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Abstract: The deregulation of exosomal microRNAs (miRNAs) plays an important role in the progression of hepa-
tocarcinogenesis. In this study, we highlight exosomes as mediators involved in modulating miRNA profiles in liver
cancer cells after induction of the epithelial-mesenchymal transition (EMT) and metastasis. Initially, we induced
EMT in a hepatocellular carcinoma cell (HCC) line (Hep3B) by stimulation with transforming growth factor-p (TGF-B)
and confirmed by western blot detection of EMT markers such as vimentin and E-cadherin. Exosomes were then
isolated from the cells and identified by nanoparticle tracking analysis (NTA). The isolated exosomal particles from
unstimulated Hep3B cells (Hep3B exo) or TGF-B-stimulated EMT Hep3B cells (EMT-Hep3B exo) contained higher
levels of exosome marker proteins, CD63 and TSG101. After incubation with EMT-Hep3B exo, Hep3B cell prolifera-
tion increased. EMT-Hep3B exo promoted the migration and invasion of Hep3B and 7721 cells. High-throughput
sequencing of miRNAs and mRNA within the exosomes showed 119 upregulated and 186 downregulated miRNAs
and 156 upregulated and 166 downregulated mRNA sequences in the EMT-Hep3B exo compared with the control
Hep3B exo. The most differentially expressed miRNAs and target mRNA sequences were validated by RT-qPCR.
Based on the known miRNA targets for specific mRNA sequences, we hypothesized that GADD45A was regulated by
miR-374a-5p. Inhibition of miR-374a-5p in Hep3B cells resulted in exosomes that inhibited the proliferation, migra-
tion, and invasion of HCC cells. These results enhance our understanding of metastatic progression of liver cancer
and provide a foundation for the future development of potential biomarkers for diagnosis and prognosis of hepatic
cancer.
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Introduction mal state and metastasis is facilitated by inter-
cellular crosstalk, which can occur in many dif-
ferent ways between neighboring and distant
tumor cells as well as immune and stromal cells

in the tumor microenvironment [2].

Hepatocellular carcinoma (HCC) remains the
sixth most common lethal malignancy and is
considered to be the third highest cause of
mortality in cancer-related deaths worldwide.

Due to its poor prognosis and a high risk of
recurrence with metastatic complications, it is
mandatory to identify effective, noninvasive,
and specific biomarkers that could provide
early predictive potential in diagnosis of HCC
[1]. Metastasis of liver cancers including HCC is
a multistep process including an epithelial-
mesenchymal transition (EMT), which is char-
acterized by the loss of epithelial-like charac-
teristics and the gain of mesenchymal-like
attributes including tumor cell migration and
invasion. The establishment of the mesenchy-

Extracellular vesicles called exosomes carry a
concentrated group of functional molecules,
provide protection to the transported mole-
cules, and serve as intercellular communica-
tors that can regulate many cellular processes
while promoting angiogenesis, invasion, and
proliferation in recipient cells to support tumori-
genesis. Most prokaryotic and eukaryotic cells
release exosomes, and this quality is even
retained in cancers such as HCC [3, 4], colorec-
tal [5] lung, breast, ovarian cancers, glioblasto-
ma (GBM), and melanoma [6]. Exosomes are
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nanosized microvesicles (30-100 nm in diame-
ter) produced by many cell types, including T
cells, B cells, dendritic cells, epithelial cells,
and tumor cells [7-9]. Emerging studies have
shown that tumor cells can secrete exosomes
into the extracellular space, which then migrate
to a distant place to transfer their functional
effectors (RNAs, microRNAs (miRNAs), and pro-
teins) to recipient cells and exert pleiotropic
roles in regulating tumor progression, metasta-
sis, and immune dysregulation [10]. Exosomes
provide a novel way to transfer effector mes-
sages between cells including RNA, proteins,
mMiRNAs, long noncoding RNAs (IncRNAs), or
DNA fragments [11, 12]. A number of studies
have demonstrated that abundant cell-free
mMiRNAs from exosomes can induce miRNA-
mediated repression of target genes and func-
tion effectively in various pathological process-
es as either oncogenes or tumor suppressors
in recipient normal or tumor cells [13, 14].

MiRNAs, a family of non-coding RNAs of 20-25
nt, play pivotal roles during this remodeling pro-
cess by regulating target genes at the post-
transcriptional level [15]. Recent studies have
shown that exosomal miRNAs have greater sta-
bility than free miRNAs, and the dysregulated
expression of miRNAs in exosomes can accel-
erate HCC progression by promoting cell prolif-
eration and metastasis via alteration of a net-
work of genes [1, 16]. As post-transcriptional
regulators, miRNAs negatively regulate gene
expression by binding directly to the 3’-untrans-
lated regions (UTRs) of target mRNAs, thereby
inducing mRNA degradation or repression of
protein translation [10].

