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Abstract. Mesenchymal stem cells (MSCs) have been 
demonstrated to be involved in tumor progression and the 
modulation of the tumor microenvironment, partly through 
their secretome. Extracellular vesicles (EVs) are membranous 
nanovesicles secreted by multiple types of cells and have been 
demonstrated to mediate intercellular communication in both 
physiological and pathological conditions. However, numerous 
questions still remain regarding the underlying mechanisms 
and functional consequences of these interactions. The purpose 
of this study was to investigate the effects of human umbilical 
cord mesenchymal stem cell-derived EVs (hUC-MSC-EVs) 
on the proliferation, migration and invasion of human breast 
cancer cells. We successfully generated and identified 
hUC-MSCs and hUC-MSC-EVs which were used in this study. 
The results revealed that treatment of the MDA-MB-231 and 
MCF-7 human breast cancer cells with medium containing 
hUC-MSC-EVs significantly enhanced the proliferation, 
migration and invasion of the cells in vitro. Treatment of the 
cells with medium containing hUC-MSC-EVs also reduced 
E-cadherin expression and increased N-cadherin expression, 

thus promoting the epithelial-mesenchymal transition (EMT) 
of the breast cancer cells. Treatment of the breast cancer cells 
with extracellular signal-regulated kinase (ERK) inhibitor 
prior to the interaction with hUC-MSC-EVs significantly 
reversed the enhanced proliferation, migration and invasion, 
as well as the EMT of the breast cancer cells induced by 
the hUC-MSC-EVs. On the whole, these data indicate that 
hUC-MSC-EVs promote the invasive and migratory potential 
of breast cancer cells through the induction of EMT via the 
ERK pathway, leading to malignant tumor progression and 
metastasis. Taken together, the findings of this study suggest 
that targeting pathways to reverse EMT may lead to the 
development of novel therapeutic approaches with which to 
combat breast cancer.

Introduction

Breast cancer is the most frequent form of cancer among 
women (1-3) and the second main cause of cancer-related 
mortality among women (4,5). Triple-negative breast 
cancer (TNBC) is a common type of breast malignancy with 
higher rates of metastasis, heterogeneity, drug resistance and a 
poorer prognosis. TNBC is characterized by tumors with lack of 
estrogen receptor, progesterone receptor and human epidermal 
growth factor receptor 2 (6). The incidence rate of TNBC is 
increasing continuously, particularly in young women. At 
present, a range of therapeutic strategies are available for the 
treatment of breast cancer, including surgery, chemotherapy, 
radiotherapy, endocrine therapy and targeted therapy; however, 
there remains a large proportion of therapeutic failures (7). 
Thus, a better understanding of the mechanisms underlying 
the pathogenesis of tumor development, progression and 
metastasis may lead to the identification of novel prognostic 
biomarkers and to the development of novel therapeutic 
strategies for breast cancer.

Mesenchymal stem cells (MSCs) are multipotent stem 
cells that can be derived from various tissues, including the 
umbilical cord, bone marrow and adipose tissue (8-11). MSCs 
have the potential to differentiate into various cell types of 
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the mesodermal germ layer, including osteoblasts, adipocytes 
and chondrocytes (12,13). In addition, MSCs are known to 
migrate to sites of inflammation and injury, as well as to the 
hypoxic tumor microenvironment (14). A growing body of 
evidence has indicated that MSCs play crucial and complex 
roles in tumor development and progression by increasing 
the stemness of tumor cells, mediating tumor cell growth, 
promoting angiogenesis, suppressing immune responses 
and inducing drug resistance (15,16). Several studies have 
demonstrated that MSCs can also contribute to the formation 
of the tumor microenvironment (17-20). The biological 
mechanisms underlying the recruitment of MSCs into the 
tumor microenvironment remain to be elucidated. In our 
previous study, it was found that the conditioned medium of 
hUC-MSCs promoted the proliferation and migration of breast 
cancer cells (21). Therefore, we hypothesized that the effects 
of hUC-MSCs take place primarily through secreted factors, 
and tumor development and progression are associated with 
hUC-MSC paracrine activities.

A large body of MSC research has focused on extracellular 
vesicles (EVs) derived from MSCs (MSC-EVs) and has 
demonstrated that MSC-EVs carry the properties of MSCs, 
such as the suppression of inflammatory responses, the repair 
of tissue damage, and the promotion of angiogenesis (22-24). 
EVs are membranous nanovesicles (30-1,000 nm in diameter) 
that are released by multiple cell types into the extracellular 
space in body fluids such as blood, urine and plasma, as well as 
into cell culture suspension (25). Based on their cellular origin, 
biological function and biogenesis, EVs can be categorized 
into exosomes (40-120 nm), microvesicles (50-1,000 nm) and 
apoptotic bodies (500-2,000 nm) (26). EVs act as naturally 
secreted membrane vesicles containing proteins, lipids, 
and genetic material such as mRNAs and miRNAs (27-29). 
Therefore, we hypothesized that MSC-EVs can transport 
MSC-associated molecules to alter the physiology of target cells 
in an MSC‑specific manner. MSC‑EVs have been demonstrated 
as a novel mechanism of cell-to-cell communication in the 
development and progression of tumors (30). In order to better 
understand the mechanisms through which MSC-EVs affect 
breast cancer, in this study, we investigated the interaction 
between hUC-MSC-EVs and MDA-MB-231 and MCF-7 
human breast cancer cell lines cells in vitro.

