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Abstract: In this study, transforming growth factor-B1 treatment effectively induced epithelial-mesenchymal tran-
sition (EMT) of SMMC-7721 cells, and the expression and function of microRNAs (miRNAs) were determined to
understand the processes involved in liver cancer metastasis. Nanoparticle tracking analysis and western blotting
were performed to identify exosomes. Transwell and MTS assays were used to assess cell migration and prolifera-
tion, respectively. Immunofluorescence microscopy was used to identify the metastasis of exosomes in cells. High-
throughput sequencing was used to identify mRNAs and miRNAs in cells and exosomes, respectively. The identified
differentially expressed miRNAs (DEmis) were further confirmed using quantitative real-time polymerase chain re-
action. An miRNA-target mRNA interaction network was constructed using Cytoscape_V2_8_3. SPSS version 16.0
software with one-way analysis of variance was used for statistical analysis. P < 0.05 was considered statistically
significant. The overall size of exosomes in EMT SMMC-7721 cells was smaller than that in normal SMMC-7721
cells. Exosomes of EMT SMMC-7721 cells could promote cell migration and invasion in several cell lines. We identi-
fied differentially expressed mRNAs (DEms) and DEmis. Among them, a total of 60 and 78 DEms were upregulated
and downregulated, respectively, in EMT SMMC-7721 cells compared with those in SMMC-7721 cells. A total of
709 and 123 DEmis were upregulated and downregulated, respectively, in exosomes in EMT SMMC-7721 cells
compared with those in SMMC-7721 cells. hsa-miR-24-3p and hsa-miR-21-5p were further selected for knockdown
experiments. Exosomes in cells with hsa-miR-24-3p knockdown could effectively inhibit EMT. hsa-miR-24-3p may
be one of the most important molecular markers for EMT in liver cancer, which provides novel clues for the mecha-
nisms involved in liver cancer metastasis.
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Introduction rate and poor prognosis [2]. Although the inva-
sion and metastasis of liver cancer have been
previously studied in many clinical and basic
studies, the detailed mechanisms of lung me-

tastasis in primary liver cancer remain unclear.

Primary liver cancer is the fifth most common
cancer and is one of the three major malignant
tumors that cause tumor-related deaths world-

wide. The characteristics of liver cancer inclu-
de a high recurrence rate, easy metastasis,
and an increasing incidence. Currently, effec-
tive clinical treatment methods are limited.
Therefore, liver cancer remains one of the ma-
jor diseases threatening human health [1]. The
main causes of death in patients with primary
liver cancer are invasion and metastasis. The
most common site of distant metastases is the
lung, which is associated with a high mortality

Furthermore, there is still a lack of effective
prevention and treatment options for the lung
metastasis of liver cancer [3]. Therefore, an in-
depth study of the specific mechanisms involv-
ed in liver metastasis is essential to optimize
clinical prevention and improve the survival rate
of patients.

Epithelial-mesenchymal transition (EMT) refers
to the conversion of polarized epithelial cells to
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mesenchymal cells under normal physiological
and specific pathological conditions [4]. EMT
is generally thought to occur at the initial stage
of tumor metastasis, allowing tumor cells to
migrate and invade other tissues. During EMT,
cells lose their typical intercellular connections
and cell polarity. At the same time, their mor-
phology changes from the typical cobblestone
pattern to a fusiform fibroblast-like shape.
Therefore, cell migration and invasion capabili-
ties are enhanced [5]. In the tumor microenvi-
ronment, the exchange of information between
cells depends on the transmission of the
media. The types of media are diverse and
include growth factors, cytokines, and chemo-
kines [6]. In addition to the abovementioned
media, exosomes have become a major re-
search hotspot in recent years. Exosomes are
formed by multivesicular bodies in cells and are
released into the extracellular space. Exosomes
can carry various substances, including nucle-
ic acids, proteins, and lipids, and participate in
the transfer of biological information in the
microenvironment [7]. The highest level of ma-
ture microRNA (miRNA) has been detected in
various exosomes (~41.72%) [8]. Recent stud-
ies suggest that mature miRNAs in exosomes
play various functional and regulatory roles in
recipient cells [9]. miRNAs have been shown to
be primarily involved in the post-transcriptional
regulation of gene expression [10]. A study has
confirmed that miRNAs in exosomes can regu-
late tumor resistance, metastasis, and immune
responses [11]. One ovarian cancer study dem-
onstrated that tumor-associated adipocytes
and fibroblasts in the tumor microenvironment
produced exosomes containing large amounts
of miR-21, which were taken up by tumor cells.
miR-21 could inhibit tumor cell apoptosis by
targeting apoptosis-related enzyme activators.
Thus, miR-21 in exosomes was shown to en-
hance the resistance of ovarian cancer cells
to paclitaxel chemotherapy [12]. In breast can-
cer, exosomes containing miR-200 produced
by highly metastatic tumor cells can enhance
the metastatic ability of low-metastatic tumor
cells. Additionally, the expression levels of miR-
24 were reported to be dysregulated in various
types of cancers [13-15]; for example, miR-24
was found to promote breast cancer metas-
tasis [16]. Therefore, identifying the important
functions and roles of miRNAs in exosomes in
the tumor microenvironment would be helpful
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to better understand liver metastasis and the
associated molecular mechanisms.

