCs, and then the miR-3940-5p expres-
sion was determined by RT-qPCR (one-way ANOVA, **p<0.01);
hUC-MSC-derived vesicles observed under TEM; ¢ size and distri-
bution of particles determined by NTA; d exosome-specific proteins
determined by western blot analysis; e miR-3940-5p expression in the

These findings suggested that up-regulation of miR-3940-5p
in MSC-exos inhibits EMT and invasion of CRC cells as
well as the metastasis of CRC in vivo.

miR-3940-5p Targets ITGA6

Next, we identified ITGA6 as a candidate target mRNA of
miR-3940-5p on TargetScan (Fig. 4a). RT-qPCR was per-
formed to determine mRNA expression of ITGA6 in CRC
cells after exosome transfection. The results showed that
exo-miR-3940-5p transfection inhibited mRNA expression
of ITGAG6, while the exo-inhibitor transfection, accord-
ingly, increased the mRNA expression of ITGAG6 (Fig. 4b).
In addition, co-transfection of ITGA6-W'T vector and miR-
3940-5p mimic led to an increase in luciferase activity in
cells, indicating miR-3940-5p directly binds to ITGA6
mRNA (Fig. 4c).

High Expression of ITGA6 Promotes CRC Metastasis
Through Mediating the TGF-B1 Signaling Pathway

Following the findings above, we further searched
ITGAG6 expression in 275 CRC tumor tissues and in
349 normal colon tissues on a bio-information website
Gene Expression Profiling Interactive Analysis (GEPIA,
http://gepia.cancer-pku.cn/). The results suggested a high
expression profile of ITGA6 in CRC tissues (Fig. 5a). In
addition, RT-qPCR was performed to determine ITGA6
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purified precipitate and in supernatant following 10,000g centrifuga-
tion determined by RT-qPCR (one-way ANOVA, ***¥p<(.0001);
f miR-3940-5p expression after exo-miR-3940-5p and exo-inhibitor
co-culture determined by RT-qPCR (one-way ANOVA, **p <0.01); g
miR-3940-5p expression in HT-29, DLD-1 and FHC cells determined
by RT-qPCR (one-way ANOVA, ***p <0.001). All experiments were
repeated 3 times and the average value was collected

mRNA expression in HT-29, DLD-1 and FHC cells. It
was found that ITGA6 expression was notably higher in
CRC cell lines than that in normal colon cells (Fig. 5b).
It has been that the TGF-f1 signaling pathway is closely
correlated with EMT and CRC progression [22]. Thereaf-
ter, we explored the potential correlation between ITGA6
and this signaling. siRNA targeting ITGA6, pcDNA
ITGAG6 and the corresponding NC vectors were intro-
duced into CRC cells. The RT-qPCR results suggested
the transfection was successfully performed (Fig. 5c). In
addition, a TGF-p1-specific antagonist, Disitertide, was
administrated into cells as well. Then, it was found that
siRNA ITGA6 while pcDNA ITGA6 increased TGF-f1
expression. Accordingly, Disitertide presented a signifi-
cant inhibiting role in TGF-B1 expression (Fig. 5d). To
further identify the involvement of TGF-p1 in ITGA6-
mediated events, CRC cells were further transfected with
pcDNA ITGAG6 alone or co-transfected with pcDNA
ITGAG6 + Disitertide. Then, we found pcDNA ITGA6
transfection led to an increase in vimentin and N-cad-
herin production and a decline in E-cadherin production,
while further administration of Disitertide considerably
reversed these changes (Fig. 5e). Likewise, Transwell
assays suggested that pcDNA ITGAG6 increased the
invasion ability of CRC cells, while Disitertide treat-
ment counteracted this effect (Fig. 5f). To further iden-
tify their roles in CRC metastasis, HT-29 cells trans-
fected with pcDNA ITGAG6 alone or co-transfected with
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(ex0-miR-3940-5p, exo-inhibitor, exo-NC) or PBS alone. a Protein
levels of EMT-related biomarkers E-cadherin, N-cadherin and vimen-
tin in cells determined by western blot analysis (one-way ANOVA,
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pcDNA ITGAG6 + Disitertide were implanted into nude
mice, and then the metastatic nodules in lung tissues in
mice were observed on day 21. It was found that pcDNA
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ITGAG6-transfected cells led to an increase in metastatic
nodules in lung tissues in mice, but further administra-
tion of Disitertide led to a decline in metastasis (Fig. 5g).
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RT-qPCR; ¢ binding relationship between miR-3940-5p and ITGA6