Materials and methods

Ethics statement. The experiments using human samples 
were approved by the Research Ethics Committee of Jiangsu 
University. All procedures performed in this study were in 
accordance with the Declaration of Helsinki.

Cell lines and cell culture. The MCF-7 and MDA-MB-231 
human breast cancer cell lines cells were a gift from Dr W. Zhu 
(Department of Medicine, Jiangsu University, Zhenjiang, 
China), and were cultured in high-glucose Dulbecco's 
modified Eagle's medium (H-DMEM) (cat. no. 12100046; 
Gibco/Thermo Fisher Scientific, Waltham, MA, USA) with 
10% fetal bovine serum (FBS) (cat. no. FND500; ExCell Bio, 
Shanghai, China), 100 U/ml penicillin and 100 µg/ml 
streptomycin (cat. no. ST488; Beyotime, Jiangsu, China) under 
mycoplasma‑free conditions at 37˚C in 5% CO2.

Isolation and characterization of hUC‑MSCs. This study 
was performed using umbilical cord samples from 6 pregnant 
mothers who delivered full-term neonates, based on a pregnancy 
period of 37‑41 weeks at the Affiliated Hospital of Jiangsu 
University during the period from May, 2015 to April, 2017. 
Fresh umbilical cords were collected from healthy donors after 
obtaining informed consent at the Affiliated Hospital of Jiangsu 
University. hUC-MSCs were isolated and cultured as described 
in our previous studies (8,21,31). In brief, umbilical cord blood 
vessels were carefully removed to retain Wharton's jelly, and the 
remaining tissue was then cut into 1-mm3 sized sections with 
scissors and placed in low glucose Dulbecco's modified Eagle's 
medium (L-DMEM) (cat. no. 31600034; Gibco/Thermo Fisher 
Scientific) with 10% FBS and antibiotics (100 U/ml penicillin 
and 100 µg/ml streptomycin). The cells were incubated at 37˚C 
with 5% CO2 in a humidified atmosphere and the medium 
was changed every 3 days thereafter. When the adherent cells 
reached nearly 80-90% confluence, the cells were digested 
with 0.25% trypsin-EDTA (Beijing Solarbio Science and 
Technology Co., Ltd., Beijing, China) and subcultured in new 
flasks for expansion. Cultured hUC‑MSCs of passage 3 were 
used for further analyses.

Assessment of osteogenic and adipogenic potential. To 
assess the differentiation potential, hUC-MSCs were plated 
into 6-well plates and cultured with osteogenic induction 
medium, composed of L-DMEM supplemented with 0.1 µM 
dexamethasone, 10 mM β-glycerophosphate, 4 µg/ml basic 
fibroblast growth factor (bFGF) and 50 µg/ml ascorbic acid 
(Sigma-Aldrich, St. Louis, MO, USA) for 14 days. The induction 
medium was changed every 3 days. Following 14 days of 
osteoblast differentiation, the cells were washed twice with 
PBS and fixed with 4% ice‑cold paraformaldehyde for 30 min. 
The cells were then stained using the Alkaline Phosphatase 
Color Development kit (cat. no. P0321; Beyotime) and imaged 
using a microscope (Ti-S; Nikon, Tokyo, Japan). Orange and 
red bodies were identified as calcium nodules. For adipogenic 
differentiation, the cells were plated into 24-well plates in 
DMEM with 10% FBS and 100 U/ml penicillin and 100 µg/ml 
streptomycin. When the cells reached 100% confluence, the 
culture were switched to adipogenic induction medium 
(Cyagen, Guangzhou, China) for 3 days and then switched back 
to maintenance medium for 1 day. Adipogenic differentiation 
was demonstrated by the intracellular accumulation of lipid 
droplets stained with Oil Red O. For Oil Red O staining, the 
cells were washed twice with PBS and then fixed for 30 min 
with 4% paraformaldehyde at room temperature. The cells 
were then stained with Oil Red O (Cyagen Biosciences, Santa 
Clara, CA, USA) for 30 min and rinsed using 70% ethyl 
alcohol.

