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ABSTRACT
Exosomes derived from human umbilical cord mesenchymal stem cells (hucMSCs) expressing microRNAs 
(miRNAs) have been highlighted in human cancers. However, the detailed molecular mechanism of hucMSCs- 
derived exosomal miR-451a on hepatocellular carcinoma (HCC) remains further investigation. Our study aims 
to explore the impact of exosomal miR-451a on the progression of HCC. Expression of miR-451a and 
a disintegrin and metalloprotease 10 (ADAM10) in HCC tissues and adjacent normal tissues were determined. 
The exosomes were extracted from hucMSCs and co-cultured with Hep3B and SMMC-7721 cell lines. After the 
treatment of relative exosomes or exosome inhibitor GW4869 in Hep3B and SMMC-7721 cells, the paclitaxel 
resistance and malignant phenotypes of HCC cells were measured. Moreover, the effect of hucMSCs-derived 
exosomes on the expression of miR-451a and ADAM10 in HCC cells was assessed. The targeting relationship 
between miR-451a and ADAM10 was verified to detect the impact of ADAM10-wild type and ADAM10-mutant 
type (MUT) on HCC cell processes. Low expression of miR-451a and high expression of ADAM10 indicated 
a poor prognosis of HCC patients. MiR-451a was up-regulated while ADAM10 was down-regulated in HCC cells 
after co-culture with HucMSC-derived exosomes. The exosomes elevated miR-451a and inhibited ADAM10 to 
suppress the paclitaxel resistance, cell cycle transition, proliferation, migration and invasion, and promote 
apoptosis of HCC cells. ADAM10 was verified to be a target gene of miR-451a. ADAM10-MUT promoted HCC 
process independent of miR-451a mimic. HucMSC-derived exosomal miR-451a could restrict the epithelial– 
mesenchymal transition of HCC cells by targeting ADAM10, which might provide new targets for HCC 
treatment.
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Introduction

Hepatocellular carcinoma (HCC) is a kind of complex disease 
with multiple aetiological factors and is the 2nd leading reason 
for cancer-correlated death all over the world due to multi
focal recurrence [1]. Viral hepatitis B and C infection, chronic 
alcohol consumption and exposure to aflatoxin B1 are 
reported to be the main risk factors of HCC [2]. Surgical 
resection and liver transplantation are the major treatments 
for HCC patients. Nevertheless, resection is only available for 
about 20% of the HCC patients [3]. Although the diagnosis 
and therapy for different stages of HCC have been developed, 
the overall prognosis of HCC is still unsatisfactory for the 
reason that there are still 70%-80% of HCC patients diagnosed 
at the advanced stage due to the inapparent clinical symptoms 
at early stages [4]. Therefore, novel biomarkers remain to be 

studied for the further development of strategies on diagnosis 
and treatment for HCC patients.

The microRNA (miRNA) functions as a modulatory role in 
gene expression through binding to the 3ʹ-untranslated region 
(3ʹ-UTR) of their target mRNAs [5]. It has been demonstrated 
that there are some miRNAs implicated in HCC progression, 
including miR-2053 [6], miR-548b [7] and miR-466 [8]. MiR- 
451 is one of the most conservative miRNAs with an essential 
clinical application value [9]. The evident difference of miR- 
451 expression has been reported in various cancers, such as 
renal cell carcinoma [10] and lung cancer [11]. Importantly, 
the inhibitive effects of miR-451 on HCC progression have 
also been demonstrated before [12,13]. Furthermore, 
a disintegrin and metalloprotease (ADAM) could potentially 
regulate a variety of signalling pathways in tumourthe micro
environment, such as inflammation reaction, angiogenesis, 
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cell migration and proliferation. As a vital member of the 
ADAM family, ADAM10 is one of the membrane-anchored 
ADAM group [14] and its role in HCC has been uncovered by 
several extant literatures [15,16]. Cheng et al. [17] have 
demonstrated that overexpression of both miR-144/451 sup
presses ADAM10 protein levels in Alzheimer disease. 
However, Zhang et al. [18] have revealed that only miR-451 
but not miR-144 is a negative regulator of the ADAM10 
protein in breast cancer and head and neck squamous cell 
carcinoma (HNSCC) cells. MiR-451 guides the cleavage of 
endogenous ADAM10 mRNA. Therefore, we only chose 
miR-451a as the target miRNA regulating ADAM10.

Stem cells are a kind of cells with self-renewal and 
multi-directional differentiation potential, and mesenchy
mal stem cells (MSCs) derive from mesoderm and refer to 
one of the most critical sources of adult stem cells (ASCs). 
MSCs can proliferate and differentiate into cartilage, bone, 
tendon, muscle, fat, ligament and other tissues, with weak 
immunogenicity [19], which are also considered as ideal 
seed cells for tissue engineering [20]. Human umbilical 
cord mesenchymal stem cells (hucMSCs) are MSCs iso
lated from the Wharton’s jelly of the umbilical cord and 
are rich in sources and easy to collect with low immuno
genicity and high proliferation and differentiation poten
tial [21–23]. It has also been found that hucMSCs 
promotes apoptosis of ovarian cancer cells and osteosar
coma cells [24]. Yuan et al. [25] have found that hucMSCs 
may inhibit the malignant biological behaviours of human 
lung cancer and hepatocellular cancer cells in vitro by 
activating cell apoptosis and inhibiting the Wnt signalling. 
Thus, we chose hucMSCs for our experiment. Moreover, 
exosomes are the smallest extracellular vesicles with 
a diameter of 30–100 nm and density of 1.13–1.19 g/mL 
that could be secreted by almost all cells. Exosomes con
tain mRNA and short RNAs including miRNAs [26]. 
Hence, exosomes could transfer miRNAs to exert regula
tory functions in human diseases. Exosomes can be man
ufactured in culture by incorporating therapeutic miRNAs 
into exosome-producing cells, thereby possibly enabling 
personalized treatment [27]. Among the cell types known 
to produce exosomes, MSCs are the most prolific produ
cers [28]. Infusion of human MSCs-derived exosomes into 
an immunocompetent mouse model of acute myocardial 
ischaemia has been shown to be therapeutically effective 
and lacking of evident adverse effects [29]. It has been 
reported that serum-derived exosomes from HCC patients 
regulate the expression of miR-451a [30], while the role of 
hucMSC-derived exosomal miR-451a in HCC remains 
scarcely explored. Based on the above data, we investi
gated whether the exosome-mediated transfer of miR-451 
via miRNA-modified hucMSCs could regulate the biologi
cal functions of HCC cells.

This research was aimed to verify the effects of exosomal 
miR-451a and ADAM10 on the progression of HCC and we 
supposed that the exosomal miR-451a could act as 
a tumour repressor in HCC progression by targeting 
ADAM10.

Materials and methods

Ethics statement

Written informed consents were acquired from all patients 
before this study. The protocol of this study was confirmed by 
the Ethics Committee of Sun Yat-sen Memorial Hospital, Sun 
Yat-sen University and was in compliance with the guidelines 
of the Declaration of Helsinki.

Study subjects

Ninety-two HCC patients (59 males and 33 females ageing 
38–71 years, the mean age of 58 years) that had accepted 
treatment in Sun Yat-sen Memorial Hospital, Sun Yat-sen 
University from December 2012 to November 2013 were 
collected. These patients were all diagnosed as primary HCC 
by pathological examination and imageological examination. 
Before HCC resection operation, none patients were treated 
with any anti-tumour treatments, and there were complete 
clinical and follow-up data. Patients with secondary metastatic 
HCC, history of liver transplantation, other malignancies, or 
serious infection and women during pregnancy or lactation 
were excluded. Among these patients, there were 36 cases of 
high differentiation, 41 cases of moderate differentiation and 
15 cases of poor differentiation. In tumour size, 54 patients 
had tumour diameter equal to or more than 5 cm and 38 
patients had tumour diameter less than 5 cm. There were 50 
patients with portal vein invasion and 42 patients without 
portal vein invasion. During the resection operation, cancer 
tissues and adjacent normal tissues (over 3 cm away from 
tumourthe) from HCC patients were separated. After the 
operation, patients were followed-up for 60 months, until 
30 November 2018.

