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Abstract. Recent evidence indicates that exosomes can 
mediate certain microRNAs (miRNAs) involved in a series 
of biological functions in tumor occurrence and development. 
Our previous studies showed that microRNA-21 (miR-21) 
was abundant in both esophageal cancer cells and their corre-
sponding exosomes. The present study explored the function 
of exosome-shuttling miR-21 involved in esophageal cancer 
progression. We found that exosomes could be internalized 
from the extracellular space to the cytoplasm. The exosome-
derived Cy3-labeled miR-21 mimics could be transported into 
recipient cells in a neutral sphingomyelinase 2 (nSMase2)-
dependent manner. miR-21 overexpression from donor cells 
significantly promoted the migration and invasion of recipient 
cells by targeting programmed cell death 4 (PDCD4) and 
activating its downstream c-Jun N-terminal kinase (JNK) 
signaling pathway after co-cultivation. Our population plasma 
sample analysis indicated that miR-21 was upregulated 
significantly in plasma from esophageal cancer patients and 
showed a significant risk association for esophageal cancer. 
Our data demonstrated that a close correlation existed between 
exosome-shuttling miR-21 and esophageal cancer recurrence 
and distant metastasis. Thus, exosome-shuttling miR-21 may 
become a potential biomarker for prognosis among esophageal 
cancer patients.

Introduction

Esophageal squamous cell carcinoma (ESCC) is one of the 
most common malignant tumors worldwide and seriously 
threatens human health (1). As current methods for ESCC 

screening are invasive and can hardly detect ESCC in its early 
stages, clinically significant and minimally invasive tests 
for ESCC are necessary. Recently, the potential applications 
of circulating tumor cell-associated microRNAs have been 
investigated, and these miRNAs have been suggested as novel 
biomarkers in plasma or serum for cancer diagnosis (2-6). A 
series of miRNA expression profile studies in plasma from 
cancer patients has been conducted to explore the tumor-
specific miRNAs. A research on pancreatic cancer (PC) found 
37 miRNAs downregulated and 54 miRNAs upregulated 
in plasma from patients with PC. Furthermore, miR-21 was 
correlated with worse PC survival, whereas let-7 was inversely 
correlated with survival (7). With the current development of 
next-generation deep sequencing, Illumina platform-based 
sequencing was performed to establish a plasma miRNA 
profile in nasopharyngeal carcinoma (NPC) patients; 13 
miRNAs were found to be NPC specific (8). miRNAs may 
be widely used as a clinical biomarker as miRNAs in plasma 
were demonstrated to be resistant to ribonuclease digestion 
and temperature changes (9,10).

Exosomes, which are small vesicles of endocytic origin, 
were reported to be released with miRNAs wrapped from both 
tumor and healthy cells to participate in cell-cell communi-
cation (11-13). Rabinowits et al (14) evaluated the expression 
level of 12 miRNAs from lung adenocarcinoma tissues and 
circulating exosomes vs. the control group; their study found 
that the tumor-derived miRNA patterns and the circulating 
exosomal miRNAs were similar. Taylor et al (15) detected a 
greater number of circulating epithelial cell adhesion molecule 
(EpCAM)-positive exosomes in ovarian cancer patients than 
benign ovarian disease or controls. They also discovered that 
there existed a similar level of miRNA profile between ovarian 
cancer cells and exosomes, which suggest that tumor-derived 
exosomal miRNA profiling could be used as a diagnosis 
approach. Therefore, circulating miRNA profiles of exosomes 
may be applied in tumor early diagnosis, prognosis and recur-
rence with a great value.

Current research has indicated that the transfer of exosome-
derived miRNAs to recipient cells is a novel mechanism in 
addition to classical mechanisms, which include direct cell-cell 
contact or chemical receptor-mediated events (16). The number 
of studies that deal with identification of exosomal miRNA 
function is increasing in recent years. Tumor cell-derived 
exosome-formed miRNAs have been shown to be transferred 
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into recipient cells and performed their biological functions. 
Nouraee et al (17) demonstrated that miR-21 could be detected 
in conditioned media of esophageal cancer cells. Moreover, a 
significant miR-21 upregulation in esophageal cancer cells 
was observed when these cells were co-cultured with fibro-
blasts; this process provided the possibility for transfer of 
exosome-shuttling miRNAs. Some researchers have found that 
co-culture with exosomes derived from miR-10b vector stable 
transfected-breast cancer cells could induce breast epithelial 
cell invasiveness; thus, exosome-shuttling miRNAs may play 
an important role in tumor microenvironment modulation (18). 
A study on co-cultivation of leukemia cells and endothelial 
cells revealed that exogenous miR-92a could enhance recipient 
endothelial cell migration and tube formation, such as endog-
enous miR-92a, via exosomal transport by targeting its target 
gene, namely, integrin 5α (19). An increase in evidence raises 
the possibility that genetic information can be transferred via 
exosomes between cells. Thus, we hypothesized that exosome-
shuttling miRNAs can be transferred between esophageal 
cells. Furthermore, certain miRNAs may contribute to the 
change of biological properties by affecting their target genes 
in recipient cells.

In our previous studies, the expression profiling of exosomal 
miRNAs was derived from esophageal cancer cells through 
high-throughput sequencing (20); basing on the said study, we 
have revealed that miR-21 was abundant both in esophageal 
cancer cells and their corresponding exosomes. However, no 
studies have reported on the functional research of exosome-
shuttling miR-21 in esophageal cancer. In the present study, we 
explored the exosome-shuttling miR-21 involved in esopha-
geal cancer progression by analyzing its impact on esophageal 
cancer migration and invasion. In addition, we investigated the 
regulatory mechanism behind this gene, including the target 
gene and downstream molecules. Case-control study was also 
conducted to identify the association of exosome-shuttling 
miR-21 and esophageal cancer risk.