Flow cytometric analysis. Flow cytometry (using a 
BD Accuri C6 flow cytometer; BD Biosciences, San Jose, CA, 
USA) analysis was performed to identify the phenotype of 
hUC‑MSCs. Briefly, the cells were incubated for 30 min on ice 
with phycoerythrin (PE)-labeled anti-CD29 (cat. no. 557332), 
anti-CD45 (cat. no. 560975), anti-CD90 (cat. no. 561970), 
anti-CD105 (cat. no. 562380), fluorescein isothiocyanate 
(FITC)-labeled anti-CD19 (cat. no. 560994) and anti-CD34 
(cat. no. 560942) antibodies. PE- (cat. no. 556650) and 
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FITC- (cat. no. 555748) (all from BD Biosciences) conjugated 
IgG1 were used as isotype controls at the same concentration 
as the specific primary antibodies. The antibodies were used 
at a concentration of 0.1 µg per 1x106 cells. The stained cells 
were washed twice with phosphate-buffered saline (PBS) and 
the fluorescence intensity was evaluated by flow cytometry.

Harvesting and identification of hUC‑MSC‑EVs. After the cells 
reached 90% confluency, the hUC‑MSCs were washed with PBS 
and incubated in culture medium without serum for 48 h. EVs 
were isolated from the medium by differential centrifugation 
and stored at ‑80˚C. In brief, the medium was collected and 
centrifuged at 2,000 x g for 20 min at 4˚C to remove cells 
and debris. Cell-free supernatants were ultracentrifuged at 
100,000 x g (Beckman Coulter Optima L-90K ultracentrifuge; 
Beckman Coulter, Brea, CA, USA) for 1 h at 4˚C. The pellet was 
resuspended in PBS and ultracentrifuged at 100,000 x g for 1 h 
again. The concentration of EV proteins was quantified using 
the BCA Protein Assay kit (Beyotime Βiotechnology, Haimen, 
China). EVs were characterized for particle size distribution 
and quantified by NanoSightLM10 (Malvern Instruments 
Ltd., Worcestershire, UK). The data were processed by 
Nanoparticle Tracking Analysis (NTA) 2.2 analytical software 
(Malvern Instruments Ltd.). hUC-MSC-EVs were also 
characterized using transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM). For TEM analysis, 
the hUC‑MSC‑EVs were fixed with 2% paraformaldehyde and 
absorbed for 20 min to a Formvar-carbon coated grid (XXBR 
Technology Co., Ltd., Beijing, China), washed with PBS and 
further fixed with 1% glutaraldehyde for 5 min. The grids were 
washed and stained with 2% uranyl acetate for 5 min. The 
grids were dried and observed under a Tecnai 12 transmission 
electron microscope (Philips, Amsterdam, The Netherlands) 
at 80 kV. For SEM analysis, the hUC‑MSC‑EVs were fixed in 
Karnovsky fixative (YBscience, Shanghai, China), dehydrated 
in alcohol, dried on glass surface, and sputter coated with gold. 
The samples were observed on a Model S‑4800 filed emission 
scanning electron microscope (S4800 II FESEM; Hitachi 
High-Technologies Corp., Tokyo, Japan). Images were acquired 
via secondary electron at a working distance of 15-25 mm 
and an accelerating voltage of 20-25 kV. The expression 
of CD63 (cat. no. 557288) and CD81 (cat. no. 551108) (both 
from BD Biosciences) on the surface of EVs was analyzed by 
flow cytometry. Filtered EVs were resuspended in PBS and 
incubated with 20 µl of the fluorescent antibody CD63 and 
CD81 for 30 min on ice. The labeled EVs were analyzed with 
a BD Accuri C6 flow cytometer.

Internalization of MSC‑EVs into breast cancer cells. The 
MCF-7 or MDA-MB-231 cells were incubated in medium 
containing DiO (green) cell-labeling and hUC-MSC-EVs 
were labeled using the CM-DiL Red Fluorescent Cell 
Linker kit (Invitrogen/Thermo Fisher Scientific) according 
to manufacturer's instructions and subsequently washed 
with PBS. The labeled hUC-MSC-EVs were incubated with 
the MCF-7 or MDA-MB-231 cells for 6 h on coverslips in a 
24‑well plate at 37˚C with 5% CO2. Cellular nuclei of MCF-7 
or MDA-MB-231 cells were stained using Hoechst 33342 
(Beyotime) for 30 min at room temperature and then viewed 
on a Nikon fluorescence microscope (Ti‑S; Nikon).

Cell proliferation assay. MCF-7 and MDA-MB-231 
cell proliferation was examined by 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The 
MCF-7 and MDA-MB-231 cells were treated with medium 
without hUC-MSC-EVs, or with 10, 20 and 40 µg/ml of 
hUC-MSC-EVs for 24 h, respectively. The cells were then 
collected and seeded into 96-well plates with a density of 
2x103 cells/well for 24, 48 and 72 h. MTT (20 µl) was then 
added to each well followed by incubation in 37˚C for an addi-
tional 4 h. When the reaction was terminated, the reagent was 
discarded and 150 µl dimethyl sulfoxide (DMSO) was added 
to each well for 10 min to ensure complete solubilization of the 
purple formazan crystals. The optical density was determined 
at 490 nm using an FLX 800 Fluorescence Microplate Reader 
(Biotek Instruments, Winooski, VT, USA).