Immunohistochemical staining

HCC cancer tissues and adjacent normal tissues that obtained 
from the operation were fixed in formalin for 24 h, embedded by 
paraffin and sectioned. Dewaxed by xylene and hydrated by 
gradient ethanol, the sections were added with citric acid antigen 
retrieval solution for antigen retrieval, blocked by 3% hydrogen 
peroxide for 10 min and appended with diluted primary anti
bodies N-cadherin (1:300) and E-cadherin (1:500, both from 
Abcam Inc., Cambridge, MA, USA) and then incubated for 
1 h. Next, the sections were rinsed by phosphate-buffered saline 
(PBS), added with relative secondary antibody, and incubated for 
30 min, then developed by diaminobenzidine (DAB) and stained 
by haematoxylin. After differentiated by 0.1% hydrochloric acid 
solution, the sections were dehydrated by gradient ethanol and 
xylene, sealed by neutral balsam and observed by a microscope. 
PBS was taken as the negative control (NC), replacing the 
primary antibody and the results were photographed and 
observed under a microscope. In the evaluation of E-cadherin 
and N-cadherin expression, brown-yellow staining in the cyto
membrane and/or cytoplasm were considered positive for 
expression [31].
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HucMSC culture

The umbilical cord that aseptically collected from caesarean 
delivered full-term foetus was washed by PBS containing 
3% penicillin-streptomycin for three times with vein, artery 
and membrane removed, cut into 1 mm3 and seeded into 
culture flasks. Subsequently, the cord was incubated in 
Dulbecco’s modified Eagle medium (DMEM)/F12 contain
ing 10% foetal bovine serum (FBS) at 37°C with 5% 
CO2 and the medium was changed every 3 d. After cultured 
for 10 d, there were fibrous cells grew out from the tissues, 
which were detached and passaged by 0.25% trypsin when 
the cell confluence reached 80%. Cells from the 3rd to the 
6th passage ingood growth were selected for the 
experiments.

Identification of hucMSC phenotype

Morphology and adherence of hucMSCs were observed under 
a microscope and hucMSC was identified by flow cytometry: 
hucMSC in the 3rd passage were subpackaged into flow tubes, 
with 2 × 105 cells in each tube, and, respectively, supplemen
ted with CD29-phycoerythrin (PE), CD44-PE, CD73-PE, 
CD90-PE, CD105-PE, CD31-fluorescein isothiocyanate 
(FITC), CD14-FITC and HLA-DR-FITC antibodies and IgG- 
PE and IgG-FITC were used as isotype controls (all from 
Abcam), then incubated at 4°C without light exposure for 
30 min and measured by a flow cytometer (Becton, 
Dickinson and Company, NJ, USA).

Extraction of exosomes

The exosomes were extracted by differential-ultra centrifuga
tion [32]. HucMSCs from the 3rd to the 6th passage that in 
good growth was paved in a 10 cm culture dish and cultured 
with DMEM/F12 overnight. Next, the cells became adherent 
and the medium was replaced by fresh exosome-free serum 
medium. After 2-d culture, the cells were centrifuged at 
2000 × g and 4°C for 10 min to remove dead cells and large 
fragments and the supernatant was centrifuged at 10,000 × g 
and 4°C for 30 min to remove organelles and granules. Next, 
the supernatant was ultra-centrifuged at 110,000 × g and 4°C 
for 70 min to remove the supernatant. After rinsed by normal 
saline, the cells were ultra-centrifuged at 110,000 × g and 4°C 
for 70 min and the sediments were exosomes.

Identification of exosomes

The marker proteins of exosomes were measured by Western 
blot analysis: the sediments were lysed by protein lysis buffer and 
the protein concentration was evaluated. Next, the proteins 
(20 μg) were appended with 5 × sodium dodecyl sulphate 
(SDS) loading buffer, heated at 99°C in the metal bath for 
15 min and centrifuged at 12,000 × g for 5 min, then conducted 
with SDS-polyacrylamide gel electrophoresis (PAGE), followed 
by transfer onto membranes. Blocked by 5% skim milk for 1 h, 
the membranes were supplemented with primary antibody 
CD63 (1:2,000), Alix (1:500) and TSG101 (1:500, all from Santa 
Cruz Biotechnology, Inc, Santa Cruz, CA, USA) and incubated 

overnight at 4°C. Afterwards, the membranes were added with 
secondary antibodies (1:200, Santa Cruz Biotechnology) for 
1.5-h incubation, appended with enhanced chemiluminescent 
(ECL) solution (Sigma–Aldrich Chemical Company, St Louis, 
MO, USA) and photographed by the chemiluminescent gel- 
imaging system.

Morphology of exosomes was observed by a transmission 
electronic microscope (TEM): the exosomes (20 μL) were sup
plemented into a copper network (diameter of 2 mm) and 
placed for 5 min, then negatively stained by uranyl acetate for 
2 min. After dried under an incandescent lamp, the exosomes 
were photographed by a TEM (Hitachi, Ltd., Tokyo, Japan).

Nanoparticle tracking analysis (NTA): the exosome sus
pension (0.1 mL) that resuspended by PBS was diluted by 
PBS at 4°C (1:10) and placed in a cuvette, which was put into 
the particle size analyser, thereby the particle size of the 
exosomes was determined.

Transfection and grouping of hucMSCs

According to lipofectamineTM 2000 reagent (Invitrogen Inc., 
CA, USA), hucMSCs in 3rd to 6th passages were transfected 
with miR-451a mimic (oligonucleotide sequence: 5ʹ- 
AAACCGUUACCAUUACUGAGUU-3ʹ), mimic NC (5ʹ- 
UUGUACUACACAAAAGUACUG-3ʹ), miR-451a inhibitor 
(oligonucleotide sequence: 5ʹ- 
AACUCAGUAAUGGUAACGGUUU-3ʹ), miR-451a inhibi
tor NC (5ʹ-CAGUACUUUUGUGUAGUACAA-3ʹ), miR- 
451a mimic + overexpressed (Oe)-NC (NC of ADAM10 over
expressed plasmid), miR-451a mimic + Oe-ADAM10 
(ADAM10 overexpressed plasmid), miR-451a inhibitor + 
short hairpin RNA (sh)-NC (NC of ADAM10 down- 
regulated plasmid and its sequence was 5ʹ- 
TTCTCCGAACGTGTCACGTTTC-3ʹ) and miR-451a inhibi
tor + sh-ADAM10 (ADAM10 down-regulated plasmid and its 
sequence was 5ʹ-GGTCTCATGTACCTCCCAAAG-3ʹ). The 
above oligonucleotides and plasmids were all designed and 
constructed by GenePharma Co., Ltd. (Shanghai, China). 
Cultured for 48 h, the hucMSCs was performed with ultra
centrifugation (the ultracentrifuge was obtained from Thermo 
Fisher Scientific Inc., Waltham, MA, USA) to extract the 
exosomes in hucMSC of each group.

HCC cell culture

Human normal liver cell line L-02 and human HCC cell lines 
Hep3B, MHCC-97 H, HB611, HepG2 and SMMC-7721 that 
obtained from American type culture collection (Rockefeller, 
MD, USA) were cultured in DMEM containing 10% FBS 
(both from Gibco, Grand Island, NY, USA) at 37°C with 5% 
CO2. The medium was changed every 2 d and the cells were 
passaged when cell confluence reached 80%-90%. After 2–3 
passages, cells in the logarithmic growth phase were con
ducted with reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) to assess miR-451a and ADAM10 
expression in each cell line. Moreover, Western blot analysis 
was employed to measure the protein expression of ADAM10 
in the cells. Cells with the largest and least differences of miR- 
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451a and ADAM10 expression from the L-02 cells were 
selected for the subsequent experiments.