Previously validated exosomal-mediated patho-
genic mechanisms include activation of target
cells through the transfer of ligands promoting
oncogenic activity and transfer of receptors
resulting in oncogenic activity via activation of
growth factor signaling pathways in recipient
cells. In addition, a novel mechanism of endo-
cytosis of exosomes delivering miRNAs, which
can functionally repress target genes in recipi-
ent cells, has been demonstrated [17]. Tumor-
derived exosomes usually circulate systemical-
ly to interact with surrounding stromal tissue
and promote tumor progression by activating
proliferative and angiogenic pathways [18-21].
Because exosomes carry their parental cell-
type specific proteins and other regulatory mol-
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ecules including miRNAs, they are explored as
prognostic indicators of several types of malig-
nancies and serve as biomarkers in assessing
tumor types and stages [22-24]. A growing
number of miRNAs have been implicated in the
regulation of EMT-related pathways in cancer
[25-28]. Although exosomes have been studied
for many years, biological roles of exosomal
miRNAs in mediating liver cancers are just
beginning to be understood.

In this study, we have performed high-through-
put sequencing of miRNAs in exosomes derived
from hepatic cancer cells after stimulating EMT
by transforming growth factor-f (TGF-B). The
miRNAs specifically upregulated in sensitized
cells were validated and subjected to gene tar-
get prediction, gene ontology (GO) annotation
and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis, which
showed possible functions associated with
these signature miRNAs. In addition, we stud-
ied the functional roles of the screened miR-
NAs in hepatic cancer cells. The results of this
study may help in developing potential biomark-
ers for diagnosis and prognosis of hepatic can-
cer progression.

Materials and methods
Cell culture and treatment with TGF-3

Human hepatocellular carcinoma cells (Hep3B)
and SMMC-7721 cells (7721) were obtained
from Sun Yat-Sen University Laboratory Animal
Center (Guangdong, China). Hep3B cells were
grown in high-glucose DMEM supplemented
with 10% fetal bovine serum (FBS, SBI System
Biosciences, Palo Alto, CA, USA), 100 units/mL
of penicillin, and 100 pg/mL of streptomycin in
a 37°C incubator with a humidified atmosphere
containing 5% CO.,,.

EMT differentiation in Hep3B cells was per-
formed by treatment with 10 ng/mL TGF-B1
for three days. Stimulated cells and 300 mL
of cell supernatant were collected to extract
exosomes.

Exosome isolation and identification

Exosomes were isolated by differential centrifu-
gation of conditioned media collected from
Hep3B cells with or without TGF-B. Cells were
grown in medium containing 10% exosome-
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depleted FBS. After three days’ incubation, the
conditioned medium was initially cleared of cel-
lular debris, and the dead cells were removed
with two sequential centrifugation steps at
2500x%g for 10 min at 4°C. The supernatants
were then ultracentrifuged at 100,000xg for
70 min at 4°C. The pellets were washed with
phosphate-buffered saline (PBS), and the ultra-
centrifugation protocol was repeated. The final
exosome pellets were re-suspended in PBS
and quantified by nanoparticle tracking system
(LM10-HS instrument, NanoSight, Amesbury,
UK).

Characterization of exosome and western blot-
ting analysis

Total protein was extracted from cells and exo-
somes using an extraction buffer with a prote-
ase inhibitor cocktail (Thermo Scientific), and
equal amounts of protein (50 pg) were sepa-
rated by sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis (PAGE) and
transferred to polyvinylidene fluoride (PVDF)
membranes (Bio-Rad). PVDF membranes were
blocked in Tris-buffered saline containing 5%
albumin bovine V and incubated with specific
antibodies to exosomal markers including
CD63 (Abcam, ab134045, 1:3000), and tumor
susceptibility gene 101 (TSG101; Abcam, ab-
125011, 1:3000). Cells were detected by using
anti-E-Cadherin (Cell Signaling Technologies,
14472, 1:2000), anti-vimentin (Santa Cruz Bio-
technology, 6260, 1:1000), growth arrest and
DNA damage 45-alpha (GADD45A) (abcam,
ab180768, 1:500) and GAPDH (Life Technolo-
gies, A-1310016, 1:4000) as an internal con-
trol. After several washes, membranes were
incubated in blocking buffer with polymeriza-
tion horse radish peroxidase (HRP)-conjugated
anti-rabbit IgG (Boster, Wuhan, China) coupled
to horseradish peroxidase for 2 h at room tem-
perature. The complexes were detected by
ECLplus (Amersham Biosciences/GE Health-
care, Velizy, France).