Colony formation assay. The MCF-7 and MDA-MB-231 cells 
were treated with medium without hUC-MSC-EVs, or with 10, 
20 and 40 µg/ml of hUC-MSC-EVs for 24 h, respectively. In 
certain experiments, the MCF-7 and MDA-MB-231 cells were 
treated with 10 µM U0126, a specific extracellular‑regulated 
kinase (ERK) inhibitor (Beyotime, Shanghai, China), 
for 30 min prior to the addition of 10, 20 or 40 µg/ml of 
hUC-MSC-EVs. The cells were then collected and plated at 
a density of 500 cells per well in a 6-well plate. After being 
cultured for 10 days at 37˚C with 5% CO2, the cells were fixed 
with 4% formaldehyde for 30 min and stained using crystal 
violet (Beyotime) for 30 min at room temperature followed by 
manual (naked eye) counting of the number of cell colonies.

Transwell migration as say. Following treatment with medium 
containing the hUC-MSC-EVs (10, 20 and 40 µg/ml) for 
24 h, the MCF-7 and MDA-MB-231 cells were resuspended 
in 200 µl serum-free medium and seeded into the upper 
chamber (8 µm pore size; Corning, New York, NY, USA). 
The lower chamber was filled with 600 µl complete medium. 
In certain experiments, the MCF-7 and MDA-MB-231 cells 
were treated with 10 µM U0126 for 30 min prior to the 
addition of 10, 20 and 40 µg/ml of hUC-MSC-EVs. Following 
incubation at 37˚C for 8 h, the upper cells remaining in the 
upper membrane were wiped off smoothly, while the lower 
cells were fixed with 4% paraformaldehyde for 30 min. After 
staining with crystal violet for 30 min at room temperature, 
3 random fields were observed under a microscope (Ti‑S; 
Nikon).

Cell invasion assay. The Matrigel basement membrane 
(BD Biosciences) was diluted to 1:3 with pre-cooled PBS. 
Subsequently, 30 µl diluted Matrigel was added to each top 
chamber (8 µm pore size; Corning) followed by incubation 
in 37˚C for 30 min. The pre‑treated cells suspended in the 
serum-free conditioned medium were seeded into the top 
chamber containing coagulated Matrigel and incubated 
at 37˚C for 30 h to allow the cells to invade into the lower 
membrane through Matrigel. The cells that invaded 
to the bottom of the upper membrane were fixed with 
4% paraformaldehyde for 30 min and dyed with crystal violet 
for 30 min at room temperature. The cells were then examined 
under s microscope (Ti-S; Nikon) and the number of invaded 
cells was counted.
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Scratch wound assay. The MCF-7 and MDA-MB-231 cells 
were treated with the medium and 10, 20 and 40 µg/ml of 
hUC-MSC-EVs for 24 h, then harvested and seeded into 
6‑well plates. When the cell confluence reached 80%, the cells 
were scratched vertically with a sterile pipette tip, and then 
washed with PBS once. Wound healing was monitored and 
photographed at 0 and 48 h at multiple sites, and representative 
images were captured using a microscope (Ti-S; Nikon). 
The degree of motility 48 h after scratch was expressed as 
the percentage of wound closure and calculated as follows: 
(distance of scratch at 0 h - distance of cell migration at 
48 h/distance of scratch at 0 h) x100%.

Western blot analysis. Cell samples or hUC-MSC-EVs were 
lysed in RIPA buffer (Vazyme Biotech, Nanjing, China) 
containing protease inhibitors (Beyotime) and the protein 
concentration was then quantified. In brief, equal amounts of 
protein were loaded and separated on 12% SDS-polyacrylamide 
gels (SDS-PAGE) and then transferred onto polyvinylidene 
difluoride (PVDF) membranes (Beyotime). The membranes 
were incubated with primary antibodies at 4˚C overnight 
and then washed in TBST and incubated with secondary 
antibody at 37˚C for 1 h. The target band of the proteins 
was then visualized using HRP substrate (Merck Millipore, 
Darmstadt, Germany) and analyzed using MD ImageQuant 
software version 5.2 (Molecular Dynamics, Inc., Sunnyvale, 
CA, USA). The primary antibodies used were as follows: 
CD63 (YT5525, 1:1,000), CD81 (YT5394, 1:1,000), p-ERK 
(YP1197, 1:1,000), t-ERK (YT1626, 1:1,000), N-cadherin 
(YT2988, 1:1,000) and E-cadherin (YT1454, 1:1,000) were 
purchased from ImmunoWay Biotechnology. The secondary 

antibodies (CW0103S, goat anti-rabbit; 1:2,000; CW0102S, 
goat anti-mouse, 1:2,000) were purchased from Beijing CWBio 
(CWBiotech, Beijing, China). GAPDH (YM3029, 1:5,000, 
ImmunoWay Biotechnology) was used as the loading control.