Materials and methods

Specimen collection and ethics statement. Seventy patients, 
aged 47 to 82 years, were recruited from the First People's 
Hospital of Huaian, with their consent and agreement. All 
patients were confirmed by pathology or endoscopy as ESCC 
without preoperative radiotherapy or chemotherapy. Plasma 
samples were also collected from 70 healthy volunteers, aged 
between 46-84 years, with matching age and gender to the 
patients. Among these patients, blood plasma samples from 
three ESCC female patients, aged 58, 73 and 77, and three 
female healthy volunteers, aged 60, 76 and 80, were selected 
for miRNA microarray analysis. Written consents were 
obtained from all subjects prior to recruitment. The study 
protocol was approved by the Institutional Review board 
(IRB) of Southeast University Affiliated Zhongda Hospital in 
Nanjing, China. The design of the esophageal cancer study, 
including plasma sample collection, was approved by the 
IRB.

miRNA microarray. Three pairs of plasma samples from 
ESCC patients and healthy controls were collected for micro-
array analysis. Agilent Human miRNA microarray (v19.0; 

Agilent Technologies Inc., Santa Clara, CA, USA) was used in 
the analysis. miRNA samples from six esophageal specimens 
were labeled and hybridized with miRNA Complete Labeling 
and Hybridization kit (Agilent Technologies) according to the 
manufacturer's protocol. Signals were normalized using Gene 
Spring software 11.0 (Agilent Technologies). ANOVA was 
used to compare the different miRNA expressions.

Cell culture. The human esophageal cancer cell line EC9706 
(National Laboratory of Molecular Oncology, Cancer 
Institute, Chinese Academy of Medical Sciences and Peking 
Union Medical College, Beijing, China) (21) was maintained 
in RPMI-1640 medium that contains 10% fetal bovine serum 
(FBS), 100 U/ml penicillin and 100 µg/ml streptomycin. FBS 
was centrifuged 10,000 x g for 30 min, followed by ultracen-
trifugation at 200,000 x g for 6 h to eliminate bovine-derived 
exosomes using a Type 70 Ti rotor in L-80xP ultracentrifuge 
(Beckman Coulter, Brea, CA, USA) (22). Cell cultures were 
performed at 37˚C in a 5% CO2, water-saturated atmosphere.

Exosome purification. Culture medium from EC9706 (1x108 

cells) was collected after a 48-h culture; this medium was 
subjected to differential centrifugation. Briefly, the medium 
was first centrifuged at 300 x g for 10 min, 800 x g for 
10 min, 1,200 x g for 20 min, and 10,000 x g for 30 min to 
remove any live or dead cells and cellular debris. Afterwards, 
the supernatant was ultracentrifuged at 100,000 x g for 3 h 
to pellet exosomes. The supernatant was disposed, and the 
exosome pellet was washed with phosphate-buffered saline 
(PBS) at 100,000 x g for 2 h. All steps were performed at 4˚C. 
The pellet was finally re-suspended in the appropriate buffer 
for future studies. The exosome levels were determined by 
measuring the total protein content, which was presented as 
micrograms of total protein in the exosomes. The exosome 
fraction was measured for its protein content using a Pierce 
BCA protein assay kit (Thermo Fisher Scientific, Wilmington, 
DE, USA).

Exosome labeling and live-cell fluorescence microscopy. 
The exosome pellet suspension was diluted to a 40 µg/ml 
concentration with RPMI-1640 medium by adding 5 µg/ml 
DiI (Biotium, Hayward, CA, USA), which is a fluorescent 
dye that labels the plasma membrane. This suspension was 
then incubated at 37˚C for 30 min and subsequently passed 
through a 0.22-µM filter to remove bacteria. The excessive dye 
was removed using a 300-kDa ultrafiltration tube (Pall Corp., 
Washington, NY, USA) five times at 4000 x g for 10 min 
centrifugation. For Live Cell Imaging System analysis, 2x105 
EC9706 and 1.5 ml complete medium (RPMI-1640 with 10% 
FBS) were placed in a 35-mm glass-bottom culture dish (Nest 
Biotechnology Co., Ltd., Wuxi, China). After a 24-h culture, 
the DiI-labeled exosomes were incubated with cells for 2.5 h 
and washed once to eliminate the free exosomes. Cells were 
then transferred to the cell culture chamber of the microscope, 
which could provide temperature and CO2 concentration that 
can sustain live cells. Fluorescence emission was collected by 
x60 oil-immersion objective and passed through EM 565-nm 
emission filters. Fluorescence images could be recorded at 
0.6 ftp speed using the UltraVIEWVox Live Cell Imaging 
System (Perkin-Elmer, Waltham, MA, USA).
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Co-cultivation experiment. Co-cultivation of EC9706 cells was 
performed in 12-well Transwell inserts (cat. no. 3401; Corning 
Inc., Corning, NY, USA). EC9706 cells that were treated as 
recipient cells were pre-seeded in the lower chambers at a 
1x105 cells/well density. The following day, the EC9706 cells 
transfected with miR-21 mimics or the negative controls that 
were treated as donor cells were scraped off and seeded onto 
0.4 µM Transwell inserts, which were filtered to supernatants 
but not to the cellular components (23).

Inhibition of exosome release. To validate whether miR-21 
secretion depends on exosome transfer, exosome release was 
blocked using GW4869 (sc-218578; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), which is a specific chemical inhibitor 
for nSMase2. EC9706 cells were pre-seeded in a 24-well plate 
and cultured for 12 h in complete medium. After the incuba-
tion, the medium was switched to fresh complete medium with 
different GW4869 concentrations. The cells were collected, 
and exosome fraction was obtained from the culture medium 
after 48-h incubation.

Transfer efficiency assay for Cy3-labeled miR-21 mimics. 
EC9706 cells (3.5x105/well) treated as donor cells were 
transfected with 30 nM of Cy3-labeled miR-21 mimics using 
Lipofectamine RNAiMAx (Invitrogen). One day after 12-h 
transfection, the culture medium was disposed, and cells were 
washed thrice with PBS to remove the residual transfection 
reagent. Subsequently, the medium was changed to fresh 
complete medium. Culture medium from donor cells was 
collected and centrifuged to remove residual cells after a 24-h 
culture. These cells were then added into pre-seeded recipient 
EC9706 cells (2x105/well) in a 6-well plate. The recipient cells 
were acquired after 3, 6 and 24 h of culture. Transfer effi-
ciency was calculated as fluorescent cell percentage by flow 
cytometry. The miR-21 expression level in recipient cells was 
detected by real-time quantitative polymerase chain reaction 
(RT-qPCR).