In this study, we generated EMT liver cancer
cells in vitro. The overall size of exosomes in
EMT liver cancer cells was smaller than that in
normal liver cancer cells. Following functional
analyses and next-generation sequencing, the
cell functions and transcript environment were
found to differ between EMT SMMC-7721 and
normal SMMC-7721 cells. Moreover, we identi-
fied differentially expressed miRNAs (DEmis)
between the two different groups and studied
their functional roles in several cell lines. In
particular, hsa-miR-24-3p in exosomes activat-
ed fibroblasts to become tumor-associated
fibroblasts, promoted epithelialization, and en-
hanced the tumor growth of liver cancer cells.
This evidence is helpful to further understand
the process of liver cancer metastasis.

Material and methods
Cell treatments

SMMC-7721, 97L, Hep3B, HepG2, and Huh7
cells were obtained from the American Type
Culture Collection (Manassas, VA, USA). All ce-
lls were cultured in RPMI 1640 medium con-
taining 10% (v/v) fetal bovine serum (FBS; In-
vitrogen, Carlsbad, CA, USA). Cell lines were
maintained in a humidified chamber at 5% CO,
and 37°C. SMMC-7721 cells were divided into
two subgroups: SMMC-7721 cells treated with
transforming growth factor-1 (TGF-B1; 10 ng/
ml) and SMMC-7721 cells without TGF-B1 tre-
atment. pEZ-Lv301 vector was used to gener-
ate a knockdown system of hsa-miR-24-3p and
hsa-miR-21-5p in SMMC-7721 cells. Endo Fe-
ctin-Lenti™ and Titer Boost™ reagents (Fulen-
Gen, Guangzhou, China) were used to genera-
te lentiviral particles according to the manufac-
turer’s instructions. Subsequently, the lentivi-
ral transfer vector was added and co-transfect-
ed into SMMC-7721 cells with the Lenti-Pac™
HIV packaging mix (FulenGen). The superna-
tant was harvested 48 h after transfection, cl-
arified, and stored at -80°C for further analysis.
The sequences of knockdown-treated double
small interfering RNAs (siRNAs) are as follows:
hsa-miR-24-3p, 5-CUGUUCCUGCUGAACUGAG-
CCA-3’ and 5-UGGCUCAGUUCAGCAGGAACAG-
3’; hsa-miR-21-5p, 5-UCAACAUCAGUCUGAUA-
AGCUA-3’ and 5-UAGCUUAUCAGACUGAUGUU-
GA-3’; and normal control (NC), 5’-CAGUACU-
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UUUGUGUAGUACAA-3" and 5’-UUGUACUACACA-
AAAGUACUG-3'. Double-stranded siRNAs were
purchased from ReiBo Biotech (China). Cells (5
x 10°) were plated in six-well plates containing
Dulbecco’s modified Eagle’s medium with 10%
FBS and incubated overnight. Lipofectamine
2000 reagent was used to perform transfec-
tions (final siRNA concentration, 80 nM; Thermo
Fisher Scientific, Waltham, MA, USA).

Exosome extraction

Exosome extraction was performed using the
Total Exosome Isolation Reagent (Thermo Fi-
sher Scientific) according to the manufactur-
er’'s protocol. Isolated exosomes were stored
at 4°C for further analysis. Nanoparticle track-
ing analysis (NTA) of exosomes was conducted
as previously described [17], and the morphol-
ogy of exosomes was scanned using a scan-
ning electron microscope (SEM).

Animal and tissue collection

Four- to six-week-old male BALB/c nude mice
were purchased from Nanjing Biomedical Re-
search Institute of Nanjing University. One in-
jection point was taken from each nude mouse,
and 2 x 10° previously treated SMMC-7721
cells (0.5 ml) were inoculated subcutaneously
by intraperitoneal injection. After 5 days, clear
tumor formation was noted. After 4 weeks, the
tumors were collected, and their weight and
volume were measured. Mice were euthanized
by rapid cervical dislocation after anesthesia
by isofluorane inhalation.

Quantitative real-time polymerase chain reac-
tion (qPCR)