Immunofluorescence staining

Pretreated sterile slides were laid into the wells
of a 12-well plate, then 5x10* cells were plat-
ed in each well and incubated for 12 h at 37°C
in 5% CO,. Exosomes were labeled with carboxy
fluorescein succinimidyl ester (CFSE) (System
Biosciences, USA) according to the manufac-
turer’'s instructions and then pre-incubated
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with the cells. Nuclei were stained with DAPI,
and the cells were photographed under a fluo-
rescence microscope (Nikon, Tokyo, Japan) at
200x magnification.

MTS assay

Hepatic cancer cells at a density of 1x10%/mL
were seeded into 96-well plates (100 uL/well),
treated with exosomes, and examined after 24,
48, and 72 h. The MTS/PMS mixture (Promega,
USA) was then added to the cells and incubated
for 3 h. The optical density of the cells was
measured at 490 nm.

Migration and invasion assays

For the migration assay, Hep3B and 7721 cells
were plated into 24-well Boyden chambers with
an 8 ym pore polycarbonate membrane. For
the invasion assay, Hep3B and 7721 cells were
plated in chambers pre-coated with Matrigel. In
both assays, the cells were plated in medium
with exosomes in the lower chamber. After 48
h, the cells that did not migrate or invade
through the pores were removed. The mem-
brane inserts were fixed and stained, and then
counted under a microscope.

Small RNA and RNA library construction and
high-throughput sequencing

Purified exosomes from Hep3B cells with or
without TGF-B stimulation separately under-
went extraction of total RNA, including the
small RNA fraction, with Trizol (Invitrogen,
Carlsbad, CA, USA). The quality and quantity
of the isolated RNA was determined by the
ND100 Nanodrop (Thermo Fisher), while RNA
integrity was evaluated based on the RIN value
using the Agilent 2200 TapeStation (Agilent
Technologies, CA, USA). Two small RNA libraries
were constructed and sequenced with lllumina
TruSeq deep sequencing technology. RNAs
were ligated with 3’ RNA adapter, followed by a
5’ adapter ligation. Subsequently, the adapter-
ligated RNAs were subjected to RT-PCR and
amplified from single-stranded cDNA templates
to double-stranded cDNA. PCR products were
size-selected by PAGE according to instructions
of TruSegq® Small RNA Sample Prep Kit
(Nlumina, USA). The purified library products
were evaluated using the Agilent 2200
TapeStation and diluted to 10 pM for cluster
generation in situ on the HiSeq2500 single-end
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flow cell, followed by sequencing on the HiSeq
2500 platform. Image files generated by the
sequencer were processed to produce digital
quality data (raw FASTQ files).

Bioinformatic analyses

The resulting raw data was filtered to generate
clean reads (18-30 nt), and then annotated by
aligning to miRBase 21 (http://www.mirbase.
org), Rfam11.0 (http://www.rfam.janelia.org),
UCSC (http://www.gtrnadb.ucsc.edu), and pirn-
abank (http//pirnabank.ibab.ac.in/). The un-
mapped RNA reads were used for prediction of
novel miRNAs with Mireap software. Expression
profiles of known miRNAs and mRNA sequenc-
es were identified and compared. Significant
miRNA changes were selected based on the fol-
lowing criteria: (i) statistical significance of
miRNA expression changes were identified
using a P-value threshold of 0.01 and (ii) fold
change expression with a minimum twofold dif-
ference in either direction was required. The
expression of miRNA was normalized as the
number of reads per million clean tags.

Target genes prediction of differentially ex-
pressed microRNAs

Four software tools (TargetScan, miRanda,
CLIP, and miRDB) were employed to predict tar-
get genes for selected miRNAs. Only targets
that were found by at least three of the four
tools were identified to be the target genes of
miRNAs.

Gene ontology and KEGG pathway analysis

Putative genes were subjected to GO enrich-
ment and KEGG pathway analysis with DAVID
6.7 software (http://david.abcc.ncifcrf.gov/
home.jsp). Fisher’'s exact test and x? test were
used to select the significant GO categories
and signaling pathways. The threshold of sig-
nificance was defined by the P-value, with P <
0.1 regarded as significant for GO and KEGG
analyses, respectively.

