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Background: Emerging evidence has shown that exosome microRNAs (miRNAs)
regulate the development of hepatocellular carcinoma (HCC). Here, the influences of
miR-4800-3p on the progression of HCC were explored.

Materials and Methods: The expression of miR-4800-3p in the exosome derived by
transforming growth factor beta 1 (TGF-b1)-treated HCC cells and the serum exosome
isolated from HCC patients were identified by real-time PCR. The effects of TGF-b1 and
the influences of Huh7-secreted exosomes and the effects of miR-4800-3p combined
with/without STK25 on cell functions were explored using the EdU assay cloning
experiments, wound healing assay, and Transwell assay. The corresponding molecular
mechanisms were further detected using Western blot and real-time PCR assays. The
combination of miR-4800-3p and STK25 was verified by the dual-luciferase and RNA
pulldown assays. The influences of miR-4800-3p on the growth and epithelial–
mesenchymal transformation (EMT) of implanted tumors were tested in vivo and further
confirmed by Western blot.

Results: The miR-4800-3p expression was highly expressed in both exosomes derived by
TGF-b1-treated HCC cells and the serum exosomes of HCC patients. In the cases of
treatment with both Huh7-derived exosomes, the level of miR-4800-3p expression was
highest, and the treatment of TGF-b1 could greatly promote the proliferation, stemness,
migration, and invasion of HCC cells via upregulating the markers of stemness and EMT,
including CD44, CD133, OCT4, N-cadherin, E-cadherin, and ZO-1. Similar results could be
obtained when miR-4800-3p was overexpressed in HCC cells. Furthermore, downregulation
of STK25 expression, a direct target gene ofmiR-4800-3p, could greatly rescue themalignant
biological behaviors aggravated by overexpression of miR-4800-3p. This was achieved by
suppressing the expression of CD44, CD133, OCT4, N-cadherin, and PCNA and activating
the Hippo pathway while increasing E-cadherin and ZO-1. Similar results were also obtained
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in vivo that knockdown of miR-4800-3p expression suppressed tumor growth induced by
Huh7-derived exosomes by mediating the EMT markers and the Hippo signaling pathway.

Conclusion: Exosomal miR-4800-3p could accelerate HCC development by regulating
the Hippo signal by targeting STK25, which could be used as a new therapeutic target for
HCC treatment.
Keywords: miR-4800-3p, exosome, HCC, STK25, stemness, EMT, Hippo signaling pathway
INTRODUCTION

Hepatocellular carcinoma (HCC), a heterogeneous disease with
multiple etiologies, is the second leading cause of cancer-related
death worldwide (1). Although current therapies for HCC are
surgical resection, liver transplantation (LT), and interventional
radiology (2–4), the high postoperative recurrence rate of HCC
and the easy postoperative recurrence of intrahepatic metastases,
vascular invasion, and distant organ metastases remain the
greatest challenges for the treatment of HCC (2, 5).
Meanwhile, due to the high degree of malignancy and rapid
progression of HCC, many patients have a high postoperative
recurrence rate, and the long-term efficacy is still not satisfactory
(6). Therefore, it is of great significance to further study the
pathogenesis and recurrence, and metastasis mechanism of HCC
and search for effective molecular targets with clinical
therapeutic value.