Exosome uptake experiment

Hep3B and SMMC-7721 cells were seeded onto 24-well plates 
at 3 × 104 cells/well and hucMSC-derived exosomes 
(hucMSC-Exo, 80 μg/mL) that had been stained by PKH26 
were added into the plates [33]. The cell slides were fixed in 
4% paraformaldehyde for 20 min at 0 h and 48 h of the co- 
culture, which were then stained by 4ʹ,6-diamidino-2-pheny
lindole 2hci (DAPI) for 1 h, sealed with anti-fluorescence 
quenching reagent and photographed under a laser confocal 
microscope (Olympus, Tokyo, Japan).

Co-culture of hucMSC-Exo with Hep3B and SMMC-7721 
cells

To observe the effect of hucMSC-Exo on HCC cells, we 
divided Hep3B and SMMC-7721 cells into the control group 
(no treatment), the Exo group (cells was co-incubated with 
200 μg hucMSC-Exo for 48 h) and the Exo + GW4869 group 
(cells were co-incubated with hucMSC-Exo and 5 μM exo
some inhibitor GW4869 [exosome inhibitor, HY-19,363, 
MCE, Monmouth Junction, NJ, USA]).

Next, to further observe the impact of hucMSC-Exo carrying 
miR-451a on Hep3B cells, the cells were classified into the 
mimic-NC-Exo group (hucMSC-Exo that had been transfected 
with miR-451a mimic NC were co-cultured with Hep3B cells), 
the miR-451a mimic-Exo group (hucMSC-Exo that had been 
transfected with miR-451a mimic were co-cultured with Hep3B 
cells), the sh-NC-Exo group (hucMSC-Exo that had been trans
fected with sh-ADAM10 NC was co-cultured with Hep3B cells), 
the sh-ADAM10-Exo group (hucMSC-Exo that had been trans
fected with sh-ADAM10 were co-cultured with Hep3B cells), 
the miR-451a mimic + Oe-NC-Exo group (hucMSC-Exo that 
had been transfected with miR-451a mimic and NC of Oe- 
ADAM10 were co-cultured with Hep3B cells), and the miR- 
451a mimic + oe-ADAM10-Exo group (hucMSC-Exo that had 
been transfected with miR-451a mimic and overexpressed 
ADAM10 were co-cultured with Hep3B cells).

In order to explore the impact of hucMSC-Exo carrying 
miR-451a on SMMC-7721 cells, the cells were separated into 
the inhibitor-NC-Exo group (hucMSC-Exo that had been 
transfected with miR-451a inhibitor NC were co-cultured 
with SMMC-7721 cells), the miR-451a inhibitor-Exo group 
(hucMSC-Exo that had been transfected with miR-451a inhi
bitor were co-cultured with SMMC-7721 cells), the Oe-NC- 
Exo group (hucMSC-Exo that had been transfected with NC 
of overexpressed ADAM10 were co-cultured with SMMC- 
7721 cells), the Oe-ADAM10-Exo group (hucMSC-Exo that 
had been transfected with ADAM10 overexpressed plasmids 
were co-cultured with SMMC-7721 cells), the miR-451a inhi
bitor + sh-NC-Exo group (hucMSC-Exo that had been trans
fected with miR-451a inhibitor and sh-ADAM10 NC was co- 
cultured with SMMC-7721 cells), the miR-451a inhibitor + 
sh-ADAM10-Exo group (hucMSC-Exo that had been trans
fected with miR-451a inhibitor and sh-ADAM10 were co- 
cultured with SMMC-7721 cells).

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium 
bromide (MTT) assay

Hep3B and SMMC-7721 cells were detached by 0.25% trypsin 
when the cell confluence reached 80% and then were seeded 
onto 24-well plates at 5.0 × 103 cells/well. After incubated for 
24 h, the cells were incubated with 50 mL of 1 mg/mL MTT 
(Sigma) in PBS for 3 h. The formed formazan was then 
solubilized by adding 150 mL of dimethyl sulphoxide. The 
optical density value was read at 570 nm with a FLUOstar 
Galaxy plate reader (BMGLabtech, Offenburg, Germany).

Propidium iodide (PI) single staining

Hep3B and SMMC-7721 cells of each group were seeded onto 
12-well plates, incubated by serum-free medium for 12 h after 
adherence, then detached by trypsin. Next, the cells were fixed 
by 70% ethanol overnight, incubated by RNase A (prepared 
by PBS containing 0.2% Triton-X100, with the final concen
tration of 20 mg/L) at 37°C for 30 min and added with PI 
(50 mg/L) for 5 min, then evaluated by a flow cytometer. 
A total of 20,000 cells were analysed by ModFit software 
(Verity Software House, ME, USA).

Annexin V-FITC/PI double staining

Hep3B and SMMC-7721 cells were detached by trypsin when 
cell confluence reached 80% and was seeded onto 6-well plates 
at 4 × 104 cells/well for 72-h culture, then centrifuged at 1,000 
r/min for 5 min with supernatant discarded. Afterwards, the 
cells were rinsed by pre-cooled PBS twice, centrifuged with 
supernatant discarded and suspended by 5,000 μL binding 
buffer, then appended with Annexin V-FITC and PI, each 
for 5 μL. The blank group and single staining control group 
were set. After 10-min incubation without light exposure, the 
cells were measured by a flow cytometer.

Transwell assay

Cell migration assay: Transwell chambers (Millipore Inc., MA, 
USA) with polycarbonate membrane (aperture of 0.8 μm) were 
put in 24-well plates, Hep3B and SMMC-7721 cell suspension 
(3 × 105 cells/mL) was appended into the apical chambers at 
200 μL/well and 0.5% bovine serum albumin (BSA) was also 
added into the apical chambers. The basolateral chambers were 
supplemented with medium containing 10% serum at 600 μL/ 
well and incubated at 37°C with 5% CO2 for 24 h and the apical 
chambers were fixed in 4% paraformaldehyde for 20 min; then, 
stained by 0.1% crystal violet dye for 30 min. Five fields of view 
were randomly photographed under a microscope. The cells 
were counted by ImageJ software.

Cell invasion assay: Transwell chambers coated by matrigel 
were put into 24-well plates. Hep3B and SMMC-7721 cell 
suspension (3 × 105 cells/mL) was appended into the apical 
chambers at 200 μL/well and the basolateral chambers were 
supplemented with medium containing 10% serum at 600 μL/ 
well and incubated at 37°C with 5% CO2 for 48 h. 
Subsequently, the apical chambers were fixed by 4% 
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paraformaldehyde, dried, stained by crystal violet dye and 
decolourized. The cells were photographed and counted.

Effect of miR-451a and ADAM10 on paclitaxel sensitivity

Hep3B and SMMC-7721 cells were transiently transfected for 
24 h with miR-451a mimic (or its NC), miR-451a inhibitor 
(or its NC), miR-451a mimic + Oe-NC, miR-451a mimic + 
Oe-ADAM10, miR-451a inhibitor + sh-NC or miR-451a inhi
bitor + sh-ADAM10. Paclitaxel (0, 5, 10 and 20 nM) was then 
added to the transfected cells and reacted for 72 h. Cell 
viability was measured using MTT assay as described above 
and the survival rate was calculated.

Hep3B and SMMC-7721 cells were treated with 20 nM 
paclitaxel for 72 h after incubation with an equal number of 
exosomes for 48 h. Cell viability was measured using MTT 
assay as described above and the survival rate was calculated.