Total RNA of exosomes was isolated using a
MiniBEST Universal RNA Extraction Kit (Takara,
Shiga, Japan). A PrimeScript™ Il Strand cDNA
Synthesis Kit (Takara) was used to synthesize
cDNA. The primer sequences of five selected
miRNAs are as follows: hsa-miR-99b-5p-F, 5-
CACCCGTAGAACCGACCT-3’;  hsa-miR-99b-5p-
R, B5-GTCGTATCCAGTGCAGGGTCCGAGGTATTC-
GCACTGGATACGACCGCAAG-3’; hsa-miR-21-5p-
F, 5-GCCGTAGCTTATCAGACTGA-3’; hsa-miR-21-
5p-R, 5-GTCGTATCCAGTGCAGGGTCCGAGGTAT-
TCGCACTGGATACGACTCAACA-3’; hsa-miR-23a-
3p-F, 5-AGATCACATTGCCAGGGAT-3’; hsa-miR-
23a-3p-R, 5-GTCGTATCCAGTGCAGGGTCCGAG-
GTATTCGCACTGGATACGACGGAAAT-3’; hsa-miR-
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24-3p-F, 5-TGGCTCAGTTCAGCAGGA-3’; hsa-
miR-24-3p-R, 5-GTCGTATCCAGTGCAGGGTCCG-
AGGTATTCGCACTGGATACGACCTGTTC-3’; hsa-
miR-100-5p-F, 5-GAACCCGTAGATCCGAACT-3’;
and hsa-miR-100-5p-R, 5-GTCGTATCCAGTGC-
AGGGTCCGAGGTATTCGCACTGGATACGACCAC-
AAG-3'. The 20-ul gPCR reaction mixture con-
tained 10 pl of 2 x SsoAdvanced™ Universal
SYBR® Green Supermix (Bio-Rad, Hercules,
CA, USA), 1 pl of primers (5 pmol each), 1 ul of
DNA template (~20 ng), and 8 pl of double-dis-
tilled water. The PCR amplification conditions
were as follows: 94°C for 3 min, 40 cycles of
95°C for 15 s, and 60°C for 25 s. Glycerald-
ehyde 3-phosphate dehydrogenase (GAPDH)
was used as the reference gene [18]. The 2-45C
method was used to calculate the relative
expression of each miRNA.

Western blotting (WB)

Total protein was extracted from exosomes
and cells using a homemade cell lysis buffer
[phenylmethylsulfonyl fluoride/RIPA cell lysis
buffer, 1:120 (v/v)]. The protein was precipita-
ted using 5 x Protein Loading Buffer (ABM,
Vancouver, Canada). The mixture was heated
at 100°C in a boiling water bath for 5 min
and transferred onto a polyvinylidene difluori-
de membrane (Millipore, Burlington, MA, USA).
After blocking for 1 h at room temperature, the
membrane was incubated with rabbit polycl-
onal anti-mouse CD63 (1:1000; Abcam, Cam-
bridge, MA, USA; ab134045), tumor suscepti-
bility gene 101 (TSG101; 1:1000; Abcam; ab-
125011), HspA8 (1:1000; Cell Signaling Tech-
nology, Danvers, MA, USA; 8444), Alix (1:1000;
Cell Signaling Technology; 2171), E-cadherin
(1:500; Abcam; ab15148), N-cadherin (1:300;
Abcam; ab18203), vimentin (1:20000; Abcam;
ab24525), B-catenin (1:4000; Abcam; ab63-
02), and GAPDH (1:2500; Abcam; ab9485) pri-
mary antibodies for 15 h. The membranes we-
re then incubated with the appropriate secon-
dary antibodies (1:1500 dilution; Abcam) for 1
h at room temperature. Protein bands were
observed using the Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA).

Immunofluorescence microscopy

Nuclei were stained with 4’,6-diamidino-2-phe-
nylindole. Each slide was washed with three
times with 500 pl of phosphate-buffered sali-
ne. Subsequently, exosomes were labeled with
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PKHG67 dye for 24 h (Invitrogen) following the
manufacturer’s protocol. Images were obtain-
ed using a confocal microscope. Zeiss LCM
image browser software was used to produce a
composite multicolor image.

Cell migration, invasion, and proliferation

The Transwell Permeable Support Kit (Corn-
ing, Corning, NY, USA) was used to assess cell
migration. Cells (1 x 10%/ml; 100 pl/chamber)
were transferred to the upper chamber of each
Transwell and were allowed to migrate for 24 h
at 37°C. Cells that migrated to the bottom side
of the membrane were fixed in methanol and
stained with hematoxylin. Cell invasion was
analyzed using the Cultrex 24-well BME Cell
Invasion Assay kit (Trevigen, Gaithersburg, MD,
USA). Briefly, 1 x 102 cells were seeded in the
upper wells that were previously coated with
a Matrigel basement extract. Growth medium
(500 ul) was added to the lower wells. After
incubation for 24 h at 37°C, the noninvasive
cells on the upper surface were removed, and
the cells that migrated to the lower surface
were fixed with 500 pl of Cell Dissociation
Solution/Calcein-AM (Thermo Fisher Scienti-
fic). Cell quantification was performed by fluori-
metric analysis with an excitation wavelength
of 485 nm and an emission wavelength of 520
nm.

SMMC-7721 cells were divided into three gr-
oups: one control group and two groups treat-
ed with exosomes (10 ug/ml) of either SMMC-
7721 or EMT SMMC-7721 cells. After 24 h, the
solution was removed, and MTS solution was
added (10 ul/chamber). The absorbance values
at 490 nm (at 24, 48, and 72 h) were deter-
mined using a microplate reader.