Reverse transcriptase quantitative PCR (RT-
gPCR) analysis

RNA was isolated using TRizol reagent (MRC,
TR118-500) according to standard instruc-
tions. Total extracted RNA was used to synthe-
size cDNA by reverse transcription reaction
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using M-MLV Reverse Transcriptase (Promega,
M1705). Target gene and GAPDH mRNA levels
were detected using ChamQ SYBR RT-gPCR
Master Mix, and miRNA levels were detected
using TagMan® miRNA assays (Thermo Fisher
Scientific, MA, USA) according to the manufac-
turer’s instructions with a mature miRNA-spe-
cific forward primer and the universal reverse
primer. The mean expression level of human
endogenous control (U6) was used as an inter-
nal control for all miRNA experiments for com-
parative analysis. The relative mRNA and
miRNA expression levels were then calculated
by the comparative threshold cycle method
(225, The primers used in this study are listed
in Table 1.

Statistical analysis

The data with mean and standard deviation
(SD) as presented here were prepared using
GraphPad Prism software 5. Statistical signifi-
cance between two groups was tested using
unpaired Student’s t-test. P-values < 0.05 were
considered statistically significant.

Results
TGF-B treatment of Hep3B cells induces EMT

Hep3B cells were treated with 10 ng/mL TGF-
B1 as previously reported [29] for six to eight
days for EMT differentiation. Figure S1A shows
that the cells appeared square shaped before
treatment and progressively changed to a dis-
tinct fusiform shape. We confirmed EMT differ-
entiation after TGF-B1 stimulation by detecting
the typical expression pattern of EMT markers
such as vimentin and E-cadherin. During the
EMT process, there was diminished expression
of E-cadherin and increased expression of
vimentin (Figure S1B). These results confirmed
that Hep3B cells were induced to EMT differen-
tiation by TGF-B1.

Isolation and identification of exosomes

Exosomes were isolated from the Hep3B cells
by sequential centrifugation, and their size dis-
tribution and relative concentration were deter-
mined by nanoparticle tracking analysis (NTA)
(Figure 1A and 1B). The expression of the exo-
some markers CD63 and tumor susceptibility
gene 101 (TSG101) were significantly enriched
in Hep3B cell exosomes (Hep3B exo), with the
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Table 1. Sequences of primers used for quantitative RT-PCR method

Gene ID Primer Product Length

GAPDH Forward primer GAGTCAACGGATTTGGTCGT
Reverse primer GACAAGCTTCCCGTTCTCAG

GADDA45A Forward primer GAAGGATCCTGCCTTAAGTCAAC
Reverse primer CCTCTTTCCATCTGCAAAGTCATC

HMOX1 Forward primer CTGGAGGAGGAGATTGAGCG
Reverse primer TGGCACTGGCAATGTTGG

E2F2 Forward primer TCCCAATCCCCTCCAGATC
Reverse primer CAAGTTGTGCGATGCCTGC

ARID3B Forward primer AGAGGACGGAGGTTTGGAAGA
Reverse primer GCTGGAAGTAGATTGGACATGGG

TUBB3 Forward primer GCAAGGTGCGTGAGGAGTAT
Reverse primer GTCTGACACCTTGGGTGAGG

ue Forward primer CTCGCTTCGGCAGCACA
Reverse primer AACGCTTCACGAATTTGCGT

hsa-miR-125b-5p RT

Forward primer
hsa-miR-374a-5p RT

Forward primer
hsa-miR-24-3p RT

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCACAA
GCTCCCTGAGACCCTAACT
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCACTTA
GGCGGTTATAATACAACCTGAT
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCTGTTC

Forward primer ATGGCTCAGTTCAGCAGG

hsa-miR-200b-3p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCATCA
Forward primer GGCTAATACTGCCTGGTAATG

hsa-miR-21-5p RT GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCAACA
Forward primer GCCGTAGCTTATCAGACTGA
Universe-R GTGCAGGGTCCGAGGT

highest expression found in the TGF-B1-stimu-
lated Hep3B cell exosomes (EMT Hep3B exo)
(Figure 1C). These results confirmed that the
isolated exosomal particles from Hep3B cells
induced for EMT by TGF-3 expressed higher lev-
els of exosome-associated marker proteins.

To confirm whether cells could take up exo-
somes derived from Hep3B cells, exosomes
were labeled with CFSE, pre-incubated with the
cells, and analyzed under the fluorescence
microscope. Exosomes accumulated in the
labeled cells compared with the unlabeled con-
trol cells after observing under confocal micro-
scope (Figure 1D).