MSC-exosomal miR-3940-5p Targets ITGA6
to Mediate TGF-B1 Signaling Pathway to Inhibit CRC
Tumor Growth in Mice

HT-29 cells were transfected with exo-miR-3940-5p,
PBS, exo0-miR-3940-5p + pcDNA ITGAG6 or exo-miR-
3940-5p + pcDNA (NC for ITGA6), and then the protein
expression of TGF-f1 was determined by western blot anal-
ysis. It was shown that the TGF-p1 expression was high-
est in the PBS group. TGF-f1 expression was inhibited by
exo-miR-3940-5p inhibited and then reversed by pcDNA
ITGAG (Fig. 6a). Next, the cells were implanted into nude
mice to induce xenograft tumors. The tumor weight and size
were determined 21 d later (Fig. 6b). It was found that the
PBS-transfected cells led to enlarged tumor size and weight.
Exo-miR-3940-5p inhibited tumor growth, which was fur-
ther counteracted by pcDNA ITGAG6.

Discussion

Metastasis remains a main contributor to high mortality rate
in CRC patients and a major challenge in the nowadays can-
cer treatment. MSC-based therapies have aroused concerns
for their potential regulation in a wide range of conditions
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validated by a dual luciferase reporter gene assay (two-way ANOVA,
**p<0.01). All experiments were repeated 3 times and the average
value was collected

including cancer, and the MSC-exos have presented both
tumor-promoting or tumor-suppressing roles through the
different cargos [23]. Here in this paper, our study identi-
fied that MSC-exos carry miR-3940-5p into CRC cells to
inhibit invasive and metastatic potential of cells, during
which the inhibition of ITGA6 and TGF-p1 defect are pos-
sibly involved.

Initially, the integrated online analysis and miRNA
microarray data on GEO suggested that miR-3940-5p might
be an influential MSC-exosomal miRNA in CRC. We then
identified miR-3940-5p was poorly expressed in CRC cell
lines as compared to that in normal colon cells. Next, miR-
3940-5p mimic/inhibitor, the corresponding NC, and PBS
were transfected into hUC-MSCs and the corresponding
exosomes were collected. CD9, CD63, CD81 and TSG101
are well-known enriched proteins in exosomes that were
wide used as biomarkers of exosomes [24, 25], which were
found in the MSC-derived particles in the current study. In
addition, miR-3940-5p expression was found higher in the
exo-NC than that in the supernatant, indicating that miR-
3940-5p was carried by MSC-exos. Artificial overexpres-
sion of miR-3940-5p in MSC-exo led to declines in cell
invasion and vimentin and N-cadherin expression but an
increase in E-cadherin expression. The changes of these fac-
tors explained that miR-3940-5p inhibited the EMT of CRC
cells, since E-cadherin is a well-known epithelial marker,
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Fig.5 High expression of ITGA6 promotes CRC metastasis through
mediating the TGF-p1 signaling pathway. a ITGA6 expression in
275 CRC tumor tissues and in 349 normal colon tissues according to
the data available on GEPIA (http://gepia.cancer-pku.cn/); b ITGA6
expression in CRC and normal colon cells determined by RT-qPCR;
¢ siRNA ITGA6, pcDNA ITGA6 and the corresponding NC vector
were transfected into CRC tissues (one-way ANOVA, **p<0.01); d
expression of TGF-p1 after ITGA6 interference or Disitertide admin-
istration determined by western blot analysis (one-way ANOVA,
* p<0.05); e pcDNA ITGA6 or pcDNA ITGA6+ Disitertide was