Cell sequencing

Total RNA of cells was extracted using Trizol
reagent according to the manufacturer’s ins-
tructions. The purity and concentration were
determined using NanoDrop ND100O (Thermo
Fisher Scientific). To prepare the RNA-seq li-
brary, ribosomal RNA was separated from to-
tal RNA using the Epicentre Ribo-zero™ rRNA
Removal Kit (Epicentre, Madison, WI, USA). Th-
en, a library was constructed using the RNA
Library Prep Kit for lllumina (New England Bio-
labs, Ipswich, MA, USA) according to the ma-
nufacturer’s instructions. After quantification
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of the library of each group with the Agilent
2100 Bioanalyzer System (Agilent Technologi-
es, Santa Clara, CA, USA), RNA-seq was per-
formed using the HiSeq 2500 platform (Illu-
mina, San Diego, CA, USA).

Exosome sequencing

Total RNA of exosomes was extracted using
the MiniBEST Universal RNA Extraction Kit.
NanoDrop ND1000 was used to measure the
quality and quantity of RNA. Reverse transcrip-
tion and library preparation were performed
using the QIlAseq miRNA Library Kit (Qiagen,
Hilden, Germany) following the manufacturer’s
protocol. The final library product was assess-
ed using an Agilent 2100 Bioanalyzer System.
An lllumina HiSeq 2500 platform was used to
sequence the library with a 150-bp paired-end
sequencing strategy.

Bioinformatic analysis

Raw reads in the FASTQ format were first pro-
cessed using in-house Perl scripts to prepare
clean reads by deleting reads containing poly-N
and adapters as well as low-quality reads. The
expected number of reads per kilobase per mil-
lion mapped reads of both mRNAs and miRNAs
in each sample followed Cuffdiff's statistical
analyses. The mRNA reads were mapped to
the hgl9 genome using TopHat version 2.1.0
(https://ccb.jhu.edu/software/tophat/index.
shtml). For miRNA analysis, low-quality reads
were removed, and reads with “adapter only”
or unclipped reads were discarded. The rema-
ining clean reads with a length between 15
and 30 nucleotides were mapped to hgl19 us-
ing SOAP version 2.0. miRNAs were identified
and annotated using the National Center for
Biotechnology Information (NCBI) Refseq data
and NCBI GenBank data (http://www.ncbi.nih.
gov). The miRNA candidate target mRNAs we-
re predicted using the miRTarBase database
(https://bio.tools/mirtarbase). Genes or tran-
scripts with P < 0.05 and fold change > 2 were
defined as mRNAs or miRNAs that were differ-
entially expressed between the two groups.

An unsupervised clustering heatmap and Vol-
cano plot were constructed using the R pack-
age (https://cran.r-project.org/web/packages/
pheatmap/) to obtain an overview of the ex-
pression profiles of mMRNAs and miRNAs. Ge-
ne Ontology (GO) enrichment analysis was per-
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formed using the Gene Ontology Consortium
website (http://www.geneontology.org) to iden-
tify the genetic regulatory networks of the tar-
get mMRNAs of DEms and DEmis by forming hier-
archical categories according to the molecular
function, biological process, and cellular com-
ponent aspects. Kyoto Encyclopedia of Genes
and Genomes (KEGG) (http://www.genome.jp/
kegg/) pathway analysis was performed to ex-
plore the significant pathways of the target
mRNAs of DEms and DEmis. The miRNA-tar-
get mMRNA interaction network was construct-
ed using Cytoscape_V2_8_3. SPSS version
16.0 with one-way analysis of variance was
used for statistical analysis. P < 0.05 was con-
sidered statistically significant.

Statistical analysis

SPSS version 16.0 software (IBM, Armonk, NY,
USA) was used in this study. Differences bet-
ween two or more groups were analyzed using
the Student’s t-test. P < 0.05 was considered
statistically significant.

Results
EMT model construction

To study EMT in hepatocellular carcinoma cell
lines, we treated SMMC-7721 cells with TGF-f1
(10 ng/ml) for 21 days. Cell morphology was
observed under an optical microscope. Typical
morphological changes (high cell length-to-wid-
th ratio and shuttle formation) associated with
SMMC-7721 cell in EMT could be observed
after TGF-B1 treatment (Figure S1A). To further
confirm the effects of EMT, changes in the
protein expression of EMT-associated factors
(vimentin, B-catenin, E-cadherin, and N-cad-
herin) were analyzed by WB. The expression of
N-cadherin, B-catenin, and vimentin in the TGF-
Bl-treated group was significantly higher than
that in the NC group (Figure S1B). In addition,
the expression of E-cadherin in the TGF-B1-
treated group was significantly lower than that
in the NC group. These results indicated that
TGF-B1 treatment for 21 days induced typical
EMT of SMMC-7721 cells.