RNA extraction and quantitative reverse transcription PCR. 
Total RNA was extracted from cells and exosomes using 
TRIzol reagent (Invitrogen) and mirVana miRNA isolation kit 
(Ambion, Austin, Tx, USA) according to the manufacturer's 
instructions, respectively. RNA concentration was analyzed 
using NanoDrop spectrophotometer (NanoDrop ND-1000; 
NanoDrop Technologies, Inc., Wilmington, DE, USA). 
RT-qPCR was performed using SYBR-Green Master Mix Plus 
(Toyobo, Osaka, Japan). Real-time PCR was performed in 
96-well plates using Primer Express software version 3.0 
(Applied Biosystems, Foster City, CA, USA). RNU6 and 
cel-miR-39 were used as the invariant control for cells and 
supernatant, respectively, in miR-21 expression level analysis. 
β-actin was used as the invariant control for mRNA analysis. 
The sequences of PDCD4 primers were as follows: forward, 
5'-TATGATGTGGAGGAGGTGGATGTGA-3' and reverse, 
5'-CCTTTCATCCAAAGGCAAAACTACAC-3'. The sequen- 
ces of matrix metalloproteinases (MMP)-2 primers were as 
follows: forward, 5'-CTGATGGCACCCATTTACA CCT-3' 
and reverse, 5'-GATCTGAGCGATGCCATCAAA-3'. The 
sequences of MMP-9 primers were as follows: forward, 
5'-TGGGCTACGTGACCTATGACAT-3' and reverse, 5'-GCC 

CAGCCCACCTCCACTCCTC-3'. The sequences of β-actin 
primers were as follows: forward, 5'-ATCCGCAAAGACC 
TGT-3' and reverse, 5'-GGGTGTAACGCAACTAAG-3'. The 
primers used for the amplification of miR-21, RNU6 and 
cel-miR-39 were purchased from Guangzhou RiboBio Co., 
Ltd. (Guangzhou, China). The PCR reaction was performed at 
95˚C for 5 min, which was followed by 40 cycles of 95˚C for 
15 sec, 60˚C for 30 sec, and 72˚C for 30 sec. Dissociation curve 
was analyzed from 60 to 99˚C. Relative transcript quantities 
for each miRNA were calculated using the ΔΔCt method.

Cell migration assay. Transwell migration assay was 
performed using a Transwell insert that contains a polycar-
bonate filter with 8 µM pore size (cat. no. 3422; Corning). 
Transfected recipient cells (5x103) suspended in 150 µl serum-
free RPMI-1640 were added to the 24-well upper chamber. 
The chambers were placed in 24-well plates, and 600 µl 
RPMI-1640 that contains 10% FBS was added to the bottom 
wells of the multiwell insert assembly. Cells were incubated at 
37˚C for 12 h to allow cell migration through the membrane. 
Migrated cells were fixed in 95% ethanol and stained with 
crystal violet. Migrated cell images were captured by FSx100 
(Olympus) at x200 magnification. Cell migration was quanti-
tated by counting in 10 random fields on the lower membrane 
surface.

Cell invasion assay. Invasiveness of donor and recipient cells 
from the co-culture model was measured by cell invasion 
through a Matrigel (BD Biosciences)-coated Transwell inserts 
with 8 µM pore size (cat. no. 3422; Corning). Approximately 
150 µl cell suspension (1x105 cells) in serum-free RPMI-1640 
was added into the upper well of the chamber in triplicate wells, 
whereas the lower wells were filled to the top (~600 µl) with 
RPMI-1640 that contains 50% FBS. After 12-h incubation, 
the non-invasive cells were removed with a cotton swab, and 
MTT stock solution was added to each culture to obtain a final 
MTT concentration of 0.5 mg/ml in the medium. Afterwards, 
the inserts with adherent cells on the lower membrane surface 
were incubated for 4 h at 37˚C. Subsequently, 500 µl 100% 
DMSO was added to solubilize the MTT-formazan product 
per well. After thorough mixing, the absorbance was measured 
with a microplate reader at a 490 nm test wavelength.

Luciferase reporter assay. The 3'-UTR segment of PDCD4 
mRNA, which contains the miR-21-binding sites, was ampli-
fied by PCR from human genomic DNA. Subsequently, this 
segment was cloned into the pmiR-RB-Report plasmid 
(Guangzhou RiboBio), which encodes two luciferase reporter 
genes to obtain the wild-type plasmid pmiR-Report-WT-
PDCD4. Mutant-type plasmids pmiR-Report-MUT-PDCD4 
were generated by changing the binding site for miR-21 
‘AUAAGCU’ to ‘UAUUGCA’ from the corresponding wild-
type pmiR-RB-Report plasmid. EC9706 cells in the miR-21 
mimics or negative control group were transfected in 96-well 
plates (1x104 cells/well) with pmiR-Report-WT-PDCD4 as 
well as the corresponding mutant reporter plasmid by 
Lipofectamine RNAiMAx. The Renilla luciferase was used 
as an internal control. Luciferase activity was measured using 
the Dual-Luciferase reporter assay system (Promega) 48 h 
after transfection.