while N-cadherin and vimentin are mesenchymal markers
[26]. miR-3940-5p is a relatively seldom studied miRNA.
It has been noted to inhibit proliferation of gingival MSCs
which lead to gingival over-growth [27]. Besides, its sup-
pressive role in tumor progression has been observed in non-
small cell lung cancer [28]. Importantly, miR-3940-5p has
been observed to be poorly expressed in the serum in CRC
patients, thus serving as a potential prognostic marker for
CRC [14]. Here, our study identified that MSC-exos carry
miR-3940-5p into CRC cells and tissues, and overexpression
of miR-3940-5p also presented suppressive effects on CRC
metastasis and progression. The animal results presented
similar trends since overexpression miR-3940-5p in MSC-
exos led to declines in tumor metastasis and growth.

The findings prompted us to explore the involving
downstream molecules. The main role of miRNAs in
human body is gene regulation by binding to the target
mRNAs through the matched sequences [29]. Then, our
study identified ITGA6 as a candidate mRNA of miR-
3940-5p in CRC. The binding relationship was further
validated through a luciferase assay. ITGAG6 attracted our
attention since it has been noted to promote the progres-
sion in several human malignancies. For instance, ITGA6
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transfected into CRC cells, and then the protein levels of EMT-
related biomarkers were determined by western blot analysis (one-
way ANOVA, *p<0.05); f number of invaded cells determined by
Transwell cells (one-way ANOVA, *p <0.05); g HT-29 cells trans-
fected with pcDNA alone, pcDNA ITGA6, pcDNA ITGA6+NC, or
pcDNA ITGAG6 + Disitertide were implanted into nude mice, and then
the metastatic nodules in lung in mice were observed by HE staining
on day 21 (n=3, one way ANOVA, *p <0.05). All experiments were
repeated 3 times and the average value was collected

was suggested to cooperate with RPSA to trigger the
invasion and metastasis of pancreatic cancer [30]. Over-
expression of ITGA6 and Thyl was said to promote the
metastatic potential of human gallbladder carcinoma [31].
Likewise, suppression in ITGAG6 by its upstream miRNAs
has been witnessed to lead to inhibited growth, invasion
and migration of cancer cells [32, 33]. Thereby, we specu-
lated that the similar trends would be seen by miR-3940-5p
in CRC. We found much higher ITGAG6 expression in CRC
cell lines than that in normal colon cells. Overexpression
of ITGAG led to a significant increase in vimentin and
N-cadherin expression while a decrease in E-cadherin
expression in CRC cells. Up-regulation of ITGA6 also
promoted tumor growth and metastasis in nude mice. It
was noteworthy that ITGAG6 positively regulated TGF-p1
expression. Aberrant expression of TGF-f1 may lead to
fibrosis and dysregulated immune responses, which are
also major characteristics of cancers [34]. The TGF-p1 has
been noted to play crucial promoting roles in cell migra-
tion, invasion and EMT in several human cancer types [20,
35], leaving inhibiting this pathway a potential target in
cancer therapy [36]. There is no exception for CRC that
inhibition of TGF-B1 is a promising method for metas-
tasis control [37]. In addition, the result that Disitertide
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Fig.6 MSC-exosomal miR-3940-5p targets ITGA6 to mediate TGF-
B1 signaling pathway to inhibit CRC tumor growth in mice. a TGF-
B1 expression following exo-miR-3940-5p, PBS or pcDNA ITGA6
transfection determined by western blot analysis (one-way ANOVA,
**p<0.01); B, HT-29 cells co-cultured with exo-3940-5p or exo-

partially blocked the roles of ITGA6 overexpression in cell
EMT and tumor progression in vivo further validated the
involvement of ITGA6-mediated events.

Conclusion

To sum up, this study evidenced that MSC-exo carry miR-
3940-5p into CRC cells, leading to further ITGA6 down-
regulation and TGF-B1 signaling deficit, and consequently
the reductions in invasive and metastatic potentials of CRC
cells and tumors (Fig. 7). These findings may provide novel
insights into MSC-exo-based treatment for CRC therapy. We
hope more studies will be conducted in the field to validate
our findings and to develop more new thoughts into CRC
treatment.
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