Exosomes in SMMC-7721 and EMT SMMC-
7721 cells

To investigate the characteristics of exosom-

es in SMMC-7721 and EMT SMMC-7721 cells,
exosomes were isolated from the culture super-
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natants (1 ml) of approximately 4 x 10 SMMC-
7721 and EMT SMMC-7721 cells using a com-
mercial separation kit. NTA of exosomes in both
groups suggested that the size of exosomes
mainly ranged from 60 to 80 nm (Figure 1A).
The overall size of exosomes in EMT SMMC-
7721 cells appeared to be smaller than that in
SMMC-7721 cells (Figure 1A). The expression
levels of exosome markers (CD63, TSG101,
HspAS8, and Alix) were validated using WB anal-
ysis. The results indicated that these four exo-
some biomarkers were more abundant in the
exosomes of SMMC-7721 and EMT SMMC-
7721 cells than in SMMC-7721 and EMT SM-
MC-7721 cells (Figure 1B). In addition, we la-
beled exosomes with a PKH67 dye. SMMC-
7721 cells were incubated with EMT SMMC-
7721 exosomes for 24 h. The results showed
that PKHG7-labeled exosomes were localized
in the cytoplasm of SMMC-7721 cells, which
indicated that EMT SMMC-7721 cell-derived
exosomes could be internalized by SMMC-77-
21 cells (Figure S2). In summary, these results
demonstrated that the exosomes obtained in
this study were reliable.

Cell function

To further investigate the effects of exosomes
isolated from SMMC-7721 and EMT SMMC-
7721 cells on cell behavior, five cell lines (SM-
MC-7721, 97L, Hep3B, HepG2, and Huh7) we-
re selected for functional analysis. Transwell
chambers were used to assess the in vitro
migration ability of these cell lines with differ-
ent treatments (Figures 2B, S3). The results
indicated that exosomes of SMMC-7721 and
EMT SMMC-7721 cells could consistently pro-
mote cell migration and invasion of the five
selected cell lines compared with that in the
NC groups. The result of MTS analysis (Figure
2A) in SMMC-7721 cells showed that the pro-
liferation of SMMC-7721 cells increased over
time, that exosomes of SMMC-7721 and EMT
SMMC-7721 cells consistently promoted cell
proliferation in SMMC-7721 cells compared wi-
th that in the NC groups (P < 0.01), and that
exosomes of EMT SMMC-7721 cells promoted
SMMC-7721 cell proliferation compared with
that in SMMC-7721 cells at 48 and 72 h (P <
0.0001). In summary, these results suggest
that exosomes in both groups contain certain
biomaterial that is closely related to cell func-
tion, especially in the exosomes of EMT SMMC-
7721 cells.
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morphology of exosomes (right). B. WB analysis of exosome biomarkers (CD63, TSG101, HspAS8, and Alix) in SMMC-

7721 cells with or without TGF-B1 treatment.

DEms in SMMC-7721 and EMT SMMC-7721
cells

Next-generation sequencing was used to id-
entify DEms between EMT SMMC-7721 and
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SMMC-7721 cells. A total of 60 DEms were
upregulated in EMT SMMC-7721 cells com-
pared with that in SMMC-7721 cells, whereas
a total of 78 DEms were downregulated in EMT
SMMC-7721 cells compared with that in SM-
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MC-7721 cells (Figure 3A, 3B). The upregulat-
ed and downregulated DEms were both enrich-
ed in chromosome 2 (Figure 3C). Furthermore,
the functions of these DEms were determined
from GO analysis (Figure 3D). The three most
enriched items of cellular component were ce-
I, cell part, and organelle. The most enriched
item of molecular function was binding. The
most enriched item of biological process was
cellular process. KEGG analysis revealed that
the most enriched item was neuroactive ligand-
receptor interactions (Figure 3E).

DEmis in exosomes

Next-generation sequencing was also used
to identify DEmis between exosomes of EMT
SMMC-7721 and SMMC-7721 cells. A total of
709 DEmis were upregulated in the exosomes
of EMT SMMC-7721 cells compared with that
in the exosomes of SMMC-7721 cells, whereas
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Figure 2. Effects of exosomes isolated from EMT
SMMC-7721 and SMMC-7721 cells on SMMC-
7721 cell proliferation, migration, and invasion.
A. MTS analysis of proliferation. B. Transwell
analysis of migration and invasion. All figures
are magnified 200 x. NC represents SMMC-
7721 cell, 7721 exo represents exosomes of
SMMC-7721 cells, EMT 7721 exo represents
exosomes of EMT SMMC-7721 cells, * repre-
sents vs. NC, + represents vs. 7721 exo, **; P
<0.01, ****;, P <0.0001, ++++; P < 0.0001.

EMT 7721 exo

123 DEmis were downregulated in the exo-
somes of EMT SMMC-7721 cells compared wi-
th that in the exosomes of SMMC-7721 cells
(Figure 4A, 4B). Furthermore, the functions of
these DEmis were determined using GO analy-
sis (Figure 4C). The three most enriched items
of cellular component were cell, cell part, and
organelle. The most enriched items of mole-
cular function were binding and catalytic. The
most enriched items of biological process we-
re cellular process, biological regulation, meta-
bolic process, and pigmentation. KEGG analy-
sis revealed that the most enriched items were
pathways related to cancer and proteoglycans
in cancer (Figure 4D).

Moreover, based on the significant differences
and upregulated expression determined by se-
quencing, five DEmis were selected (Table 1)
to reconstruct the network of miRNA-mRNA in-
teractions. The five miRNAs were shown to play
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Figure 4. DEmis and their functions in the exosomes of EMT SMMC-7721 cells. A. Heatmap of DEmis between
the exosomes of EMT SMMC-7721 and SMMC-7721 cells. B. Scatter plot of DEmis between the exosomes of EMT
SMMC-7721 and SMMC-7721 cells. C. GO analysis of DEmis. D. KEGG analysis of DEmis. EXO represents exosomes
of SMMC-7721 cells. EMT EXO represents exosomes of EMT SMMC-7721 cells.