Statistical analysis. P-values were calculated by GraphPad 
Prism 7 (GraphPad, San Diego, CA, USA). The P-values for 
comparisons among groups were obtained by one-way ANOVA 
with Dunnetts' multiple comparisons test or an unpaired 
t-test with Welch correction. The results are expressed as the 
means ± SD from 3 different replicates from individual assays. 
A P-value <0.05 was considered to indicate a statistically 
significant difference.

Results

Morphology and differentiation potential of hUC‑MSCs. 
After around 10 days of primary culture of the tissue samples, a 
small population of fibroblastic cells were observed (Fig. 1A‑i). 
A homogenous population of hUC-MSCs were obtained 
from the umbilical cord after 3 passages in vitro. The cells 
exhibited a polygonal, spindly and fibroblast‑like morphology 
(Fig. 1A-ii). The differentiation of hUC-MSCs was apparent 
after 14 or 21 days of induction with specific differentiation 
induction medium. The hUC-MSCs were capable of 
differentiating into osteocytes and adipocytes, as evidenced 
by the positive staining of ALP (Fig. 1B, left panel) and 
Oil Red O (Fig. 1B, right panel), which suggests that the cells 
have multilineage differentiation potential. Flow cytometric 
analysis demonstrated that the hUC-MSCs expressed high 
levels of CD29 (97.9%), CD90 (98.9%) and CD105 (98.1%), 

Figure 1. Characterization of hUC-MSCs. (A) The morphology of hUC-MSCs at (i) passage 0 was observed under a light microscope; the cells at (ii) passage 
3 exhibited a polygonal, spindly and fibroblast‑like morphology; the images on the right panels are enlarged images of the boxed areas on the left panels (left 
panels: magnification, x40; scale bar, 200 µm; right panels: magnification, x100; scale bar, 100 µm). (B) Representative images of the osteoblast (magnifica-
tion, x40; scale bar, 200 µm) and adipocyte [magnification, x200; scale bar, 50 µm; the boxed area on the left (magnification, x400; scale bar, 25 µm is an 
enlarged image of the boxed area on the right] differentiation of hUC-MSCs cultured in differentiation medium. The cells were analyzed using cytochemical 
staining with ALP staining (left panel) and Oil red O staining (right panel), respectively. (C) Flow cytometric analysis of the expression of cell surface 
markers related to MSCs. hUC-MSCs were positive for CD29, CD90 and CD105, but negative for CD19, CD34 and CD45. hUC-MSCs, human umbilical cord 
mesenchymal stem cells; ALP, alkaline phosphatase.
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but were negative for CD19 (0.2%), CD34 (0.2%) and CD45 
(0.1%) (Fig. 1C). These results indicated that we had efficiently 
generated hUC-MSCs which were used in the following 
experiments.

Characterization of hUC‑MSC‑EVs. hUC-MSC-EVs were 
isolated and purified from the hUC-MSCs conditioned 
medium. The size of the isolated hUC-MSC-EVs was 
confirmed using TEM, SEM and NTA. The classic cup‑shaped 
membrane particles ranged from 90-450 nm, with a mean 
value of 232 nm, which suggested that the vesicles in the 
supernatants might be a mixture of microvesicles and 
exosomes (Fig. 2A and C). SEM revealed hUC-MSC-EVs with 
a round or oval morphology with a hypodense center and in 
heterogeneous sizes. TEM randomly captured the stages of 
hUC-MSC-EV formation and release processes (Fig. 2A-iii). 
Finally, the positive expression of hUC-MSC-EVs markers 
CD63 (50.9%) and CD81 (67.7%) was determined by flow 
cytometric analysis (Fig. 2B), and further supported by the 
results of western blot analysis (Fig. 2D). A BCA Protein assay 
for collected hUC-MSC-EVs revealed that the concentration 
of EV proteins was 4 mg/ml. In summary, we successfully 
isolated hUC-MSC-EVs with intact membranes, high purity 
and a high concentration from hUC-MSCs.

hUC‑MSC‑EVs promotes breast cancer cell viability and 
proliferation. Firstly, we determined whether hUC-MSC-EVs 
can be internalized into MCF-7 and MDA-MB-231 cells. 
DiO (green)-labeled MCF-7 and MDA-MB-231 cells were 
incubated with CM-DiL (red)-labeled hUC-MSC-EVs for 6 h 
and hUC-MSC-EVs uptake by the MCF-7 or MDA-MB-231 
cells was observed. The cell nuclei were stained with 
Hoechst 33342 and observed under a fluorescence microscope. 
For excluding dye contamination in DiO-labeled cells, CM-DiL 
was treated in the same manner as PBS and considered as a 
negative control. No red fluorescence was observed when 

the breast cancer cells were treated with the negative control 
medium (Fig. 3A). These results indicated that hUC-MSC-EVs 
could be internalized by breast cancer cells within 6 h. 
To examine the effects of hUC-MSC-EVs on MCF-7 and 
MDA-MB-231 cells growth, we evaluated the viability of the 
cells treated with hUC-MSC-EVs at various concentrations 
(10, 20 and 40 µg/ml). As shown by the results of MTT assay 
shown in Fig. 3B and C, the hUC-MSC-EVs promoted the 
growth of the MCF-7 and MDA-MB-231 cells in a time- and 
dose‑dependent manner. This finding was further confirmed 
by the results of colony formation assay (Fig. 3D and E). 
Taken together, these data suggested that the hUC-MSC-EVs 
promoted the proliferation of the MCF-7 and MDA-MB-231 
cells.