EMT Hep3B cell-derived exosomes promote
proliferation and metastasis of the hepatoma
cells

To investigate the biological effects of EMT
Hep3B exosomes on mediating cell prolifera-
tion and metastasis of hepatic liver cancer, we
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selected SMMC-7721 cells along with Hep3B
cells and treated each separately with Hep3B
exo or EMT-Hep3B exo and analyzed cell prolif-
eration changes. Whereas EMT-Hep3B exo did
not significantly affect the proliferation of 7721
cells (Figure 2A), EMT-Hep3B exo statistically
significantly increased the rate of proliferation
of Hep3B cells (Figure 2B). In addition, tran-
swell migration and Matrigel invasion assays
showed that EMT-Hep3B exo promoted migra-
tion and invasion of SMMC-7721 cells (Figure
2C) and Hep3B cells (Figure 2D) compared with
control cells.

High-throughput sequencing to detect differen-
tially expressed miRNAs

To investigate the difference in miRNA expres-
sion profiles between Hep3B exo and EMT-
Hep3B exo, we conducted small RNA (< 40 nt)
sequencing. Following low-intensity filtering,
hierarchical clustering was conducted to dis-
play the miRNA expression patterns (Figure
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Figure 1. Exosomes secreted by Hep3B and TGF-B1-induced Hep3B were taken up by Hep3B cells. A and B. Purified particles were analyzed by nanoparticle track-
ing analysis (NTA). Sizes of the particles were between 50 and 200 nm. C. Expression of exosome markers (CD63 and TSG101) was detected by western blot. The
protein expression of exosome markers was upregulated in Hep3B-exo and EMT-Hep3B exo compared with their cells. D. CFSE-labeled Hep3B-exosomes showed
green fluorescence in the cytoplasm of Hep3B cells. EMT Hep3B exo: exosomes secreted from Hep3B induced by TGF-B1.
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Figure 2. EMT Hep3B exo promoted proliferation, migration, and invasion of hepatic cancer cells. A and B. MTS as-
say was performed to detect 7721 and Hep3B cell viability. C and D. Cell migration and invasion were determined

using Transwell chambers. ***P < 0.001.

3A). After applying fold-change filtering and
Student’s t-tests to identify differentially expre-
ssed miRNAs, we identified 119 significantly
upregulated miRNAs and 186 downregulated
MiRNAs in the EMT-Hep3B exo. The miRNAs in
exosomes released by these cells were ranked
based on the clean reads data, and the top 20
prevalent miRNAs in each group were com-
pared (Table 2).

In order to understand the function of the iden-
tified differentially expressed miRNAs, GO and
KEGG analyses were performed. GO analysis
showed the differentially expressed miRNAs
were enriched in various biological process
and molecular functions. Besides this, cellular
component analysis showed that miRNAs were
highly enriched in cells, cell parts, organelles,
extracellular region, macromolecular complex,
and membrane-enclosed lumen, as shown in
Figure 3B. KEGG pathway analysis showed that
differentially expressed miRNAs were mainly
involved in Ras, Rapi1, PI3K-Akt, and MAPK sig-
naling, as well as other signaling pathways
involved in cancer (Figure 3C).
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Analysis of mMRNA expression differences be-
tween Hep3B exo and EMT-Hep3B exo

A total of 322 mRNA sequences were differen-
tially expressed, of which 156 were upregulat-
ed and 166 were downregulated in EMT-Hep3B
exo. GO enrichment analysis of mRNA genes
corresponding to the differentially expressed
miRNAs showed the same enrichment pattern
in percentage of gene expression correspond-
ing to the GO enrichment of differentially
expressed miRNAs (Figure 4A). KEGG pathway
analysis revealed that metabolic pathways and
pathways in cancer were the two highest
expressed pathways (Figure 4B).

Exosomal miRNA target genes mediate EMT in
hepatic cancer

We selected EMT-related miRNAs from the
sequencing results and verified their expres-
sion in exosomes and hepatic cells by RT-gPCR.
These results showed that five miRNAs (hsa-
miR-125b-5p, hsa-miR-374a-5p, hsa-miR-24-
3p, hsa-miR-200b-3p, and hsa-miR-21-5p) we-
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get mRNAs, E2F2 and TUBB3, was increased

re statistically upregulated in the EMT-Hep3B
in the Hep3B cells with EMT-Hep3B exo (Figure

exo compared with the Hep3B exo, which was

consistent with our sequencing results (Figure 6). Based on the relationship between miRNA

5). Meanwhile, we found that hsa-miR-374a- targeting and regulated mRNA, we selected