RT-qPCR

Total RNA from tissues, cells and exosomes was isolated using 
TRIzol extractions (Invitrogen). RNA concentration was esti
mated using a Nanodrop spectrophotometer and RNA quality 
was examined using denaturing formaldehyde agarose gel 
electrophoresis. For miRNA, RNA was reversely transcribed 
to synthesize cDNA using Hairpin-itTM miRNAs quantitative 
detection kit (GenePharma; in this kit, there was a specific 
miRNA reverse transcription primer with stem-loop struc
ture, which could combine with the 3ʹUTR of miRNA so 
that the reverse transcription could avoid the interference of 
miRNA precursor). The mRNA was performed with RNA 
reverse transcription by GoldScript one-step RT-PCR Kit 
(Applied Biosystems, USA) to synthesize the cDNA. SYBR 
premix Ex TaqTM II PCR Kit (TaKaRa Biotechnology Co., 
Ltd., Liaoning, China) was used to conduct PCR on the 
ABI7500 fluorescent quantitative PCR. The PCR primers 
(Table 1) were designed and synthesized by GenePharma. 
U6 was used as the loading control of miR-451a, miR-144- 
3p and miR-144-5p and β-actin was used as the loading 
control of ADAM10. The data were analysed by 2−ΔΔCt 

method.

Western blot analysis

The total protein of the tissues, cells and exosomes were 
extracted in strict accordance with efficient radio- 
immunoprecipitation assay (RIPA) lysis buffer (R0010, 
Solarbio Science & Technology Co. (Beijing, China)). 
The protein concentration was evaluated by bicinchoninic 
acid assay and the proteins were supplemented with pre
pared SDS-PAGE loading buffer, conducted with electro
phoresis and transferred onto the polyvinylidene fluoride 
membranes. The membranes were blocked by skim milk 
for 2 h, added with diluted primary antibodies against 
ADAM10 (1:300; Sangon Biotech, Shanghai, China), 
N-cadherin, E-cadherin and β-actin (all 1:1,000 and from 
Abcam Inc., Cambridge, UK) and incubated at 4°C over
night. Subsequently, the membranes were supplemented 
with horseradish peroxidase-labelled secondary antibody 
(1:2,000, Abcam) for 2-h incubation. ECL reagent 
(Thermo Scientific, Rockford, IL, USA) was used for 
development. The relative protein levels were determined 
by the density of Western blot bands as measured by 
Image J software and normalized against the internal con
trol β-actin.

Dual-luciferase reporter gene assay

A bioinformatics software (http://www.microrna.org/micro 
rna/home.do) was used to predict the potential binding sites 
between ADAM10 and miR-451a. To further identify the 
targeting relationship between miR-451a and ADAM10, 
a sequence containing binding sites of miR-451a in 
ADAM10 3ʹUTR was amplified and cloned to pmirGLO luci
ferase plasmid (Promega, WI, USA) to construct wild type 
(WT) ADAM10 recombinant plasmid (ADAM10-WT). Site 
mutation kits (TaKaRa) were used to establish mutant type 
(MUT) ADAM10 recombinant plasmid (ADAM10-MUT) by 
mutating the binding site of ADAM10 and miR-451a (plas
mids were designed and synthesized by TaKaRa). Cultured 
Hep3B and SMMC-7721 cells were seeded onto 24-well plates 
and transfected with ADAM10-WT or ADAM10-MUT repor
ter plasmid together with miR-451a mimic and mimic NC 
based on instructions of Lipidosome 2000 reagent 

Table 1. Primer sequence.

Gene Primer

miR-451a Reverse transcription: 5ʹ-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAACTCA-3ʹ 
F: 5ʹ-CGCGCAAACCGTTACCATTAC-3’

R: 5ʹ-GTGCAGGGTCCGAGGT-3’
miR-144-3p Reverse transcription: 5ʹ-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGTACA-3’

F: 5ʹ-GCGCGCTACAGTATAGATGA-3’
R: 5ʹ-GTGCAGGGTCCGAGGT-3’

miR-144-5p Reverse transcription: 5ʹ-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTTACA-3’
F: 5ʹ-GCGCGCGGATATCATCATATAC-3’
R: 5ʹ-GTGCAGGGTCCGAGGT-3’

U6 Reverse transcription: 5ʹ-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAATATGG-3’
F: 5ʹ-GCAAATTCGTGAAGCGTT-3’
R: 5ʹ-GTGCAGGGTCCGAGGT-3’

ADAM10 F: 5ʹ-GCTGATGAGAAGGACCCTACAA-3’
R: 5ʹ-ATGCTCCAACCCAAGCCAGAC-3’

β-actin F: 5ʹ-AGCGAGTATCCCCCAAAGTT-3ʹ 
R: 5ʹ-GGGCACGAAGGCTCATCATT-3’

Note: F, forward; R, reverse; miR-451a, microRNA-451a; miR-144-3p, microRNA-144-3p; miR-144-5p, microRNA-144-5p; 
ADAM10, a disintegrin and metalloprotease 10. 
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(Invitrogen) when the cell confluence reached 85%. After 48-h 
transfection, the Dual-Luciferase® Reporter Assay System 
(Promega) was used to determine the luciferase activity of 
ADAM10-WT or ADAM10-MUT reporter plasmid. 
ADAM10 gene ID: 102. ADAM10-WT sequence: 5ʹ- 
uuaUCAAAAUAUUUAAACGGUUu-3ʹ, ADAM10-MUT 
sequence: 5ʹ-uuaUCAAAAUAUUUAAACGGUUu-3ʹ.

Statistical analysis

All data analyses were conducted using SPSS 21.0 software 
(IBM Corp. Armonk, NY, USA). The measurement data 
conforming to the normal distribution were expressed as 
mean ± standard deviation. The unpaired t-test was per
formed for comparisons between two groups and one-way 
analysis of variance (ANOVA) was used for comparisons 
among multiple groups and the Tukey’s multiple compar
ison test was used for pairwise comparisons after one-way 

ANOVA. Pearson test was used to analyse the relationship 
between expression of miR-451a and ADAM10 in HCC 
tissues. Chi–square test was employed to identify the cor
relations of miR-451a and ADAM10 with clinicopatholo
gical features of the HCC patients and the prognosis of 
HCC patients was analysed by Kaplan-Meier. P value 
<0.05 was indicative of a statistically significant difference.

Results

Expression of miR-451a, ADAM10, E-cadherin and 
N-cadherin in HCC patients; association between 
miR-451a/ADAM10 expression and clinicopathological 
characteristics and prognosis of HCC patients

In order to observe the expression of ADAM10, miR-451a 
and its corresponding gene cluster miR-144 in HCC cancer 
tissues, RT-qPCR and Western blot analysis was used to 
determine the expression of miR-451a, miR-144-3p, miR- 

Figure 1. Expression of miR-451a, ADAM10, E-cadherin and N-cadherin in HCC patients, association between miR-451a/ADAM10 expression and clinico
pathological characteristics and prognosis of HCC patients. A, expression of miR-451a, miR-144-3p and miR-144-5p in HCC cancer tissues and adjacent 
normal tissues detected by RT-qPCR; B, ADAM10 mRNA expression in HCC cancer tissues and adjacent normal tissues detected by RT-qPCR; C, protein 
expression of ADAM10 in HCC cancer tissues and adjacent normal tissues detected by Western blot analysis; D, relation between miR-451a and ADAM10 in 
HCC tissues analysed by Pearson test; E, protein expression of N-cadherin and E-cadherin in HCC cancer tissues and adjacent normal tissues detected by 
Western blot analysis; F, N-cadherin level in HCC cancer tissues and adjacent normal tissues was assessed by immunohistochemical staining; G, E-cadherin 
level in HCC cancer tissues and adjacent normal tissues was assessed by immunohistochemical staining; H, effect of miR-451a on prognosis of HCC patients 
analysed by Kaplan-Meier; I, effect of ADAM10 on prognosis of HCC patients analysed by Kaplan-Meier; n = 92. The measurement data were expressed as 
mean ± standard deviation, * P< 0.05 vs the adjacent normal tissues. HCC, hepatocellular cancer; miR-451a, microRNA-451a; ADAM10, a disintegrin and 
metalloprotease 10.
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144-5p and ADAM10 in HCC cancer and adjacent normal 
tissues. It could be found that relative to the adjacent 
normal tissues, miR-451a, miR-144-3p and miR-144-5p 
were down-regulated and ADAM10 was up-regulated in 
HCC cancer tissues (all P < 0.05). Among the three down- 
regulated miRNAs, the expression of miR-451a was the 
lowest (Fig. 1A, B, C).