Table 1. Expression of five miRNAs in SMMC-7721 and EMT SMMC-7721 exosomes

7721 EMT7721

7721
genelD exosome-  exosome-

EMT7721
exosome-RPKM  exosome-RPKM

log, Ratio (EMT7721 Up-Down-Regulation
exosome/7721 (EMT7721 exosome/7721

Expression Expression exosome) exosome)
hsa-miR-99b-5p 7505 52259 678.1158769 5735.364389 3.080281421 Up
hsa-miR-21-5p 38622 228576  3489.699054  25085.9498 2.845705031 Up
hsa-miR-23a-3p 5330 27557 481.5932877 3024.348657 2.650737278 Up
hsa-miR-24-3p 6044 25244 546.1069101 2770.499601 2.342890842 Up
hsa-miR-100-5p 7153 29652 646.3108418 3254.272467 2.332034949 Up

key roles in this network (Figure 5A). For in-
stance, hsa-miR-21-5p could regulate AKT2
and EGFR, which are closely related to cancer.
In addition, these five DEmis were also selected
to confirm their expression levels in the exo-
somes of both groups by qPCR (Figure 5B). As
shown in Figure 5B, hsa-miR-100-5p expres-
sion was significantly lower in the exosomes of
EMT SMMC-7721 cells than in the exosomes
of SMMC-7721 cells (P < 0.05). This result was
inconsistent with that of next-generation sequ-
encing. We speculated that this might be due
to a technical error. The expressions of the
other four DEmis were significantly higher in the
exosomes of EMT SMMC-7721 cells than in
the exosomes of SMMC-7721 cells (P < 0.05),
which was consistent with the result of next-
generation sequencing.

Knockdown analysis of hsa-miR-24-3p and
hsa-miR-21-5p in SMMC-7721 cells

The miRNAs with the most number of target
genes were hsa-miR-24-3p and hsa-miR-21-5p.
To further examine the function of these two
miRNAs in exosomes, we categorized SMMC-
7721 cells into four groups: SMMC-7721 cells +
SMMC-7721 exo group [(MIRNA In NC) exo],
SMMC-7721 cells + EMT SMMC-7721 exo gr-
oup [EMT (miRNA In NC) exo], SMMC-7721 ce-
lls + EMT SMMC-7721 (hsa-miR-24-3p knock-
down) exo group [EMT (miR-24-3p In) exo], and
SMMC-7721 cells + EMT SMMC-7721 (hsa-miR-
21-5p knockdown) exo group [EMT (miR-21-5p
In) exo]. gPCR was used to confirm hsa-miR-24-
3p and hsa-miR-21-5p knockdown. The expr-
ession of hsa-miR-24-3p and hsa-miR-21-5p
in the EMT (miR-24-3p In) exo group and EMT
(miR-21-5p In) exo group was significantly do-
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wnregulated compared with that in the EMT
(miRNA In NC) exo group (P < 0.0001; Figure
6A). This result suggested that hsa-miR-24-3p
and hsa-miR-21-5p knockdown in EMT SMMC-
7721 cells was achieved. The expression of
the key members in SMMC-7721 cells was an-
alyzed using WB. Exosomes with hsa-miR-24-
3p knockdown treatment inhibited the EMT-
related protein expression caused by normal
exosomes in EMT SMMC-7721 cells (Figure
6B). However, this phenomenon was not ob-
served in the hsa-miR-21-5p knockdown treat-
ment. In addition, the effects of hsa-miR-24-3p
and hsa-miR-21-5p knockdown treatments on
cell behavior were determined. Knockdown of
hsa-miR-24-3p could inhibit the progressive
migration and invasion caused by exosomes in
EMT SMMC-7721 cells, whereas knockdown of
hsa-miR-21-5p did not affect cell behavior (Fi-
gure 6C). The above results suggest that hsa-
miR-24-3p in exosomes play a more significant
role in the EMT of SMMC-7721 cells.

Knockdown analysis of hsa-miR-24-3p in nude
mice

To further verify the function of hsa-miR-24-3p
in exosomes, SMMC-7721 cells were catego-
rized into four different groups as follows:
SMMC-7721 cells (Control), SMMC-7721 cells
+ SMMC-7721 exo group (EXO), SMMC-7721
cells + EMT SMMC-7721 exo group (EMT EXO),
and SMMC-7721 cells + EMT SMMC-7721 (hsa-
miR-24-3p knockdown) exo group [EMT EXO
(miR-24-3p In)]. The cells were inoculated sub-
cutaneously via intraperitoneal injection. Figure
7A shows the effects of different treatments
on the weight of nude mice. The weight of mice
in the Control group was apparently higher than