Exosomes, which are small extracellular vesicles with lipid
bilayers, can be derived from various cell types, including T cells,
red blood cells, and tumor cells (7, 8). Reports have shown that
normal-cell-derived exosomes can transfer tumor suppressor
genes to cancer cells and inhibit tumor cell growth by
inhibiting the expression of oncogenes, while tumor cell-
derived exosomes (Texs) can affect the local microenvironment
of proximal tumor cells and stromal cells and regulate tumor
neovasculogenesis, premetastatic microenvironment, etc. (8, 9).
Reports also demonstrated that exosomes could carry many
information molecules, such as messenger RNA (mRNA) and
microRNA (miRNA), from the parent cells and deliver them to
the target cells to affect the behavior of the target cells (7, 10). In
HCC, exosome-carrying miRNAs are involved in the regulation
of neovascularization, immune escape, epithelial–mesenchymal
transformation (EMT), invasion, and multiple drug resistance
(11, 12). Upregulated miR-10b and miR-21 in HCC cell-derived
exosomes could increase target cell proliferation and migration
by upregulating vimentin and Snail expression in target cells
while decreasing the expression of the phosphatase and tensin
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homologue (PTEN) (13). The HCC cell-derived exosome miR-
210 could be transferred to endothelial cells and target Smad4
and Stat6, thus promoting angiogenesis (14). Xiao Fu et al.
showed that miR-32-5p and PTEN expressions are negatively
correlated in HCC cell culture supernatants, and serum
exosomes from HCC patients and high expression of miR-32-
5p are positively correlated with a poor prognosis (15).
Transforming growth factor b1 (TGF-b1), as an important
factor in the induction of EMT in vivo, regulates cell growth
and differentiation and promotes tumor invasion and metastasis
during tumor progression (16, 17). Interestingly, TGF-b exerts
both tumor-suppressive and tumor-promoting functions during
cancer progression. In developing HCC, TGF-b acts as a
suppressor in the early stage, but once HCC cells escape from
its cyto-inhibitory effect, it leads to later tumor progression as
part of its potential tumorigenic effect (16, 17). TGF-b could also
induce EMT in HCC cells, thus increasing its potential for
migration and invasiveness (18). It is reported that miR-4800-
3p (also known as miR-4800) is differentially expressed in triple-
negative breast cancer (TNBC) patients and has a poor
prognosis. It is predicted that miR-4800-3p may be a
biomarker for the treatment of TNBC (19). Coincidentally,
Zhang et al. found that the expression of miR-4800-3p was
different in colon-adenoma- and colon-cancer-related diseases,
which may be used as a non-invasive screening biomarker of
colon cancer (20). In addition, the miR-4800-3p is reported to be
highly expressed in HCC tissues and upregulated in exosomes
derived from HepG2 cells after treatment with TGF-b (21–23).
However, the influences of miR-4800-3p on the progression of
HCC are still unclear.

STK25, as an important member of the GCK family subgroup
III (GCK III), can regulate tumor progression by inhibiting the
Warburg effect, inducing apoptosis, and negatively regulating
oncogene transcription (24–26). According to the Human
Cancer Database, focal deletion of STK25 is common in
human cancers, such as cervical squamous cell carcinoma,
urinary tract carcinoma, and head and neck squamous cell
carcinoma (26). In addition, in neuroblastoma, the STK25
expression level correlates with the CCM2 and TrkA
expression level, and patients with high STK25 expression have
a better prognosis (26). However, there is still no report on the
role of STK25 in liver cancer.

Here, we explore the effect of miR-4800-3p on the cell
behaviors of hepatoblastoma HepG2 cells and low-metastatic
hepatoma HepB3 and LM3 cells. MiR-4800-3p expression levels
in exosomes secreted by various HCC cells and serum exosomes
June 2022 | Volume 12 | Article 759864
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of HCC patients and healthy people were detected. In addition,
the influences of exosomes secreted from Huh7 and further the
co-effects of miR-4800-3p and STK25 on the functions of HepB3
and LM3 cells were also determined. From these results, we
would demonstrate for the first time the effect of miR-4800-3p of
exosomes on the function of HCC cells, which could provide a
new and effective target for the subsequent treatment of HCC.
MATERIALS AND METHODS

Cell Culture
Human L-02 hepatocytes and human HCC cell lines, including
Hep3B, SK-Hep-1, and hepatoblastoma HepG2, were purchased
from the National Collection of Authenticated Cell Cultures
(Shanghai, China). Human HCC cell line HCCLM3 (LM3) was
purchased from ATCC (Manassas, VA, USA). Human HCC cell
lines MHCC97H (97H) and Huh7 were purchased from BeNa
Culture Collection (Beijing, China). HepG2, LM3, 97H, Huh7,
and L-02 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, Carlsbad, CA, USA), while Hep3B
and SK cells were cultured in Eagle’s minimum essential medium
(Gibco) replenished with 10% fetal bovine serum (FBS; HyClone
Laboratories Inc., Novato, CA, USA) at 37°C with 5% CO2. In
addition, the HepG2, Hep3B, and LM3 cells were treated with
human recombinant TGF-b1 (10 ng/ml, R&D Systems,
Minneapolis, USA) for 48 h.