Pearson test was employed to analyse the relationship 
between expression of miR-451a and ADAM10 and it was 
found that miR-451a was negatively related to ADAM10 
(r = −0.763; P < 0.01; Fig. 1D).

To investigate the expression and distribution of epithelial– 
mesenchymal transition (EMT)-related proteins, Western blot 
analysis was used to detect the protein expression of 
N-cadherin and E-cadherin in HCC cancer tissues and adja
cent normal tissues. The outcomes suggested that in contrast 
to the adjacent normal tissues, protein expression of 
N-cadherin was elevated and that of E-cadherin was reduced 
in HCC cancer tissues (both P < 0.05, Fig. 1E). Expression of 
N-cadherin and E-cadherin in HCC cancer tissues and adja
cent normal tissues were assessed by immunohistochemical 
staining, it came out that the brownish-yellow particles of 
N-cadherin were thinly distributed in the cytoplasm of adja
cent normal tissues, and broadly distributed in the cytoplasm 
of HCC cancer tissues (Fig. 1F); as for E-cadherin, its positive 
expression was commonly distributed in cytomembrane of 
adjacent normal tissues, while scarcely distributed in HCC 
cancer tissues (Fig. 1G).

With the aim to observe the relation between miR-451a/ 
ADAM10 expression and clinicopathological characteristics of 
HCC patients, the 92 patients were classified into the miR- 
451a low expression group (n = 46) and the miR-451a high 
expression group (n = 46) based upon the median miR-451a 

expression level. According to the median ADAM10 mRNA 
expression, the 92 patients were divided into the ADAM10 
mRNA low expression group (n = 46) and the ADAM10 
mRNA high expression group (n = 46). The results indicated 
that patients with larger tumour diameter, no tumour capsule, 
advanced TNM stage, high differentiation and portal vein 
injury had lower expression of miR-451a and higher expres
sion of ADAM10, suggesting that expression of miR-451a and 
ADAM10 was correlated to tumour diameter, tumour capsule, 
TNM stage, tumour differentiation and portal vein injury of 
HCC patients (all P < 0.05), while was not associated with age, 
gender and hepatitis B surface antigen (HBsAg) of HCC 
patients (all P> 0.05, Table 2).

Kaplan–Meier method was used to analyse the effect of 
miR-451a/ADAM10 expression on prognosis of HCC 
patients, and we found that there existed a significant differ
ence in survival time of HCC patients between the miR-451a 
low expression group and the miR-451a high expression 
group, and also between the ADAM10 mRNA low expression 
group and the ADAM10 mRNA high expression group (both 
P < 0.05). Namely, lower miR-451a expression or higher 
ADAM10 mRNA expression indicated a poor prognosis of 
HCC patients (Fig. 1H, I).

Identification of hucMSCs and exosomes

In order to identify the extracted hucMSCs, hucMSCs was 
cultured by 10% exo-free DMEM/F12 containing FBS, and it 
was found that the cells were in good morphology after 
adherence under a microscope, and the cells were fibroblast- 
like and in even long fusiform, and grew in whirl manner with 
abundant cytoplasm, clear nuclei and fewer impurity. Cells in 
other morphology could not be observed (Fig. 2A). Surface 

Table 2. The relation between miR-451a/ADAM10 expression and clinicopathological characteristics of HCC patients.

miR-451a expression ADAM10 mRNA expression
Clinicopathological characteristics n Low (n = 46) High (n = 46) P Low (n = 46) High (n = 46) P

Age (year)
≥ 56 62 29 33 0.374 34 28 0.182
< 56 30 17 13 12 18
Gender
Male 59 32 27 0.277 32 27 0.277
Female 33 14 19 14 19
HBsAg
Negative 29 16 13 0.501 13 16 0.501
Positive 63 30 33 33 30
Tumour diameter
< 5 cm 37 11 26 0.001 13 24 0.019
≥ 5 cm 55 35 20 33 22
Tumour capsule
Yes 38 13 25 0.011 26 12 0.003
No 54 33 21 20 34
TNM stage
I–II 42 16 26 0.036 28 14 0.003
III–IV 50 30 20 18 32
Differentiation
Poor 36 11 25 0.007 25 11 0.003
Moderate 41 24 17 18 23
High 15 11 4 3 12
Portal vein injury
Yes 50 30 20 0.036 19 31 0.012
No 42 16 26 27 15

Note: HCC, hepatocellular carcinoma; miR-451a, microRNA-451a; ADAM10, a disintegrin and metalloprotease 10; HBsAg, hepatitis B surface antigen; TNM, tumour, 
node and metastasis. Data in this table are enumeration data and analysed using chi-square test. 
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markers of the cells were evaluated by flow cytometry, and the 
results indicated that CD29, CD44, CD73, CD90 and CD105 
in cells were positively expressed, while CD14, CD31 and 
HLA-DR were negatively expressed (Fig. 2B).

To identify the exosomes, hucMSC culture solution was 
collected to extract the hucMSC-Exo using the differential- 
ultracentrifugation method. HucMSC-Exo was identified by 
TEM observation, NTA and Western blot analysis. It was 
measured by Western blot analysis that the surface marker 
Alix, CD63 and TSG101 of hucMSC-Exo were positively 
expressed (Fig. 2C). As observed by a TEM, there were cir
cular or oval membranous vesicles in a different size, and 
membranous structure could be found around the vesicles, 
in which there were low-density substances with obvious 
heterogeneity (Fig. 2D). Furthermore, NTA reflected that the 
diameter of exosomes was between 80 and 150 nm, and 
mainly concentrated at 94 nm (Fig. 2E).

Exosome uptake and expression of miR-451a and 
ADAM10 in HCC cells and exosomes; upregulated 
miR-451a or downregulated ADAM10 reduces paclitaxel 
resistance in HCC cells

Expression of miR-451a and ADAM10 in L-02, Hep3B, MHCC- 
97 H, HepG2 and SMMC-7721 cells was evaluated by RT-qPCR 
and Western blot analysis to screen the target HCC cell lines. 
The outcomes indicated that in comparison to L-02 cells, the 
level of miR-451a was declined and ADAM10 was amplified in 
HCC cell lines (all P < 0.05). Among the HCC cell lines, miR- 
451a expression was the lowest and ADAM10 expression was 
the highest in Hep3B cells, which had the maximum difference 

from L-02 cells; miR-451a expression was the highest and 
ADAM10 expression was the lowest in SMMC-7721 cells, 
which had the minimum difference from L-02 cells (Fig. 3A, 
B). Therefore, Hep3B and SMMC-7721 cells were selected for 
the subsequent experiments.

In order to observe that whether hucMSC-Exo could enter 
Hep3B and SMMC-7721 cells, hucMSC-Exo pre-stained by 
PKH26 (80 μg/mL) were co-cultured for 0 h and 24 h with 
Hep3B and SMMC-7721 cells in a 24-well plate. The results 
observed by a fluorescence microscope indicated that at the 
0 h of co-transfection, the exosomes did not enter Hep3B and 
SMMC-7721 cells, and there were few cells, after co-cultured 
for 24 h, exosomes entered Hep3B and SMMC-7721 cells, and 
gathered along the nuclear membranes. Red fluorescence 
could be found around the nuclei (Fig. 3C).