Am J Transl Res 2020;12(10):6811-6826
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that of mice in the EMT EXO (miR-24-3p In)
group. In addition, the size and weight of the
tumors in the EMT EXO (miR-24-3p In) group
were apparently decreased compared with th-
ose in the EMT EXO groups (P < 0.05) (Figure
7B, 7C). Using qPCR, we found that the expr-
ession of hsa-miR-24-3p in the exosomes of
the EMT Exo (miR-24-3p In) group was indeed
reduced compared with that in the EMT EXO
groups (P < 0.0001) (Figure 7D), which proves
that the hsa-miR-24-3p knockdown experiment
was indeed successful. The exosomes with the
hsa-miR-24-3p knockdown treatment could in-
hibit the expression of EMT-related proteins
caused by exosomes in EMT SMMC-7721 cells
(Figure T7E); this result of WB was the same
as that processed directly in cells (Figure 6B).
Therefore, these results demonstrate that the
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Figure 5. Analysis of selected miRNA-tar-
get genes and verification of miRNA ex-
pression. A. miRNA-gene network analyses
of five miRNAs. Green triangle indicates
selected miRNAs. Red ellipse indicates
genes that are regulated by miRNAs. B.
gPCR analysis of five selected DEmis in
the exosomes of SMMC-7721 and EMT
SMMC-7721 cells. 7721 exo represents
exosomes of SMMC-7721 cells. EMT 7721
exo represents exosomes of EMT SMMC-
7721 cells. *; P <0.05, ***; P < 0.001.
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exosomes of SMMC-7721 cells with hsa-miR-
24-3p knockdown could effectively inhibit EMT
of SMMC-7721 cells.

Discussion

In the tumor microenvironment, tumor-associ-
ated fibroblasts are the major components of
the stroma. These cells are activated fibro-
blasts that secrete various cytokines, which
play an important role in promoting tumor pro-
gression and metastasis [19, 20]. For example,
a previous study has demonstrated that tumor-
associated fibroblasts promote tumor growth
and angiogenesis by secreting large amounts
of stromal cell-derived factor 1 in invasive ma-
mmary glands [21]. Tumor-associated fibrobl-
asts also regulate the inflammatory microenvi-
ronment. Studies have confirmed that tumor-

Am J Transl Res 2020;12(10):6811-6826
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Figure 6. miRNA inhibitor in SMMC-7721 cells interfered with different exosomes to verify the effect of exosomes
of SMMC-7721 cells. A. gPCR confirmation of hsa-miR-24-3p and hsa-miR-21-5p knockdown in different exosomes.
*x%x% P <0.0001 (vs. exosomes of SMMC-7721 cells); ++++; P < 0.0001 (vs. exosomes of EMT SMMC-7721 cells).
B. WB analysis of EMT-related proteins in SMMC-7721 cells with different exosome treatments. C. Migration and
invasion analysis of SMMC-7721 cells with different exosome treatments. (miRNA In NC) exo, exosomes of SMMC-
7721 cells; EMT (miRNA In NC) exo, exosomes of EMT SMMC-7721 cells; EMT (hsa-miR-24-3p In) exo, exosomes of
EMT SMMC-7721 cells with hsa-miR-24-3p knockdown treatment; EMT (hsa-miR-21-5p In) exo, exosomes of EMT
SMMC-7721 cells with hsa-miR-21-5p knockdown treatment. All figures are magnified 200 x.

associated fibroblasts secrete interleukin-6
and -8, which promote inflammation microcir-
culation [22, 23]. Owing to the heterogeneity
of tumor-associated fibroblasts, many specific
markers are used, such as «-SMA, fibroblast-
specific protein 1, fibroblast activation prote-
in, and platelet-derived growth factor receptor.
Among them, a-SMA is one of the most com-
mon markers and is widely used for the identi-
fication of tumor fibroblasts [24]. Exosomes
are membranous vesicles that are produced by
multivesicular bodies in the cell and released
into the extracellular space. Heat shock protein
70, TSG101, and CD63 are the most wide-
ly used biomarkers to identify exosomes [7].
Tumor cell-derived exosomes play an important
role in promoting tumor progression. For exam-
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ple, exosomes containing EMT-associated pro-
teins produced by melanoma cells with high
metastatic ability can promote bone marrow
precursor cells, which could promote the meta-
static ability of primary tumors [25]. In the pres-
ent study, we successfully constructed an EMT
model by treating SMMC-7721 cells with TGF-
B41. Cell function analysis indicated that exo-
somes of EMT SMMC-7721 cells significantly
promoted cell migration and invasion of SMMC-
7721, HepG2, 97L, Hep3B, and Huh7 cells. Us-
ing high-throughput sequencing, we analyzed
DEms and DEmis between EMT SMMC-7721
and normal SMMC-7721 cells, and the results
suggested that the transcript environment was
indeed different between these two types of
cells.