LIAO et al:  ExOSOME-SHUTTLING miR-21 PROMOTES THE PROGRESSION OF ESOPHAGEAL CANCER CELLS2570

Immunoblot analysis. For western blot analysis, miR-21 mimic/
negative control-transfected EC9706 cells were lysed with 
RIPA lysis buffer and protease inhibitors (Beyotime Institute 
of Biotechnology, Haimen, China) at 14,000 x g for 5 min at 
4˚C. A total of 20 µg protein was separated on 10% SDS-PAGE 
gels and transferred to PVDF membranes (0.45 µM pore size; 
Millipore, Billerica, MA, USA). Membranes were blocked 
with non-fat milk and incubated with primary antibodies 
anti-PDCD4 (1:1,000) (no. 9535S; Cell Signaling Technology, 
Danvers, MA, USA), MMP-2 (1:500) (ab7033; Abcam, 
Cambridge, UK), MMP-9 (1:500) (MAB3309; Millipore), 
and β-actin (1:1000) (BM0627; Wuhan Boster Biological 
Technology, Ltd., Wuhan, China) overnight at 4˚C. Primary 
antibody incubation was followed by incubation with horse-
radish peroxidase-conjugated secondary antibodies for 1 h at 
room temperature. The protein-antibody complex was visu-
alized using the enhanced chemiluminescence kit (Thermo 
Fisher Scientific) and chemiluminescence image analysis 
system (Tanon 5200; Tanon Science, Shanghai, China).

Results

Candidate miRNA screening by microarray. The microarray 
data of plasma from esophageal cancer patients and healthy 
control have been submitted to GEO website with accession 
number GSE71043. Microarray analysis identified 20 miRNAs 
that could distinguish the plasma from ESCC patients and 
healthy controls. A total of 15 miRNAs were found to be 
overexpressed in plasma from ESCC patients (hsa-miR-16-5p, 
hsa-miR-130a-3p, hsa-miR-15a-5p, hsa-miR-144-3p, 
hsa-miR-19b-3p, hsa-miR-5196-5p, hsa-miR-25a-3p, 
hsa-miR-1914-3p, hsa-miR-93-5p, hsa-miR-107, hsa-miR-3911, 
hsa-miR-21-5p, hsa-let-7d-3p, hsa-let7i-5p and hsa-miR-1290). 
By contrast, hsa-miR-1238-3p, hsa-miR-6069, hsa-miR-
191-3p, hsa-miR-4665-3p and hsa-miR-937-5p were found 
to be downregulated (Table I). Cluster analysis, based on the 
differentially expressed miRNAs, successfully separated the 
plasma samples from ESCC patients and healthy controls 
(Fig. 1).

Figure 1. Cluster analysis of differentially expressed miRNAs in plasma from ESCC patients vs. healthy controls. The result of hierarchical clustering shows a 
distinguishable gene expression profiling between samples. The rows show 20 differentially expressed miRNAs, whereas the columns show 3 paired samples. 
Red represents high expression, whereas green represents low expression.
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Movement trail of EC9706 cell-derived exosomes. To examine 
whether exosomes derived from EC9706 cells can be accepted 
by recipient cells, we labeled exosomes with DiI dye (red 
fluorescence) as described in Materials and methods. When 
DiI-labeled exosomes were added to the culture medium, 
red fluorescence was traced in recipient EC9706 cells using 
live-cell fluorescence microscopy. The exosome sizes were 
below diffraction limit; thus, DiI-labeled exosomes on glass 
were represented as small dots in wide-field fluorescence 
images (24). We observed an internalization of DiI-labeled 
exosomes from the extracellular environment to the cytoplasm 
of recipient EC9706 cells (Fig. 2). These studies indicated that 
EC9706 cell-derived exosomes could be accepted by recipient 
cells.

Extracellular miR-21 can be transfected to recipient cells by 
EC9706 cell-derived exosomes. To determine whether miR-21 
can be shuttled by donor EC9706 cell-derived exosomes, 
Cy3-labeled miR-21 mimics were transfected to donor 
EC9706 cells. In addition, culture medium from donor cells 
was added to recipient EC9706 cells. After the donor EC9706 
cells were transfected for 48 h, the miR-21 expression level in 
donor cells was increased with a 71.87-fold change compared 
with the negative control group; thus, the synthetic miR-21 
has been transfected successfully. Flow cytometric analysis 

Table I. Differential expression of miRNAs in plasma from 
ESCC patients (g1) vs. healthy controls (g2) by microarray.

Systematic   Expression level
name of P-value Fold change of g1 compared
miRNA (<0.05) (g1/g2) with g2

hsa-let-7d-3p 0.000632 3.55 Upregulation
hsa-let-7i-5p 0.028094 3.484 Upregulation
hsa-miR-107 0.038254 9.687 Upregulation
hsa-miR-1238-3p 0.026845 0.112 Downregulation
hsa-miR-1290 0.029073 3.307 Upregulation
hsa-miR-130a-3p 0.049716 104.736 Upregulation
hsa-miR-144-3p 0.008005 36.17 Upregulation
hsa-miR-15a-5p 0.014182 38.202 Upregulation
hsa-miR-16-5p 0.016302 111.321 Upregulation
hsa-miR-191-3p 0.029836 0.166 Downregulation
hsa-miR-1914-3p 0.01045 10.139 Upregulation
hsa-miR-19b-3p 0.030333 13.434 Upregulation
hsa-miR-21-5p 0.046401 6.779 Upregulation
hsa-miR-25-3p 0.038363 11.525 Upregulation
hsa-miR-3911 0.000374 8.137 Upregulation
hsa-miR-4665-3p 0.005431 0.263 Downregulation
hsa-miR-5196-5p 0.037794 11.583 Upregulation
hsa-miR-6069 0.042763 0.136 Downregulation
hsa-miR-93-5p 0.028228 9.745 Upregulation
hsa-miR-937-5p 0.048971 0.319 Downregulation

Figure 2. Internalized process of DiI-labeled exosomes from extracellular cells to cytoplasm. The time interval image of DiI-exosomes (black arrow) in (A) 
the extracellular environment, (B) on the cell membrane, and (C) in the intercellular environment was screenshot from the video.