Exosomes were extracted from hucMSCs after relative 
transfection and the expression of miR-451a and ADAM10 
in hucMSC-Exo was determined using RT-qPCR. We discov
ered that miR-451a mimic up-regulated miR-451a while 
down-regulated ADAM10 in hucMSC-Exo; miR-451a inhibi
tor had an opposite effect on miR-451a and ADAM10 expres
sion in hucMSC-Exo; Oe-ADAM10 plasmid overexpressed 
ADAM10 while sh-ADAM10 suppressed ADAM10 expres
sion in hucMSC-Exo; Oe-ADAM10 reversed the effect of 
miR-451a mimic on ADAM10 expression, and sh-ADAM10 
also reversed the impact of miR-451a inhibitor on ADAM10 
expression (Fig. 3D, E).

In order to observe the effect of altered miR-451a and 
ADAM10 expression on paclitaxel resistance of HCC cell 
lines, MTT assay was conducted. We found that in Hep3B 
cells that had been treated with different concentrations of 

Figure 2. Identification of hucMSCs and exosomes. A, morphological observation of hucMSCs; B, surface markers of hucMSCs were detected by flow cytometry; C, 
surface markers of hucMSC-Exo were detected by Western blot analysis; D, morphology of hucMSC-Exo was observed by a TEM; E, NTA of hucMSC-Exo; N = 3. 
hucMSCs, human umbilical cord mesenchymal stem cells; Exo, exosome; TEM, transmission electronic microscope; NTA, nanoparticle tracking analysis.
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paclitaxel, miR-451a mimic or sh-ADAM10 suppressed the 
survival rate of Hep3B cells; Oe-ADAM10 reversed the effect 
of miR-451a mimic on the survival rate of Hep3B cells. In 
SMMC-7721 cells that had been treated with different con
centrations of paclitaxel, miR-451a inhibitor or Oe-ADAM10 
promoted the survival rate of SMMC-7721 cells; sh-ADAM10 
eliminated the impact of miR-451a inhibitor on SMMC-7721 
cell survival. The falling range of cell survival rate increased 
with the paclitaxel concentration grew (Fig. 3F).

HucMSC-Exo up-regulates miR-451a, down-regulates 
ADAM10, promotes apoptosis and suppresses paclitaxel 
resistance, proliferation and cell cycle progression of HCC 
cells

Expression of miR-451a and ADAM10 in HCC cells was 
assessed using RT-qPCR and Western blot analysis after 
co-transfection of hucMSC-Exo and HCC cells. We dis
covered that in Hep3B and SMMC-7721 cells, treatment of 
hucMSC-Exo up-regulated miR-451a while down- 
regulated ADAM10; treatment of GW4869 reversed the 

effect of hucMSC-Exo on miR-451a and ADAM10 expres
sion (both P < 0.05 (Fig. 4A, B)).

To measure the impact of hucMSC-Exo on paclitaxel 
resistance and biological functions of HCC cells, MTT 
assay was performed to detect the survival rate and viabi
lity of Hep3B and SMMC-7721 cells under 20 nM pacli
taxel, and flow cytometry was employed to assess the cell 
cycle distribution and apoptosis. The results reflected that 
the treatment of hucMSC-Exo promoted apoptosis and 
suppressed paclitaxel resistance, proliferation and cell 
cycle progression of HCC cells; GW4869 reversed the 
impact of hucMSC-Exo on paclitaxel resistance, prolifera
tion, cell cycle distribution and apoptosis of HCC cells (all 
P < 0.05; Fig. 4C, D, E, F).

HucMSC-Exo represses migration, invasion and EMT of 
HCC cells

Transwell assay was used to detect migration and invasion 
abilities of HCC cells, and Western blot analysis was con
ducted to assess EMT-related protein expression to deter
mine the role of hucMSC-Exo in migration, invasion and 

Figure 3. Exosome uptake and expression of miR-451a and ADAM10 in HCC cells and exosomes; upregulated miR-451a or downregulated ADAM10 reduces paclitaxel 
resistance in HCC cells. A, expression of miR-451a and ADAM10 in cells of each group was detected by RT-qPCR; B, protein expression of ADAM10 in cells of each 
group was detected by Western blot analysis; C, uptake of hucMSC-Exo in Hep3B and SMMC-7721 cells; D, expression of miR-451a in hucMSC-Exo was assessed using 
RT-qPCR; E, expression of ADAM10 in hucMSC-Exo was assessed using RT-qPCR; F, survival rate of Hep3B and SMMC-7721 cells under different concentrations of 
paclitaxel was estimated by MTT assay; N = 3. The measurement data were expressed as mean ± standard deviation, * P< 0.05 vs the L-02 cells, # P< 0.05 vs the 
mimic-NC group, & P< 0.05 vs the sh-NC group; $ P< 0.05 vs the miR-451a mimic + Oe-NC group, a P < 0.05 vs the inhibitor-NC group, b P < 0.05 vs the Oe-NC 
group, c P < 0.05 vs the miR-451a inhibitor + sh-NC group. HCC, hepatocellular cancer; miR-451a, microRNA-451a; ADAM10, a disintegrin and metalloprotease 10; 
hucMSCs, human umbilical cord mesenchymal stem cells; Exo, exosome; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; MTT, 3-(4,5-dimethyl- 
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide.
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EMT of HCC cells. Our results showed that in Hep3B and 
SMMC-7721 cells, hucMSC-Exo restricted migration and 
invasion abilities and N-cadherin expression, whereas pro
moted E-cadherin expression; treatment of GW4869 pro
moted migration, invasion and EMT of HCC cells (all 
P < 0.05 (Fig. 5A, B, C, D)).

HucMSC-Exo overexpressing miR-451a or silencing 
ADAM10 accelerates apoptosis and constrains paclitaxel 
resistance, proliferation and cell cycle progression of HCC 
cells

To assess the role of hucMSC-Exo expressing miR-451a or 
ADAM10 in paclitaxel resistance and biological functions of 
HCC cells, MTT assay was used to detect survival rate and 
viability, and flow cytometry was used to measure the cell 
cycle arrest and apoptosis of HCC cells under 20 nM pacli
taxel. It was found that in Hep3B cells, hucMSC-Exo up- 
regulating miR-451a or down-regulating ADAM10 sup
pressed survival rate, viability and cell cycle progression, and 

promoted apoptosis of HCC cells; hucMSC-Exo overexpres
sing ADAM10 abolished these effect induced by hucMSC-Exo 
up-regulating miR-451a. In SMMC-7721 cells, hucMSC-Exo 
down-regulating miR-451a or up-regulating ADAM10 pro
moted survival rate, viability and cell cycle progression, and 
restrained apoptosis of HCC cells; hucMSC-Exo inhibiting 
ADAM10 reversed these effects induced by hucMSC-Exo 
down-regulating miR-451a (all P < 0.05; Fig. 6A, B, C, D).

HucMSC-Exo overexpressing miR-451a or silencing 
ADAM10 restricts migration, invasion and EMT of HCC 
cells

Transwell assay was performed to determine the effect of 
hucMSC-Exo expressing miR-451a or ADAM10 on migration 
and invasion abilities of HCC cells, and the expression of 
N-cadherin and E-cadherin was evaluated using Western 
blot analysis. It came out that in Hep3B cells, hucMSC-Exo 
overexpressing miR-451a or silencing ADAM10 suppressed 
migration, invasion and N-cadherin expression, but enhanced 

Figure 4. HucMSC-Exo up-regulates miR-451a, down-regulates ADAM10, promotes apoptosis and suppresses paclitaxel resistance, proliferation and cell cycle 
progression of HCC cells. A, expression of miR-451a and ADAM10 in Hep3B and SMMC-7721 cells after exosome treatment was determined using RT-qPCR; B, protein 
expression of ADAM10 in Hep3B and SMMC-7721 cells after exosome treatment was determined using Western blot analysis; C, survival rate of paclitaxel-treated 
Hep3B and SMMC-7721 cells after exosome treatment was evaluated by MTT assay; D, viability of Hep3B and SMMC-7721 cells after exosome treatment was 
evaluated by MTT assay; E, cell cycle distribution of Hep3B and SMMC-7721 cells after exosome treatment was evaluated by flow cytometry; F, apoptosis of Hep3B 
and SMMC-7721 cells after exosome treatment was evaluated by flow cytometry; N = 3. The measurement data were expressed as mean ± standard deviation; * 
P< 0.05 vs the control group, # P< 0.05 vs the Exo group. HCC, hepatocellular cancer; miR-451a, microRNA-451a; ADAM10, a disintegrin and metalloprotease 10; 
hucMSCs, human umbilical cord mesenchymal stem cells; Exo, exosome; GW4869, exosome inhibitor; RT-qPCR, reverse transcription-quantitative polymerase chain 
reaction; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide.
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E-cadherin expression; effect of hucMSC-Exo up-regulating 
miR-451a was reversed by hucMSC-Exo overexpressing 
ADAM10. In SMMC-7721 cells, hucMSC-Exo down- 
regulating miR-451a or up-regulating ADAM10 promoted 
migration, invasion and N-cadherin expression, while inhib
ited E-cadherin expression; the impact of hucMSC-Exo down- 
regulating miR-451a could be reversed by hucMSC-Exo silen
cing ADAM10 (all P < 0.05; Fig. 7A, B, C).