5p, hsa-miR-200b-3p, and hsa-miR-21-5p were hsa-miR-374a-5p and GADD45A for further
experiments.

increased in the Hep3B cells after treatment

with EMT-Hep3B exo compared with Hep3B
To clarify whether miRNAs contained within

exosomes properly function, we interfered with

exo.
Furthermore, several cancer-related signaling the expression of miR-374a-5p in Hep3B cells
pathways were enriched, and multiple target with TGF-B-induced EMT and then collected
genes of differentially expressed miRNAs were exosomes, designated EMT Hep3B exo (In).
functionally regulated. Expression of the target Compared with the EMT-Hep3B exo group wi-
genes of miRNAs hsa-miR-374a-5p, hsa-miR- thout interference (EMT Hep3B exo), EMT
200b-3p, and hsa-miR-21-5p were detected Hep3B exo (In) inhibited the expression of miR-
374a-5p in cells (Figure 7A) and upregulated

by RT-gPCR. Expression of target mRNAs in-
cluding ARID3B, GADD45A, and HMOX1 was the expression of GADD45A mRNA and protein
decreased, and the expression of two other tar- (Figure 7A and 7B). MTS results indicated that
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Table 2. The top10 differentially expressed miRNAs in highest and lowest expression level in the EMT-Hep3B exo

Hep3BNC- Hep3BTGF- log2 Ratio (Hep- Up-Down-Regulation

genelD Expression Expression | CPSBNC-RPKM HEp3BTGF-RPKM  sor/en3BNC) (Hep3BTGF/Hep3BNG) | alue FDR
hsa-miR-656-3p 2 122 0.180710427  13.38935792 6.211263217 Up 9.50E-17  1.41E-15
hsa-miR-495-3p 29 1355 2.62030119 148.709672 5.82662202 Up 5.30E-167 4.29E-165
hsa-miR-758-3p 3 128 0.27106564 14.04785093 5.695563379 Up 1.63E-16  2.36E-15
hsa-miR-655-3p 5 155 0.451776067 17.01106949 5.23472219 Up 211E-18  3.31E-17
hsa-miR-543 7 200 0.632486494  21.94976708 5.117027147 Up 6.58E-23  1.19E-21
hsa-miR-889-3p 8 224 0.722841708  24.58373913 5.087880801 Up 207E-25  4.38E-24
hsa-miR-410-3p 4 111 0.361420854  12.18212073 5.074941746 Up 435E13  5.37E-12
hsa-miR-654-3p 21 561 1.8907459482  61.56909666 5.020065417 Up 898E-61  3.52E-59
hsa-miR-376a-3p 3 80 0.27106564 8.779906832 5.017491473 Up 1.32E-09  1.27E-08
hsa-miR-409-3p 28 566 2529945977  62.11784084 4.6178292 Up 1.80E-55  6.64E-54
hsa-miR-154-5p 4 79 0.361420854  8.670157997 4584306627 Up 119E08  1.05E-07
hsa-miR-3135b 460 17 4156339819  1.865730202 -4.47750133 Down 457E212  4.22E-210
hsa-miR-383-3p 26 1 2.34923555 0.109748835 -4.419913839 Down 3.55E-13  4.40E-12
hsa-miR-7156-3p 531 27 4797861834 2963218556  -4.017154669 Down 1.42E-235  1.47E-233
hsa-miR-562 19 1 1.716749056  0.109748835 -3.967401634 Down 117609  1.13E-08
hsa-miR-4709-5p 66 4 5.963444088  0.438995342 -3.76386824 Down 6.51E-30  1.43E-28
hsa-miR-4300 16 1 1.445683415  0.109748835 -3.719474121 Down 3.67E-08  2.97E-07
hsa-miR-548a-3p 47 3 4246695032  0.329246506  -3.689100472 Down 1.54E21  2.68E-20
hsa-miR-1184 561 37 50.68927475 4.06070691 -3.641877716 Down 1.78E-239  1.92E-237
hsa-miR-4764-5p 14 1 1264972988  0.109748835  -3.526829043 Down 3.60E-07  2.62E-06
hsa-miR-5699-3p 14 1 1.264972988  0.109748835  -3.526829043 Down 3.60E07  2.62E-06
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EMT Hep3B exo (In) significantly inhibited cell
proliferation (Figure 7C). Figure 7D shows that
EMT Hep3B exo (In) decreased migration and
invasion of Hep3B cells compared with the
EMT Hep3B exo group. These results suggest-
ed that interference of miR-374a-5p within
Hep3B cell-derived exosomes might inhibit
hepatocellular metastasis by regulating the ex-
pression of GADD45A.