Figure 3. Transfer efficiency of Cy3-labeled miR-21 mimics into recipient 
cells. The transfer efficiency of Cy3-labeled miR-21 mimics into recipient 
cells was 60.3% (A), 82.6% (B), and 85.0% (C) after 3, 6 and 24 h of culture, 
respectively, through flow cytometry. P1 represents the gating cells, P3 rep-
resent the cells without fluorescence, and P4 signifies the fluorescent cells.
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showed that the transfer efficiency of Cy3-labeled miR-21 
mimics into recipient cells was 60.3, 82.6 and 85.0% after 3, 
6 and 24 h of culture, respectively. Therefore, the Cy3-labeled 
miR-21 was transferred by the recipient cells (Fig. 3). Fig. 4 
shows that recipient EC9706 cells treated with culture medium 
from donor EC9706 cells were fluorescently labeled under 
fluorescence microscope. RT-qPCR results showed that the 
expression level of miR-21 in miR-21 mimics-transfected 
group was higher than the negative control group, with an 
average fold change of 1.11, 1.45 and 1.67 in recipient cells 
(Fig. 5A) and the expression levels were 7.64, 3.15, 1.69 in 
culture supernatant (Fig. 5B) after 3, 6 and 24 h of culture, 

respectively. The results showed that miR-21 was suggested to 
be secreted from donor EC9706 cells and was delivered into 
recipient EC9706 cells via exosomes.

nSMase inhibits the release of EC9706 cell derive-exosomes. 
Recent reports show that miRNAs can be incorporated into 
exosomes and released via a ceramide-dependent pathway 
(25). Ceramide is a kind of fatty acid molecule whose biosyn-
thesis is regulated by nSMase2, which is known to hydrolyze 
sphingomyelins to generate ceramides and trigger the budding 
of exosomes (26). In the present study, to evaluate whether 
the miR-21 secretion depends on exosome transfer, we treated 

Figure 4. Images of Cy3-labeled miR-21 transferred to recipient EC9706 cells via donor EC9706 cell-derived exosomes. Images of Cy3-labeled miR-21 
transferred to recipient EC9706 cells via donor EC9706 cell-derived exosomes were captured by fluorescent microscope in (A) 3 h, (B) 6 h and (C) 24 h. 
Fluorescence was not detected in recipient cells that were not cultured with the medium from donor cells or that were cultured with the donor EC9706 cells, 
which were transfected with unlabeled miR-21. The pictures on the left represent recipient EC9706 cells in bright light (x40 magnified). Pictures in the middle 
represent recipient EC9706 cells under fluorescence (x40 magnified). The pictures on the right represent a part of recipient EC9706 cells from the middle 
pictures under the fluorescence (x200 magnified).

Figure 5. miR-21 expression levels in EC9706-culture medium and recipient EC9706 cells after culture medium from donor cells were added to recipient 
EC9706 cells. RT-qPCR analysis of miR-21 expression in EC9706-culture medium (A) and recipient EC9706 cells (B) after donor cells were transfected with 
miR-21 and miR-negative control mimics. RNU6 was used as internal control for cells to normalize the results. Data are presented as mean ± SD.
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EC9706 cells with GW4869, which is an nSMase2 inhibitor, 
and examined the miR-21 expression level in donor cells 
and their culture medium. As a result of this treatment, the 
miR-21 expression levels in extracellular (Fig. 6A) and intra-
cellular conditions (Fig. 6B) were dose-dependent at various 
GW4869 concentrations. The extracellular miR-21 expression 
in exosomes was reduced when the GW4869 concentration 
was increased, whereas the miR-21 cellular expression was 
increased after incubation with GW4869. These findings were 
based on the comparison with the controls. These data showed 
that the GW4869 treatment reduced the expression level of 
exosome-shuttling miR-21.

Exosome-shuttling miR-21 promotes recipient cell migra-
tion. Cell migration assay was detected using an 8 µM pore 
transwell as described in Materials and methods. We tested 
the potential migration capacity of miR-21-transfected donor 
EC9706 cell-derived exosomes on the recipient cells through 
the co-cultivation model. Results showed that co-culture 
with miR-21-transfected donor EC9706 cells enhanced the 
migration of recipient cells relative to the miR-NC-transfected 
group with an average fold change of 1.54 (Fig. 7). These data 
suggest that exosomes, derived from donor EC9706 cells with 
enforced miR-21 expression, can be transferred to and affect 
the migration of recipient cells.

Figure 6. miR-21 secretion was suppressed by the GW4869 treatment. EC9706 cells were seeded and cultured in a 24-well plate for 48 h in the indicated 
GW4869 concentrations. After the incubation, the cells and culture medium were subjected to RT-qPCR for miR-21. Results showed that the miR-21 expression 
in culture medium obtained from these cells was reduced (A), whereas the miR-21 cellular expression was increased after incubation with GW4869. These 
results were based on the comparison with the controls (B). RNU6 and cel-miR-39 were used as internal controls for cells and culture medium, respectively, 
to normalize the results. Data are presented as mean ± SD.

Figure 7. miR-21 effect on the migration of recipient EC9706 cells after co-cultivation. EC9706 cells were transfected with miR-21 mimics or control at a 
30 nM final concentration. (A) Representative photographs of migrated recipient EC9706 cells on the membrane at a x200 magnification. (B) Migration rate 
of recipient EC9706 cells that passed through the polycarbonate membrane. Exo-miR-21 is the group of recipient cells co-cultured with miR-21 mimics-
transfected donor EC9706 cells. Exo-miR-NC is the group of recipient cells co-cultured with miR-negative control mimics-transfected donor EC9706 cells. 
Results are presented as mean ± SD. *P<0.05 vs. exo-miR-NC group.
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Exosome-shuttling miR-21 promotes recipient cell invasion. 
In the invasiveness assay, cell co-cultivation was performed 
using an 8 µM pore Transwell with Matrigel-coated inserts as 
described in Materials and methods. We tested the potential 
biological function of miR-21-transfected donor EC9706 cell-
derived exosomes on the recipient cells through co-cultivation 

model. Results showed that co-culture with miR-21-transfected 
donor EC9706 cells enhanced the invasiveness of recipient 
cells compared with the miR-NC-transfected group with an 
average fold change of 1.08 (Fig. 8). Our results showed that 
EC9706-derived exosome-shuttling miR-21 can be transferred 
to and affect the invasive ability of recipient cells.