hUC‑MSC‑EVs enhance the migration and invasion of 
breast cancer cells. To examine whether the migratory 
and invasive ability of the MCF-7 and MDA-MB-231 
cells are affected by the hUC-MSC-EVs, these cells were 
incubated with 10, 20 or 40 µg/ml hUC-MSC-EVs. The 
numbers of migrated and invaded breast cancer cells were 
significantly increased following treatment with medium 
containing the hUC-MSC-EVs (Fig. 4A and B). The results 
of the scratch wound assay also revealed that the migratory 
ability of the MCF-7 and MDA-MB-231 cells improved 
significantly following incubation with medium containing the 
hUC-MSC-EVs (Fig. 4C and D). Taken together, these results 
suggested that hUC-MSC-EVs promoted the migration and 
invasion of breast cancer cells.

Involvement of ERK pathway in the increased proliferation, 
migration and invasion of breast cancer cells induced by 
hUC‑MSC‑EVs. The results of western blot analysis revealed 
that the hUC-MSC-EVs led to the activation of the ERK 
pathway in the MCF-7 and MDA-MB-231 breast cancer 
cells (Fig. 4E and F). To determine whether the ERK pathway 

Figure 2. Identification of hUC‑MSC‑EVs. (A) Release of hUC‑MSC‑EVs from the surface of hUC‑MSCs by SEM [(i) magnification, x60,000; scale bar, 500 nm; 
(ii) magnification, x10,000; scale bar, 5,000 nm)]. (iii) An electron microscope was used to randomly capture the different stages of hUC‑MSC‑EV formation 
and release processes; arrows indicate vesicles at the cell membrane surface (magnification, x8,900; scale bar, 200 nm). (iv) Representative micrographs of 
TEM obtained on collected and purified hUC‑MSC‑EVs (magnification, x195,000; scale bar, 500 nm). (B) Flow cytometric analysis of hUC‑MSC‑EV protein 
surface expression. (C) The size distributions of hUC‑MSC‑EVs were identified by NTA. (D) Western blot analysis of marker CD63 and CD81 proteins in 
hUC-MSC-EVs. The cell lysate served as controls. hUC-MSC-EVs, human umbilical cord mesenchymal stem cell-derived extracellular vesicles; SEM, scanning 
electron microscopy; TEM, transmission electron microscopy; NTA, nanoparticle tracking analysis.
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affects the proliferation and migration of the MCF-7 and 
MDA-MB-231 cells, we examined the colony formation, 
proliferation and migration of the breast cancer cells 
pre-treated with the ERK inhibitor, U0126, in culture with 
hUC-MSC-EVs by colony formation, and Transwell migration 
and invasion assays. As shown in Fig. 5A-F, in contrast to 
the above-mentioned observations that the hUC-MSC-EVs 
promoted the proliferation, migration and invasion of the 
MCF-7 and MDA-MB-231 cells, U0126 treatment of the 
breast cancer cells prior to the addition of hUC-MSC-EVs 
in culture significantly reversed the promoting effects of the 
hUC-MSC-EVs on the proliferation, migration and invasion of 
the breast cancer cells. These results suggested that the ERK 
pathway is involved in promotion of the proliferation, migration 
and invasion of the breast cancer cells upon treatment with 
hUC-MSC-EVs. To ascertain the effects of hUC-MSC-EVs on 
epithelial-mesenchymal transition (EMT), relevant markers 
were measured. The results of western blot analysis revealed 
that the breast cancer cells treated with hUC-MSC-EVs 
activated ERK, and increased the expression of N-cadherin 
and decreased the expression of E-cadherin (Fig. 4E and F). 
Our data further revealed that treatment with U0126 inhibited 
the activation of ERK and reversed the promoting effects of the 
hUC-MSC-EVs on N-cadherin expression, and the suppressive 

effects of the hUC-MSC-EVs on E-cadherin expression in 
the MCF-7 and MDA-MB-231 cells (Fig. 5G and H). Taken 
together, these data indicated that hUC-MSC-EVs induced 
EMT via the activation of the ERK pathway.