Discussion

Metastasis in hepatocellular carcinoma con-
sists of multiple processes, including EMT,
which is characterized by the loss of epithelial-
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like characteristics and the gain of mesenchy-
mal-like attributes including cell migration and
invasion. Exosomes carrying diverse groups of
functional molecules mediate an intercellular
crosstalk between tumor cells and neighboring
cells and play a critical role in establishing a
mesenchymal state and metastasis. A number
of studies have demonstrated that abundant
cell-free miRNAs from exosomes can induce
miRNA-mediated repression of target genes
and function effectively in various pathological
processes as either oncogenes or tumor sup-
pressors in recipient normal or tumor cells [13,
14]. Moreover, substantial numbers of miRNAs
have been implicated in the regulation of EMT-

Am J Transl Res 2020;12(3):1080-1095
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related pathways in cancer [25-28]. Recent
studies have shown that the dysregulated
expression of miRNAs in exosomes can accel-
erate HCC progression, including cell prolifera-
tion and metastasis, via alteration of a network
of genes [16].

A previous study revealed that exosomal miR-
NAs are important molecules with significant
functions in HCC and can reflect abnormal
regulation in an intra-hepatic manner [16].
However, few studies have sought to character-
ize the role of HCC-derived exosomes in induc-
ing EMT in tumor progression. In this study, we
highlighted exosomes as mediators in modulat-
ing miRNA profiles in the HCC cell line Hep3B.
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Initially, we induced EMT in Hep3B cells by stim-
ulating the cells with a multifunctional cyto-
kine, TGF-B. We demonstrated that EMT-Hep3B
exo promoted hepatic cancer cell proliferation,
migration, and invasion. Our results are consis-
tent with a previous study [30], which showed
that incubation of SMMC-7721 cells and Hep3B
cells with their self-derived exosomes caused
a notable increase in cell growth, migration,
and invasion. These findings indicate that HCC-
cell-derived exosomes can promote the biologi-
cal behavior of the parental HCC cells.

A large array of HCC-related genes is regulated
by miRNAs, changes in the endogenous expres-
sion of these miRNAs may be a crucial mecha-

Am J Transl Res 2020;12(3):1080-1095



Exosome promotes liver cancer metastasis

2.0~ 1.5 2.01
5 = %g 5 e
5§25 15- 5% §< 15-
2% g =107 x
o m S et
o 1.0 S SN 1.01
() % [ 8 O~
SF 2 < 051 su
T 0.5- 80 e B 05
] 3] p— 3]
o o o
0.0' T 00" T OO' T
o O O Qo o Qo
2 e & o & e"
> Q N Q Q
o5 o5 o o5 °
R X K < R &
I € I
& & &
1.57 1.51
© ©
< <
SZ S2
2% 1.0- 2 & 1.0- - i
I Figure 6. Regulation of expres-
) o) .
5 m 5= sion of mRNA target genes by
x 8 5 é exosomal miRNA mediated EMT
o s o= in hepatic cells. ARID3B, GAD-
= < 0.57 — = T 0.5 D45A, and HMOX1 were de-
© © creased, while the expression
[0] [0 of E2F2 and TUBB3 were sig-
o o el nificantly increased in Hep3B
0.0 0.0 cells after treatment with EMT-
’ o (') ’ o o Hep3B exo. ***P < 0.001.
AN ¥ 3 %
Q)xe; < @ Q)xcz; < @
o) (</® o) <(/®
R X o
I Y €3
Q@Q \z\Q,Q

nism in hepatocarcinogenesis [31-33]. Many
studies have showed convincing results to sup-
port this hypothesis. miR-105 has been report-
ed to function as a potential tumor suppres-
sor and inhibit cell proliferation by regulating
the PISBK/AKT signaling pathway in human HCC
[31]. A set of serum mIiRNA panels including
has-miR-206, 141-3p, 433-3p, 1228-5p, 199a-
5p, 122-5p, 192-5p, and 26a-5p has shown
considerable clinical value in HCC diagnosis
[32]. miR-101 was implicated as a potential
prognostic marker and therapeutic target for
HBV-related HCC [33]. These findings are pos-
sible clues to highlight the potential role of miR-
NAs in the pathogenesis of hepatic cancers,
and they also elucidate the prospects of de-
veloping novel therapeutic targets for HCC.
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However, the existing knowledge of miRNA
interventions to achieve this goal is limited due
to a lack of expertise and knowledge in the
accurate delivery of miRNAs to hepatic cancer
cells. Through this study, we have successfully
unraveled the process of exosome-mediated
delivery of miRNAs that could promote liver
cancer EMT and metastasis in hepatic cancer
cell lines. Moreover, we have performed high-
throughput sequencing and detected differen-
tially expressed miRNAs and their target ge-
nes; the expression of hsa-miR-125b-5p, hsa-
miR-374a-5p, hsa-miR-24-3p, hsa-miR-200b-
3p, and hsa-miR-21-5p were significantly higher
in EMT-Hep3B exo than in Hep3B exo.