Exosome-shuttling miR-21 represses PDCD4 protein expres-
sion by binding to 3 '-UTR. To determine whether donor 
cell-derived exosome-shuttling miRNA exerts regulatory 
action on its target gene in recipient cells, we examined the 
expression of PDCD4, which is a predicted target gene for 
miR-21 (27-29). As predicted by TargetScan, the 3'-UTR 
regions from PDCD4 contain the miR-21 binding site(s) with 
a seven-mer seed match (Fig. 9A). Luciferase reporter assay 
was used to identify whether PDCD4 is a direct target gene 
of miR-21. Results revealed that miR-21 overexpression in 
EC9706 cells significantly reduced luciferase activity of 
pmiR-Report-WT-PDCD4 plasmid with a 25.1% reduction. 
However, this process proceeded without changes in the lucif-
erase activity of pmiR-Report-MUT-PDCD4. These results 
indicated that miR-21 directly binds the 3'-UTR of PDCD4 
genes (Fig. 9B). We performed western blot analysis to detect 
the PDCD4 protein expression level in recipient EC9706 cells 
after a 24 h co-culture. Fig. 9C shows that exosomes from 

Figure 8. miR-21 effect on the invasiveness of recipient EC9706 cells 
after co-cultivation. Cell invasion assays of recipient EC9706 cells were 
performed using MTT method. Exo-miR-21 is the group of recipient cells co-
cultured with miR-21 mimic-transfected donor EC9706 cells. Exo-miR-NC 
is the group of recipient cells co-cultured with miR-negative control mimic-
transfected donor EC9706 cells. Results are presented as mean ± SD. *P<0.05 
vs. exo-miR-NC group.

Figure 9. Exosome-shuttling miR-21 represses PDCD4 protein expression by binding to 3'-UTR. (A) Prediction result of TargetScan (http://www.targetscan.
org/): PDCD4-3'-UTR contains reporter constructs of miR-21. (B) EC9706 cells were transfected with wild reporter plasmid or mutation reporter plasmid 
and miR-21 mimics. EC9706 luciferase activity was measured 48 h after transfection by Luciferase Assay System. WT is the plasmid construct that contains 
PDCD4 3'-UTR wild-type. Mut is the plasmid construct that contains PDCD4 3'-UTR mutant type. *P<0.05 vs. miR-NC+WT. (C) Western blot gel for 
PDCD4 protein level in recipient cells after 24 h co-cultivation. (D) PDCD4 mRNA levels in recipient cells detected by qRT-PCR at 24 h after co-cultivation. 
Exo-miR-21 is the group of recipient cells co-cultured with miR-21 mimics-transfected donor EC9706 cells. Exo-miR-NC is the group of recipient cells co-
cultured with miR-negative control mimic-transfected donor EC9706 cells. Results are presented as mean ± SD. *P<0.05 vs. exo-miR-NC group. 
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miR-21-transfected EC9706 cells significantly downregulated 
PDCD4 protein expression with a 22.27% reduction in recipient 
cells under the co-cultivation model. RT-qPCR was performed 
to detect the RNA levels of PDCD4. Results showed that no 
statistically significant change in PDCD4 mRNA expression 

existed between the miR-21 mimics and the negative control 
group (P>0.05; Fig. 9D). These results suggest that miR-21 
secreted by donor EC9706 cells can be effectively uptaken by 
recipient EC9706 cells and regulate PDCD4 expression at a 
post-transcriptional level in the recipient cells.

miR-21 overexpression increases MMP-2 and MMP-9 
expression. Expression of MMP-2 and MMP-9 involved 
in metastasis was tested to investigate whether exosome-
shuttling miR-21 regulates esophageal cancer cell migration 
and invasion. RT-qPCR was used to determine the MMP-2 
mRNA and MMP-9 mRNA expression levels in recipient cells 
after co-cultivation. Compared with the miR-negative control 
group, the MMP-2 mRNA and MMP-9 mRNA expression 
levels showed an 11.24- and 1.76-fold increase, respectively, in 
miR-21 mimics group (Fig. 10A and B). Western blot analysis 
was used to determine the expression levels of MMP-2 and 
MMP-9 proteins in recipient cells after co-cultivation. 
Compared with the miR-negative control group, the expression 
levels of MMP-2 and MMP-9 proteins showed a 13.84- and 
5.83-fold increase, respectively, in miR-21 mimics group 
(Fig. 10C and D). These data suggest that exosome-shuttling 
miR-21 inhibits target PDCD4 expression at translational level 
and plays an important role in the JNK downstream signaling 
pathway involved in tumor migration and invasion.

Case-control study on the association between exosome-shut-
tling miR-21 and esophageal cancer incidence. The smoking 
status, alcohol use and family history of ESCC patients and 
healthy controls are shown in Table II. The average ages of 
cancer patients and controls were not significantly different. 
The difference was statistically significant in the distribution 
of smoking, alcohol use, and cancer family history between 

Figure 10. The expression levels of MMP-2 and MMP-9 mRNA and protein in recipient EC9706 cells after co-cultivation. miR-21 overexpression in donor 
EC9706 cells increased MMP-2 and MMP-9 mRNA (A and B) and protein (C and D) expression level of recipient cells. Exo-miR-21 is the group of recipient 
cells co-cultured with miR-21 mimic-transfected donor EC9706 cells. Exo-miR-NC is the group of recipient cells co-cultured with miR-negative control 
mimic-transfected donor EC9706 cells. Results are presented as mean ± SD. *P<0.05 vs. exo-miR-NC group.

Table II. Characteristics of ESCC patients and healthy con-
trols.