Discussion

The tumor microenvironment is a dynamic system that 
consists of complex non-malignant cells, extracellular 
matrix (ECM) and signaling molecules that communicate 
with cancer cells. The non-malignant cells, including 
fibroblasts, endothelial cells and immune cells that, 
together with the surrounding ECM, affect tumor activity. 
MSCs are one of the pivotal components of the tumor 
microenvironment (32,33). A growing body of evidence 
indicates that the modulatory effects of MSCs on the tumor 
microenvironment are mainly conferred through their 
paracrine activities and the secretion of various trophic 
factors (34). MSCs produce a panel of cytokine receptors 
and chemokines that interact with tumor-released molecules, 
enabling the migration and incorporation of MSCs into the 
tumor microenvironment (35). The interactions between the 
stromal microenvironment and tumor cells play a central 
role in the development and progression of cancer. When 

Figure 3. hUC-MSC-EVs promote breast cancer cell viability and proliferation. (A) hUC-MSC-EVs are internalized by the MCF-7 and MDA-MB-231 breast 
cancer cells. DiO-labeled MCF-7 and MDA-MB-231 cells incubated with CM-DiL-labeled hUC-MSC-EVs for 6 h. hUC-MSC-EVs are internalized by MCF-7 
(magnification, x200; scale bar, 100 µm) and MDA‑MB‑231 cells (magnification, x400; scale bar, 50 µm). (B and C) MCF‑7 and MDA‑MB‑231 cells were incu-
bated with various concentrations of hUC-MSC-EVs for 24 to 72 h and cell viability was determined by MTT assay, respectively. (D and E) One representative 
experiment of clone formation images of MCF-7 and MDA-MB-231 cells with or without hUC-MSC-EV treatment. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
ns, not significant; hUC‑MSC‑EVs, human umbilical cord mesenchymal stem cell‑derived extracellular vesicles.
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in contact with tumor cells, MSCs function as regulators of 
proliferation, apoptosis, immune regulation and angiogenesis 
by producing a variety of cytokines that promote tumor 
progression and acquisition of chemical resistance (36).

Bone marrow-derived MSCs (BM-MSCs) are the most 
investigated cell source; however, the application of BM-MSCs 
is limited due to the invasive nature of sample collection, 
and reduced proliferation and multilineage differentiation 
potential (37,38). Compared to other adult tissue-derived 
MSCs, hUC-MSCs are viewed as a better choice of MSCs 
for application due to easier isolation and expansion and low 
immunogenicity (39). Moreover, umbilical cord collection 
is convenient and is not associated with any ethical or legal 
issue (40).

MSCs homing to the tumor stroma has aroused interest 
in deciphering the function of MSCs in tumor formation and 
development. Despite major insight into MSC functions being 
obtained in recent years, the association between hUC-MSCs 
and tumor cells remains unclear. The tumor-promoting or 
suppressing effects of MSCs have been a subject of controversy 
over the past decade. Some studies have indicated that MSCs 
have oncogenic potential, while others have demonstrated that 
MSCs can also have the potential for antitumor application. 
For instance, several studies have reported that MSCs 
can promote tumor cell growth and metastasis in breast 
cancer (41), ovarian cancer (42) and lung cancer (43). Wu et al 
demonstrated that MSC-derived conditioned media (MSC-CM) 
promoted the invasion and proliferation of colorectal cancer 

Figure 4. hUC-MSC-EVs enhanced the migration and invasion of breast cancer cells. (A and B) Transwell migration and Invasion assay for the migration 
ability of MCF-7 and MDA-MB-231 cells with or without hUC-MSC-EVs treatment. (C and D) Wound healing assay for the migratory ability of (C) MCF-7 
and (D) MDA-MB-231 cells with or without hUC-MSC-EV treatment. Breast cancer cells treated with various concentrations of hUC-MSC-EVs (10, 20 and 
40 µg/ml) were subjected to wound healing assay for 48 h. (E and F) Western blot analysis of p-ERK, t-ERK, N-cadherin and E-cadherin levels in breast 
cancer cells with or without hUC-MSC-EV treatment. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ns, not significant; hUC‑MSC‑EVs, human umbilical cord 
mesenchymal stem cell-derived extracellular vesicles.
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cells (44). Likewise, Kim et al demonstrated that human 
amniotic membrane stromal cell-derived conditioned media 
promoted the proliferation and migration of breast cancer (45). 
Consistent with these previous findings, we previously found 
that hUC-MSCs promoted the proliferation and migration 
in MCF-7 and MDA-MB-231 breast cancer cells through the 
activation of the ERK pathway (21). These studies strongly 
suggested the involvement of MSCs in tumor development. 
On the contrary, other groups have demonstrated that MSCs 
inhibit tumor progression in glioblastoma, leukemia/lymphoma 
and liver cancer (46-48). The controversy among these results 
may be caused by the use of different tumor models, different 
sources of MSCs, the functional heterogeneity of MSCs, 
different experimental designs and the dose or timing of MSC 
injection (49,50). In summary, the safety of using MSCs in the 
field of cancer is worthy of attention due to their opposite effects.