Am J Transl Res 2020;12(10):6811-6826
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Figure 7. Effect of exosomes isolated from SMMC-7721 cells on tumor formation in nude mice combined with hsa-
miR-24-3p knockdown in the exosomes of EMT SMMC-7721 cells. A. Effect of different treatments on the weight of
nude mice. B. Effect of different treatments on subcutaneous tumor formation volume. *; P <0.05 (vs. SMMC-7721
cells); #; P < 0.05 (vs. exosomes of EMT SMMC-7721 cells). C. Phenotype and weight of different treatments on
subcutaneous tumors. **; P < 0.01, ****; P <0.0001 (vs. SMMC-7721 cells), ####; P < 0.0001 (vs. exosomes of
EMT SMMC-7721 cells). D. gPCR analysis of hsa-miR-24-3p expression following different treatments in tumors. **;
P <0.01, ****; P <0.0001 (vs. SMMC-7721 cells), ####; P < 0.0001 (vs. exosomes of EMT SMMC-7721 cells). E.
WB analysis of E-cadherin, N-cadherin, vimentin, and B-catenin expression following different treatments in tumors.
Control, SMMC-7721 cells; EXO, SMMC-7721 cells treated with exosomes of SMMC-7721 cells; EMT EXO, SMMC-
7721 cells treated with exosomes of EMT SMMC-7721 cells; [EMT EXO (miR-24-3p In)], SMMC-7721 cells treated
with EMT SMMC-7721 exosomes with hsa-miR-24-3p knockdown.

dies suggested that tumor-associated adipo-
cytes and fibroblasts in the tumor microenvi-

Various studies have confirmed that miRNAs
in exosomes regulate tumor resistance, metas-

tasis, and immune response. Therefore, miR-
NAs in exosomes play an important role in the
development of various tumors. Previous stu-
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ronment produced exosomes containing large
amounts of miR-21, which were taken up by
tumor cells. Mao et al. suggested that miR-21

Am J Transl Res 2020;12(10):6811-6826
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promotes the proliferation and migration and
inhibits the apoptosis of A375 human melano-
ma cells by inhibiting SPRY1, PDCD4, and PTEN
via the extracellular signal-regulated kinase/
nuclear factor-kB signaling pathway [26]. Luo
et al. demonstrated that miR-21 promoted
tumor cell migration and invasion by activating
Sox2 and B-catenin signaling pathways in glio-
ma cells [27]. Previous studies have also sh-
own that miR-24 plays an important role in
tumorigenesis and progression by regulating
target gene expression. For example, Lu et al.
demonstrated that miR-24 functioned as an
oncogene and was upregulated in breast can-
cer [15]. Liu et al. demonstrated that miR-24
suppressed osteosarcoma metastasis by tar-
geting Ackl via the AKT/MMP pathways [28].
Meanwhile, we demonstrated that miRNAs we-
re differentially expressed in exosomes of EMT
SMMC-7721 and normal SMMC-7721 cells.
EMT SMMC-7721 cells were able to produce a
greater variety of DEmis in exosomes compar-
ed with that in normal SMMC-7721 cells. The
functions of these DEmis were closely related
to pathways involved in cancer and proteogly-
cans in cancer. After the functional studies of
two selected DEmis (hsa-miR-24-3p and hsa-
miR-21-5p), it was revealed that hsa-miR-24-3p
indeed played an important role in regulating
cell behavior. Following the analysis of cell func-
tions and nude mice experiments, we showed
that exosomes in EMT SMMC-7721 cells co-
uld effectively promote liver cell migration and
invasion. Importantly, our results suggest that
the analysis of hsa-miR-24-3p in exosomes
may provide clues to the processes involved in
EMT and liver cancer metastasis. miRNAs may
be released along with exosomes during the
communication between EMT cancer cells and
normal cancer cells in vitro.

However, due to the complexity of biomaterials
in exosomes, we cannot exclude the possibi-
lity that other EMT-driven proteins, mRNAs, or
mMiRNAs in the exosomes could potentially play
a role in intercellular communication.

In summary, miRNAs carried by exosomes of
EMT liver cancer cells can activate normal liver
cancer cells to promote cell fibrosis. hsa-miR-
24-3p may be one of the most important mo-
lecular markers of EMT in liver cancer. Our find-
ings provide new insights into the pathological
mechanisms of liver cancer metastasis.
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Figure S1. Cell morphology and exosome identification of SMMC-7721 cells with or without TGF-B1 treatment. Aa.
SMMC-7721 cells without TGF-B1 treatment (magnified 40 x). Ab. SMMC-7721 cells without TGF-B1 treatment
(magnified 200 x). Ac. SMMC-7721 cells treated with TGF-B1 (magnified 40 x). Ad. SMMC-7721 cells treated with
TGF-B1 (magnified 200 x). B. WB analysis of EMT biomarkers in SMMC-7721 cells with or without TGF-B1 treatment.
GAPDH was used as an internal reference.
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Figure S2. Endocytosis analysis of SMMC-7721 cells to exosomes of EMT SMMC-7721 cells. The exosomes of EMT
SMMC-7721 cells were labeled with PKHG7.
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Figure S3. Migration and invasion analysis of the effects of exosomes of SMMC-7721 and EMT SMMC-7721 cells on
four cell lines (97L, Hep3B, HepG2, and Huh7). All figures are magnified 200 x. NC represents SMMC-7721 cells,
7721 Exo represents exosomes of SMMC-7721 cells, and EMT 7721 Exo represents exosomes of EMT SMMC-7721
cells.