Recently, circulating miRNAs have been report-
ed as promising biomarkers for various patho-

Am J Transl Res 2020;12(3):1080-1095
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Figure 7. Interference of miR-374a-5p within Hep3B cell-derived exosomes inhibits proliferation and migration of
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Hep3B exo, and EMT Hep3B exo (In). B. The protein expression of GADD45A was measured by western blot. C. MTS
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analysis. *P < 0.05 vs. Hep3B exo; #P < 0.05 vs. EMT Hep3B exo. EMT Hep3B exo (In), Interference with miR-374a-

5p in Hep3B cell-derived exosomes.

logic conditions including cancer, and certain
miRNAs such as miR-125-5p were upregulated
in CHB, HBV-positive cirrhosis, and HBV-po-
sitive HCC when compared with the control
group [34]. Moreover, assessing tissue miR-
125b-5p expression and intrahepatic metasta-
sis was useful for stratifying patients at risk of
early HCC recurrence after curative resection
[35]. MiR-24-3p was previously reported to be
significantly upregulated in HCC tumor tissues
compared with non-tumor tissues and was
shown to play an important role in the initiation
and progression of HCC by targeting metallo-
thionein [36]. A recent study reported that pro-
pofol inhibited cell proliferation, migration, and
invasion while promoting cell apoptosis of
HepG2 and SMMC-7721 cells through inhibit-
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ing the Wnt/B-catenin and PISK/AKT pathways
via downregulation of miR-374a [37]. Another
study reported that overexpression of miR-
374a activated the EGFR and AKT/ERK signal-
ing pathways by regulation of MIG-6, and sug-
gest that miR-374a could promote cell viability
by targeting MIG-6 and activating the EGFR and
AKT/ERK signaling pathways [38]. EV-associa-
ted hsa-miR-21-5p and hsa-miR-144-3p are
markedly elevated in the serum of patients with
HCC, and the ratio of miR-144-3p/miR-21-5p is
correlated with the development of HCC [39].
The expression pattern of miRNAs in all these
studies shows similar results with our findings,
and the exact role of functional studies in de-
velopment of hepatic cancer can be further
explored. Moreover, our study suggests that

Am J Transl Res 2020;12(3):1080-1095
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interference with miR-374a-5p in Hep3B cell-
derived exosomes inhibits proliferation and
migration of HCC cells.

Our analysis of target genes of miRNAs showed
that the expression of three target mRNAs,
including ARID3B, GADD45A, and HMOX1 were
decreased, and the expression of two target
MmRNAs, E2F2 and TUBBS3, increased. GADD-
45A, the target gene of miR-374a-5p, is a
nuclear protein involved in maintenance of
genomic stability, DNA repair, and suppression
of cell growth through interaction with nuclear
elements, including cyclin-dependent kinase
inhibitor 1A (CDKN1A) and PCNA. In a study
conducted to assess GADD45A expression in
28 cases of HCC and matched cirrhosis tis-
sues, GADD45A mRNA was downregulated in
20 of 26 HCCs with respect to matched cirrho-
sis [40]. Moreover, it was also reported that
regulation of the expression of GADD45A could
influence the phosphorylation level of Akt and
further regulate the expression of Bcl-2 and
Bax proteins involved in the mitochondrial
apoptosis pathways [41]. Hence, we selected
GADDA45A for further experiments based on
the targeted effects of selected miRNAs.

Conclusion

The potential role of these differentially ex-
pressed exosomal microRNAs in the pathogen-
esis of HCC is worth further study. Identification
of signature miRNAs and further analyses on
the multiple regulatory functions of their target
genes could offer novel alternative biomarkers
for diagnosis of liver cancer, and this could pro-
vide a promising prognostic and therapeutic
strategy for HCC treatment.
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Figure S1. TGF-B treatment of Hep3B cells induces EMT. A. Changes in Hep3B cells morphology after TGF-B1 stimu-

lation. The cells appeared square shaped before treatment and progressively changed to distinct fusiform shape. B.
EMT markers (vimentin and E-cadherin) were detected by western blot.