The emerging evidence that cells may communicate 
with surrounding tumor cells and stromal cells within tumor 
microenvironment via the secretion of EVs has recently 
highlighted the importance of these studies (51). EVs can be 
secreted by many eukaryotic cell types, including MSCs and 
contain proteins, mRNAs, miRNAs, long non-coding RNAs, 
lipids and DNA, etc. EVs from different cell types contain 

distinct cargo materials and have corresponding biological and 
functional roles in cancer with the potential use as biomarkers 
and therapeutic agents. Recent findings have confirmed that 
EVs shuttle bioactive molecules and lead to the exchange of 
genetic information and metabolic reprogramming of the 
recipient cells, suggesting that EVs are essential for intercellular 
communication in the tumor microenvironment (52). Therefore, 
it is considered that EVs may contribute to promotion of 
proliferation, metastasis and invasiveness of recipient cells. 
Multiple reports have indicated that the secretion of EVs by 
MSCs is considered a novel mechanism for the paracrine 
effects of MSCs in tumor progression (53-56). MSC-EVs can 
transfer the activities of the MSCs from which they originate. 
In addition, MSC-EVs do not elicit acute immune rejection 
and tumorigenic potential. Thus, MSC-EVs represent a novel 
cell-free therapeutic strategy that can overcome the limitations 
and risks related to cell-based therapies.

In this study, we investigated the effects of hUC-MSC-EVs 
on breast cancer cell proliferation and migration, and the 
results revealed that treatment with medium containing 
hUC‑MSC‑EVs significantly enhanced cell proliferation and 
migration. To explore the underlying mechanisms, we examined 
the influence of the ERK pathway on the enhanced proliferation 

Figure 5. EMT induced by hUC-MSC-EVs is associated with increased activity of ERK pathway. (A and B) Breast cancer cells were treated with 10 µM 
U0126 (U0126, a specific inhibitor of the ERK pathway) for 30 min prior to the addition of 40 µg/ml hUC‑MSC‑EVs. One representative experiment of clone 
formation images of (A) MCF-7 cells and (B) MDA-MB-231 cells is shown. (C and D) MCF-7 and MDA-MB-231 cells were treated with 10 µM U0126 for 
30 min prior to the addition of 40 µg/ml hUC-MSC-EVs. (C) Transwell migration assay and (D) invasion assay for the migratory and invasive ability of the 
MCF-7 and MDA-MB-231 cells. (E and F) Breast cancer cells were treated with 10 µM U0126 for 30 min prior to the addition of 40 µg/ml hUC-MSC-EVs. 
Wound healing assay for the migratory ability of (E) MCF-7 cells and (F) MDA-MB-231 cells. (G) MCF-7 cells and (H) MDA-MB-231 cells were treated with 
10 µM U0126 for 30 min prior to the addition of 40 µg/ml hUC-MSC-EVs. Subsequently, p-ERK, t-ERK, N-cadherin and E-cadherin levels were determined 
by western blot analysis. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ns, not significant; hUC‑MSC‑EVs, human umbilical cord mesenchymal stem cell‑derived 
extracellular vesicles.
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and migration of breast cancer cells induced by hUC-MSC-EVs. 
ERK is a member of the MAPK family which plays a key role in 
many cellular events, such as cell proliferation and survival (57). 
ERK can facilitate the differentiation of epithelial-like cells 
into interstitial cells, which can induce EMT to promote cell 
migration and metastasis (58,59). EMT is a process in which 
epithelial cells are converted into mesenchymal cells by the loss 
of cell polarity. This process decreases cell-to-cell adhesion and 
acquires mobility, invasive capacity, stem cell-like properties, 
and resistance to apoptosis (60). A number of signaling pathways 
may be involved in cell growth and EMT. In this study, we 
demonstrated that the hUC-MSC-EVs promoted the proliferation 
and migration of breast cancer cells. We further demonstrated 
that the ERK inhibitor, U0126, significantly reversed the 
promoting effects of the hUC-MSC-EVs on the proliferation, 
migration and invasion of the breast cancer cells. These 
results suggested the involvement of the ERK pathway in the 
promotion of the proliferation, migration and invasion of breast 
cancer cells upon treatment with hUC-MSC-EVs. However, we 
cannot not exclude the possible involvement of other signaling 
pathways. In the current study, we mainly focused on the effects 
of hUC-MSC-EVs on the in vitro proliferation, migration and 
invasion of breast cancer cells. In the future, we aim to perform 
further in vivo studies to detect the presence of hUC-MSC or 
hUC-MSC-EVs and identify the key factors responsible for the 
EV-mediated transfer of the cancer-promoting effects.

In conclusion, in this study, we confirmed that the activation 
of ERK is important for the promoting effects of hUC-MSC-EVs 
on the proliferation of breast cancer cells. Treatment with 
medium containing hUC-MSC-EVs resulted in the increased 
activation of ERK in the MCF-7 and MDA-MB-231 breast 
cancer cells. Moreover, the downregulation of ERK using the 
inhibitor, U0126, led to an inhibition of hUC-MSC-EV-induced 
proliferation, thereby reversing the hUC-MSC-EV-mediated 
proliferation and migration of the breast cancer cells. These 
findings indicated that the biological alterations in breast cancer 
cells upon treatment with hUC-MSC-EVs may be mediated by 
the induction of EMT via the ERK pathway.
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