 No. of ESCC No. of healthy
Variables patients (n=67) controls (n=67)

Age (years) 61.82±8.14 63.03±9.66
Smoking indexb

  Never 32a 48
  Everc

    <400 8 5
    ≥400 27 14
Alcohol consumption
  Never 33a 48
  Everd 34 19
Family history
  No 58a 67
  Yes 9 0
  
aSignificant difference from control, p<0.05, by Student's t-test for 
age, χ2 test for smoking, alcohol use, and family history. bSmoking 
index = cigarettes/day x smoking years. cSmoked >100 cigarettes in 
lifetime. dDrank at least once a month.
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patients and healthy controls. Paired t-test was used to assess 
the differences between the plasma recruited from esophageal 
cancer patients and healthy controls. Table III shows that the 
relative expression of miR-21 was upregulated, with a fold 
change of 2.95, in the patients' plasma when compared with 
plasma from healthy controls. Furthermore, conditional logistic 
regression analysis showed that a significantly increased risk 
for esophageal cancer was associated with increased miR-21 
expression (OR, 1.107; 95% CI, 1.012-1.21; P=0.026). Receiver 
operating characteristic (ROC) curve was generated to see 
the power of exosome-shuttling miR-21 to distinguish ESCC 
patients from healthy controls. The area under the curve was 
used as a measurement for level of discrimination. As shown 
in Fig. 11, circulating miR-21 discrimination of esophageal 
cancer from healthy person was noted by an area-under-the-
curve (AUC) value of 0.60.

Discussion

Emerging evidence suggests that tumor microenvironment 
plays an important role in tumor occurrence and develop-
ment (30). Cell-cell communication is an indispensably 
dynamic mechanism, which results in normal cellular activities 
and tissue homeostasis maintenance (31). The mechanisms of 
cell-cell communication were as follows: i) integral membrane 
protein-mediated direct cell-cell contact; ii) indirect contact 
via the extracellular matrix; and iii) circulating miRNA via 
exosomes or extracellular miRNA such as the Ago2-binding 

miRNA in the extracellular microenvironment (19). Recently, 
the roles of tumor cell-derived exosomes in cell-cell commu-
nication of tumor microenvironment are gradually revealed. 
Research has shown that exosomes could be internalized into 
the cells through endocytosis but not incorporated into the 
plasma membrane (24). We applied a cell culture chamber of 
the 3D live-cell imaging system to observe the exosome transfer 
process. Our results showed that DiI-labeled exosomes could be 
taken up from the extracellular environment to the cytoplasm 
by EC9706 cells. Studies have indicated that microvesicles 
released from the endosomal component or fused with the 
plasma membrane can directly affect target cells by receptor-
mediated interaction or by transferring biological information 
molecules, such as miRNAs (32). Studies have proposed that 
the transfer of exosome-derived unique miRNA to recipient 
cells is an alternative mechanism that involves direct cell-cell 
contact or chemical receptor-mediated events, which allow 
gene-based communication between cells (16). miRNAs found 
in the macrophage-derived microvesicles were shuttled not 
only to monocytic cells but also to other cell lineages. Thus, 
macrophage-derived microvesicles could communicate with 
various cell types, which include allogeneic cells or cell types 
that are different from the donor cell; this finding signifies a 
widespread impact (33). Shimbo et al (34) found that synthetic 
miR-143 transfected into bone-marrow-derived mesenchymal 
stem cells (MSCs) was enveloped in exosomes. MSC-derived 
exosome-formed miR-143 could be transferred to osteosar-
coma cells and could affect osteosarcoma cell migration. A 
study on breast cancer showed that miR-223, which was within 
the exosomes released by macrophages, could promote breast 
cancer cell invasion via the Mefc-β-catenin pathway under a 
co-culture system (23). As a result, miRNA may be secreted 
and delivered into recipient cells via exosomes after donor cell 
transfection. These secreted miRNAs may alter the cellular 
functions of the recipient cells by modulating the expression 
of their target genes. This process may play an important role 
in mediating tumor microenvironment.

miR-21, which is considered an oncomiR, is demonstrated 
to be overexpressed in numerous tumor tissues, cells, or body 
fluids from tumor patients (35-37). Many studies have been 
conducted on the function of miR-21 in tumor occurrence 
and development. These studies showed that miR-21 could 
promote cell growth, proliferation, invasion and metastasis 
of various tumor cells by targeting PTEN, PDCD4, RECK, 
FASL and TIMP3 (38-40). Hiyoshi et al (41) found that the 
inhibition of microRNA-21 could lead to a reduction of the 
proliferation and invasion in esophageal squamous cell 
carcinoma cell lines by increasing PDCD4 protein expression 

Table III. Relative expression of miR-21 in plasma from ESCC patients and healthy controls.

Group miRNA Mean ± SD of ΔCta ΔΔCta 2-ΔΔCt OR 95% CI P-value

Caseb,c miR-21 -2.39±4.03 -1.56 2.95 1.107 1.012-1.21 0.026
Control miR-21 -0.83±3.86

aΔCt = CtmiR-21 - CtU6, ΔΔCt = ΔCtcase - ΔCtcontrol. bSignificant difference from control, P<0.05. cWith paired t-test performed to determine the 
significant difference.

Figure 11. Receiver operating characteristic (ROC) plot of circulating 
miR-21. Data were used to draw the ROC plot. The curve for miR-21 (upper 
line) was used to discriminate plasma from esophageal cancer patients and 
healthy controls and the area under the curve (AUC) was used to evaluate the 
level of discrimination. Diagonal reference line (lower line) is the random 
guess line with no discrimination.
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without changing the PDCD4 mRNA level by binding to the 
PDCD4-3' untranslated region. This finding suggests that 
microRNA-21 targets PDCD4 at the post-transcriptional level 
and regulates cell proliferation and invasion in esophageal 
squamous cell carcinoma. In the present study, we transfected 
donor EC9706 cells with Cy3-labeled miR-21 and showed 
the effective transfer of miR-21 from donor cells to recipient 
cells by flow cytometry and RT-qPCR. nSMase2 was shown to 
hydrolyze sphingomyelins to generate ceramides and trigger 
exosome budding (23,42). In a study on nSMase2 and tumor-
derived exosomes, it was found that the expression level of 
nSMase2 was higher in cancer cells than in non-cancer cells, 
and the secretion level of exosomes was correlated with the 
expression level of nSMase2 (43). In the present study, we 
used GW4869, which is an nSMase2 inhibitor, to confirm that 
miR-21 secretion is an exosome-dependent process. Results 
showed that with the inhibition of exosome secretion, the 
miR-21 expression level in culture supernatant gradually 
decreased. The abovementioned finding demonstrates that 
miR-21 could be shuttled between cells via exosomes, which 
provides the possibility for the function research of miR-21 in 
tumor cell-cell communication.