MiR-451a targets ADAM10, and ADAM10-MUT promoted 
the occurrence and development of HCC independent of 
miR-451a mimic

In order to assess the role of hucMSC-Exo intervening miR- 
451a or ADAM10 in the expression of miR-451a and 
ADAM10 in HCC cells, we used RT-qPCR and Western 
blot analysis to determine the miR-451a and ADAM10 
expression in HCC cells. It was observed that in Hep3B 
cells, hucMSC-Exo overexpressing miR-451a or silencing 
ADAM10 down-regulated ADAM10; hucMSC-Exo overex
pressing ADAM10 rescued the down-regulation of ADAM10 
induced by hucMSC-Exo up-regulating miR-451a. In SMMC- 
7721 cells, hucMSC-Exo down-regulating miR-451a or up- 
regulating ADAM10 promoted ADAM10 expression; 
hucMSC-Exo inhibiting ADAM10 reversed the impact of 
hucMSC-Exo down-regulating miR-451a on ADAM10 
expression in SMMC-7721 cells (Fig. 8A, B, C).

An online analysis software (http://www.microrna.org/micro 
rna/home.do) was used to detect the targeting relationship 

between miR-451a and ADAM10, and it was found that there 
existed a particular binding region between miR-451a gene 
sequence and ADAM10 sequence (Fig. 8D). It was further 
confirmed by dual-luciferase reporter gene assay that in 
Hep3B and SMMC-7721 cells, the co-transfection of ADAM10- 
WT and miR-451a mimic suppressed the luciferase activity 
(P < 0.05); while the co-transfection of ADAM10-MUT and 
miR-451a mimic did not affect the luciferase activity in Hep3B 
and SMMC-7721 cells (P > 0.05; Fig. 8E). These data indicated 
that miR-451a mimic particularly bound to ADAM10.

In order to reveal the effect of miR-451a mimic on 
ADAM10 mutant, the established ADAM10-WT and 
ADAM10-MUT plasmids were co-transfected with miR-451a 
mimic into Hep3B cells to perform the migration, invasion 
and apoptosis assays. The results of our experiments implied 
that versus the miR-451a mimic + ADAM10-WT group, the 
migration and invasion abilities were facilitated and the num
ber of apoptotic cells was declined in the miR-451a mimic + 
ADAM10-MUT group (all P < 0.05) revealing the promotive 
role of ADAM10-MUT in HCC occurrence and development 
independent of miR-451a mimic (Fig. 8F, G, H).

Discussion

HCC is one of the major malignancies all over the world with 
a high prevalence, which leads to a significant rate of death as 
well [34]. It has been unravelled that the aberrant expression 
of miRNAs is correlated to the procedures and tumorigenesis 
of human cancers [35]. Our research was conducted to 

Figure 5. HucMSC-Exo represses migration, invasion and EMT of HCC cells. A&B, membrane-based Transwell assay was conducted to measure the migration ability of 
Hep3B and SMMC-7721 cells after exosome treatment; C, Matrigel based Transwell assay was conducted to measure the invasion ability of Hep3B and SMMC-7721 
cells after exosome treatment; D, protein expression of N-cadherin and E-cadherin in Hep3B and SMMC-7721 cells after exosome treatment was determined by 
Western blot analysis; N = 3. The measurement data were expressed as mean ± standard deviation; * P< 0.05 vs the control group, # P< 0.05 vs the Exo group. HCC, 
hepatocellular cancer; hucMSCs, human umbilical cord mesenchymal stem cells; Exo, exosome; EMT, epithelial-mesenchymal transition.
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Figure 6. HucMSC-Exo overexpressing miR-451a or silencing ADAM10 accelerate apoptosis and constrain paclitaxel resistance, proliferation and cell cycle 
progression of HCC cells. A, survival rate of paclitaxel-treated Hep3B and SMMC-7721 cells with treatment of hucMSC-Exo intervening miR-451a or ADAM10 
was evaluated by MTT assay; B, viability of paclitaxel-treated Hep3B and SMMC-7721 cells with treatment of hucMSC-Exo intervening miR-451a or ADAM10 
was evaluated by MTT assay; C, cell cycle distribution of Hep3B and SMMC-7721 cells with treatment of hucMSC-Exo intervening miR-451a or ADAM10 was 
evaluated by flow cytometry; D, apoptosis of Hep3B and SMMC-7721 cells with treatment of hucMSC-Exo intervening miR-451a or ADAM10 was evaluated 
by flow cytometry. N = 3. The measurement data were expressed as mean ± standard deviation. In Hep3B cells, * P< 0.05 vs the mimic-NC-Exo group, # 
P< 0.05 vs the sh-NC-Exo group, & P< 0.05 vs the miR-451a mimic + oe-NC-Exo group; in SMMC-7721 cells, a P < 0.05 vs the inhibitor-NC-Exo group, 
b P < 0.05 vs the oe-NC-Exo group, c P < 0.05 vs the miR-451a inhibitor + sh-NC-Exo group. HCC, hepatocellular cancer; miR-451a, microRNA-451a; 
ADAM10, a disintegrin and metalloprotease 10; hucMSCs, human umbilical cord mesenchymal stem cells; Exo, exosome; MTT, 3-(4,5-dimethyl-2-thiazolyl)- 
2,5-diphenyl-2-H-tetrazolium bromide.
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explore the impacts of hucMSC-derived exosomal miR-451a 
and its target gene ADAM10 in HCC development, and we 
found that miR-451a together with ADAM10 played 
a predictive role in HCC prognosis, and the elevation of 
exosomal miR-451a could inhibit EMT in HCC cells by 
modulatingADAM10 expression, thus exerting a repressive 
effect on HCC.

We have concluded several results in our study, and one of 
them implied that the expression of miR-451a was decreased 
while the expression of ADAM10 was increased in HCC 
tissues and cell lines, respectively, in contrast to the adjacent 
normal tissues and human normal liver cell line L-02. 
According to previous studies, Lv et al. have found that the 
level of miR-451 is downregulated in HCC tissues [13]. 
ADAM10 has been found to be expressed in all prostate 
tumour samples [36], and its expression is up-regulated by 
androgen stimulation. Additionally, a recent study has pro
vided evidence that ADAM10 is up-regulated in both HCC 
tissues and cells [15], and it has been revealed by Wu et al. 
that the expression of ADAM10 is upregulated in HCC tis
sues, which was relative to non-tumourous liver tissues [16]. 
Another result of our research suggested that the expression 
of miR-451 and ADAM10 was related to tumour diameter, 
tumour capsule, TNM stage, tumour differentiation, and 

portal vein injury of HCC patients. Similar to this outcome, 
a previous document has discovered that the expression of 
miR-451 is correlated to histological differentiation degree 
and TNM stage of patients with bladder cancer [37]. Wang 
et al. have pointed out that the expression of ADAM10 is 
associated with tumour size and TNM stage of patients with 
gastric cancer [38]. What is more, we have found that the low 
expression of miR-451 together with the high expression of 
ADAM10 indicates a poor prognosis of HCC patients. 
Consistent with this result, Ren et al. have proved from the 
reverse side that the expression of miR-451 is positively 
related to the prognosis of patients with gastric cancer [39], 
and it has also been revealed that the high expressed 
ADAM10 may be of predictive effect on HCC prognosis 
[40]. The targeting relationship between miR-451a and 
ADAM10 was confirmed by dual-luciferase reporter gene 
assay in our research, and it came out that ADAM10 was 
targeted by miR-451a. Zhang et al. [18] confirmed that miR- 
451 is a negative regulator of the ADAM10 protein in breast 
cancer and HNSCC cells. The target relation has also been 
identified in Alzheimer disease [17]. Furthermore, we used 
the Pearson test to detect the relation between miR-451a and 
ADAM10 mRNA in HCC tissues, and we found that miR- 
451a and ADAM10 were in a negative relation.