Subsequently, we constructed a Transwell co-culture 
system to imitate the tumor microenvironment and demon-
strated that exosome-shuttling miR-21 promoted the 
migration and invasion of recipient EC9706 cells through 
Transwell insert assay. PDCD4, a tumor suppressor gene, 
was demonstrated to have low expression in various tumor 
tissues and cells (44,45). PDCD4, which was predicted to 
be a miR-21 target gene by TargetScan, has been reported 
to be a key regulator of tumor proliferation, apoptosis, 
adhesion, migration, invasion and metastasis (28-30,40,46). 
Tumor invasion is a multistep process in which cell motility 
is coupled with proteolysis and involves interaction of cells 
with extracellular matrix (ECM). MMP-2 and MMP-9 are 
released as latent enzymes, which are capable of degradation 
of ECM involved in the invasion process. Studies showed that 
these enzymes were involved in cell migration through the 
removal of adhesion sites, cleavage of cell-cell or cell-matrix 
receptors, and release of chemoattractants from ECM (47,48). 
The invasiveness of U87MG glioblastoma cells was inhibited 
after the cells were treated with miR-21 inhibitor, which was 
mediated by an increase in PDCD4 expression and reduction 
of MMP-2 protein expression (49). Zhu et al (50) revealed 
that inhibition of miR-21 expression repressed cell migration 
and invasion through the miR-21-PDCD4-AP-1 feedback 
loop, which is involved in several key downstream signaling 
pathway molecules, such as phosphorylated c-Jun, MMP-2 
and MMP-9. Another research on hepatocellular carcinoma 
found that PDCD4 overexpression suppressed JNK activity; 
moreover, JNK inhibition resulted in the suppression of the 
phosphorylated eIF4E, which may influence the invasion via 
regulation of MMP expression (51,52). In the present study, 
we demonstrated that exosome-shuttling miR-21 from donor 
cells downregulated PDCD4 and increased the downstream 
signal levels of MMP-2 and MMP-9 in recipient cells. Our 
results suggested that the modulation of PDCD4 expression 
and downstream signaling regulation by exosome-mediated 
signal transfer may provide a novel mechanism of tumor 
progression.

Several studies have found that exosomal miRNAs could 
be secreted into the plasma and may be potential biomarkers 
in the diagnosis of different cancer types. A study on exosomal 
miRNAs from ovarian cancer showed that the levels of eight 
microRNAs, such as miR-21, miR-141 and miR-200a, were 
similar between cellular and exosomal miRNAs, with the 
correlation coefficients distributed from 0.71 to 0.90. Thus, 
tumor exosomal miRNAs could be used as surrogate diag-
nostic markers for biopsy profiling (15). Another study on 
serum exosomes from esophageal cancer showed that miR-21 
was not detected in the serum that remained after exosomes 
were extracted; this result suggested that exosomes from 
tumor cells are a major source of serum circulating miR-21 
in esophageal cancer patients (43). Ogata-Kawata et al (53) 
found that the amount of seven serum exosomal miRNAs 
(i.e., let-7a, miR-1229, miR-1246, miR-150, miR-21, 
miR-223 and miR-23a) from the serum of TNM stage I 
colorectal cancer patients were significantly higher than in 
healthy controls; this finding suggested that serum exosomal 
miRNAs may serve as significant biomarkers for the early 
detection of primary colorectal cancer (53). One study of 
pancreatic adenocarcinoma (PC) found that serum exosomal 
miR-17-5p and miR-21 were significantly elevated in the 
advanced stage and metastatic PC patients; moreover, the 
diagnostic sensitivity and specificity were 72.7 and 92.6% 
for miR-17-5p and 95.5 and 81.5% for miR-21, respec-
tively (54). In the present study, microarray analysis of 
plasma from esophageal cancer patients and healthy controls 
identified 20 miRNAs that could distinguish the plasma 
from ESCC patients and healthy controls. Among these 
miRNAs, miR-25-3p, miR-93-5p, miR-21-5p and miR-1290 
were upregulated in cancer tissues and plasma/serum of 
various cancer patients and were confirmed to be onco-
genes. miR-16-5p, miR-130a-3p, miR-15a-5p, miR-144-3p, 
miR-19b-3p, miR-107 and let-7i-5p may be tumor promotors 
or suppressors in different tumors with their dysregulated 
expression level. Few studies have focused on miR-5196-5p, 
miR-1914-3p, miR-3911, let-7d-3p, miR-1238-3p, miR-6069, 
miR-191-3p, miR-4665-3p and miR-937-5p. The results 
of the present study indicated that miR-21 is upregulated 
significantly in the plasma of esophageal cancer patients. 
In addition, a significant association was identified between 
miR-21 and esophageal cancer risk. These findings suggest 
that increased exosome-shuttling miR-21 in plasma might be 
a candidate biomarker for esophageal cancer diagnosis and 
high-risk population screening.

In summary, we have recognized the uptake process 
of exosomes by esophageal cancer cells and found that 
Cy3-labeled miR-21 mimics could be transferred between 
esophageal cancer cells by exosomes. Furthermore, our 
results revealed that miR-21 mimics could affect migration 
and invasion of recipient cells partly via modulation of its 
target gene PDCD4 and its downstream-signaling molecules, 
MMP-2 and MMP-9 by using the cell co-culture system. As 
a novel mechanism of cell-cell communication, the transfer 
of exosome-shuttling miR-21 is in addition to the classical 
mechanism and the effective delivery of exosome-shuttling 
miR-21 in tumor microenvironment may affect the status of 
esophageal cancer cells consequently to promote the recur-
rence and distant metastasis of esophageal cancer, which 
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suggests that exosome-shuttling miR-21 could be a potential 
biomarker in esophageal cancer diagnosis.
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