Figure 7. HucMSC-Exo overexpressing miR-451a or silencing ADAM10 restrict migration, invasion and EMT of HCC cells. A, migration ability of Hep3B and SMMC- 
7721 cells with treatment of hucMSC-Exo intervening miR-451a or ADAM10 was assessed by membrane-based Transwell assay; B, invasion ability of Hep3B and 
SMMC-7721 cells with treatment of hucMSC-Exo intervening miR-451a or ADAM10 was assessed by Matrigel based Transwell assay; C, protein expression of 
N-cadherin and E-cadherin in Hep3B and SMMC-7721 cells with treatment of hucMSC-Exo intervening miR-451a or ADAM10 was determined by Western blot 
analysis; N = 3. The measurement data were expressed as mean ± standard deviation. In Hep3B cells, * P< 0.05 vs the mimic-NC-Exo group, # P< 0.05 vs the sh-NC- 
Exo group, & P< 0.05 vs the miR-451a mimic + oe-NC-Exo group; in SMMC-7721 cells, a P < 0.05 vs the inhibitor-NC-Exo group, b P < 0.05 vs the oe-NC-Exo group, 
c P < 0.05 vs the miR-451a inhibitor + sh-NC-Exo group. HCC, hepatocellular cancer; miR-451a, microRNA-451a; ADAM10, a disintegrin and metalloprotease 10; 
hucMSCs, human umbilical cord mesenchymal stem cells; Exo, exosome, EMT, epithelial-mesenchymal transition.
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In addition, we have discovered that hucMSC-Exo up- 
regulated miR-451a and down-regulated ADAM10 to prohibit 
the proliferation, migration and invasion of HCC cells. Similar 
to this outcome, Li et al. have elucidated that hucMSC-Exo 
inhibits the proliferation and migration of endometrial cancer 
cells [41], Liu et al. have unravelled that miR-451a suppressed 
the proliferation and migration of non-small cell lung cancer 
cells [42], and the suppressive impact of overexpressed miR- 
451a in migration and invasion of bladder cancer cells has been 
uncovered by a recent study as well [43]. For ADAM10, Woods 
et al. have mentioned that the proliferation and invasion of 
pancreatic cancer cells are restricted by down-regulating the 
expression of ADAM10 [44], and a previous research has vali
dated that the overexpression of ADAM10 is able to promote 
the proliferation, migration and invasion of HCC cells [40]. 

Moreover, our study has clarified that hucMSC-Exo up- 
regulating miR-451a or down-regulating ADAM10 accelerates 
the apoptosis of HCC cells and arrest HCC cells at the G0/G1 
phase. In accordance with this finding, Yuan et al. have found 
that hucMSC is able to arrest tumour cells in particular phases 
and induces apoptosis of tumour cells [25]. It has been pre
viously demonstrated that the overexpression of miR-451a has 
the ability to promote the apoptosis of osteosarcoma cells [45], 
and Li et al. have testified that the miR-451a mimics induced 
osteosarcoma cell arrest in G0/G1 phase [46]. Additionally, it 
has been unearthed that the down-regulation of ADAM10 
induces tumour apoptosis in HCC in vitro [47], and 
Armanious et al. have provided evidence that the reduction of 
ADAM10 reduces cell cycle arrest in mantle cell lymphoma 
[48]. Importantly, we have also identified that hucMSC-Exo 

Figure 8. MiR-451a targets ADAM10. A, expression of miR-451a and ADAM10 in Hep3B and SMMC-7721 cells with treatment of hucMSC-Exo intervening miR-451a or 
ADAM10 was assessed by RT-qPCR; B&C, protein expression of ADAM10 in Hep3B and SMMC-7721 cells with treatment of hucMSC-Exo intervening miR-451a or 
ADAM10 was assessed by Western blot analysis; D, particular binding region of miR-451a and ADAM10 was predicted by an online prediction software; E, regulatory 
relation between miR-451a and ADAM10 in Hep3B and SMMC-7721 cells was confirmed by dual-luciferase reporter gene assay; F, membrane-based Transwell assay 
was employed to detect Hep3B cell migration of each group; G, Matrigel based Transwell assay was used to detect Hep3B cell invasion of each group; H, apoptosis of 
Hep3B cells in each group was determined using flow cytometry; N = 3. The measurement data were expressed as mean ± standard deviation. In Hep3B cells, * 
P< 0.05 vs the mimic-NC-Exo group, # P< 0.05 vs the sh-NC-Exo group, & P< 0.05 vs the miR-451a mimic + oe-NC-Exo group; in SMMC-7721 cells, a P < 0.05 vs the 
inhibitor-NC-Exo group, b P < 0.05 vs the oe-NC-Exo group, c P < 0.05 vs the miR-451a inhibitor + sh-NC-Exo group. miR-451a, microRNA-451a; ADAM10, a disintegrin 
and metalloprotease 10; hucMSCs, human umbilical cord mesenchymal stem cells; Exo, exosome, RT-qPCR, reverse transcription-quantitative polymerase chain 
reaction.

Figure 9. The mechanistic diagram depicts that hucMSC-derived exosomal miR-451a functions as a suppressor in HCC by delaying EMT progression via suppressing 
ADAM10. HCC, hepatocellular cancer; miR-451a, microRNA-451a; ADAM10, a disintegrin and metalloprotease 10; hucMSCs, human umbilical cord mesenchymal stem 
cells; EMT, epithelial-mesenchymal transition.
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promoted miR-451a and repressed ADAM10 to inhibit EMT by 
restraining the expression of N-cadherin expression and pro
moting the expression of E-cadherin. In line with this outcome, 
an existing literature has revealed that hucMSC reduces EMT 
in vivo and in vitro [49], Huang et al. has reported that miR- 
451a serves as a suppressor of EMT in HCC [12], and the 
similar function of inhibited ADAM10 in human non-small 
cell lung carcinoma has been verified as well [50]. In addition, 
we validated that hucMSC-Exo up-regulating miR-451a or 
down-regulating ADAM10 reduced the paclitaxel resistance of 
HCC cells. It has been elucidated that miR-451 is decreased in 
paclitaxel-resistant breast cancer cells and is considered as 
a potential target in paclitaxel-resistant breast cancer treatment 
[51]. Furthermore, Yang et al. has mentioned that ADAM10 
overexpression confers resistance to doxorubicin-induced apop
tosis in HCC [52]. All these data provide a theoretical basis for 
investigation on hucMSC-derived exosomal miR-451a or 
ADAM10 in HCC.

In conclusion, this research suggests that hucMSC- 
derived exosomal miR-451a could function as 
a suppressor in HCC by delaying EMT progression via 
suppressing ADAM10 (Fig. 9), and miR-451a has 
a prognostic effect on HCC patients, which may contribute 
to the therapy and prognosis of HCC. However, the role of 
miR-451a targeting other genes during the development of 
HCC has not been further discussed in this research, and 
we would study the relative mechanisms in future works.
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