Cell Wound Healing and Invasion Assays
For the wound healing assay, HepG2, HepB3, and LM3 cells were
seeded in 24-well plates (Corning, NY, USA) and cultured overnight
to form a monolayer on the bottom of the plate. The straight line
was scratched with the 200-ml pipette tip, and adherent cells were
cultured in complete mediumwith TGF-b1 (10 ng/ml) for 48 h. The
wound healing rate was analyzed by measuring the distance of
migrated cell monolayer. Cells were imaged using a microscope
(Nikon, Japan), and wound width was analyzed with Image pro plus
6.0 (Media Cybernetics, USA). For the invasion assay, a 60-ml
Matrigel matrix was added to each well to evenly cover the bottom
of the Transwell chamber and cultured for 60 min to a semi-
solidified state. After that, 2×104 HCC cells were seeded in the upper
chamber. Next, a complete medium with or without TGF-b1 (10
ng/ml) was added to the 24-well plate (outer chamber). After 48 h,
4% paraformaldehyde and 0.4% crystal violet (Sigma-Aldrich, MO,
USA) were used to fix and stain the cells, respectively. The number
of invasive cells was measured under an inverted phase contrast
microscope and calculated using ImageJ software.

Sphere-Forming Assay
Cells were treated according to certain conditions before sphere
culture with or without TGF-b1. Treated cells (1×102) were
seeded in ultra-low attachment 96-well plates (Corning) in
serum-free DMEM/F12 (Gibco) supplement with insulin (5
mg/ml, HY-P0035, MCE), epidermal growth factor (EGF, 20
ng/ml, PeproTech), 2% B27 supplement (Invitrogen, CA, USA),
and fibroblast growth factor-1 (FGF-1, 20 ng/ml, PeproTech).
Frontiers in Oncology | www.frontiersin.org 3
The cells were cultured for 7 days and then photographed using a
microscope. The number of spheres (diameter > 50 mm) in each
well was finally counted.

RNA Extraction and Real-Time PCR
Total RNA was extracted from HCC cells, transfected cells, and
exosomes derived from the plasma of HCC patients using TRIzol
reagent (Takara, Dalian, China). Bestar™ qPCR RT kit (DBI,
Germany) was used for the complementary DNA (cDNA)
synthesis of mRNA. Mir-X™ miRNA First-Strand Synthesis
Kit (TaKaRa) was used to synthesize the cDNA of miRNA.
Bestar® SYBR Green kits (DBI) were used to measure the
expression of mRNA and miRNA. Real-time quantitative PCR
(qPCR) was performed in Agilent Stratagene Mx3000P (Agilent,
CA, USA). 2−△△Ct method was used to calculate the relative
expression of genes. Intracellular mRNAs and miRNAs were
normalized with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and U6. Exosomal miRNAs were normalized with
cel-miR-39. The related primers are listed in Table 1.

Western Blotting
Radioimmunoprecipitation assay (RIPA) lysate (Beyotime, Nanjing,
China) and nuclear extract kit (ActiveMotif, CA, USA) were used to
extract the total protein from exosomes and cells, and the nuclear
and cytoplasmic extracts, respectively. Protein concentration was
quantitatively analyzed using a bicinchoninic acid (BCA) kit
(Beyotime). The same amount of protein samples were taken
from each group for electrophoresis. Then, the proteins were
transferred to the polyvinylidene fluoride (PVDF) membrane and
sealed with a rapid blocking solution for 30 min. The membranes
were incubated with primary antibodies at 4°C overnight and then
incubated with second horseradish peroxidase (HRP)-conjugated
antibodies for 1 h. Finally, membranes were incubated with ECL-
Plus reagent, and the blots were observed using Gel Imaging System.
Related antibodies were as follows: CD44 (37259, CST, USA),
CD133 (64326, CST, USA), OCT4 (2750, CST, USA), CD63
(ab134045, Abcam, USA), ALIX (92880, CST, USA), TSG101
(ab125011, Abcam, USA), Calnexin (ab133615, Abcam, USA),
STK25 (ab157188, Abcam, USA), ZO-1 (8193T, CST, USA), N-
cadherin (13116T, CST, USA), E-cadherin (3195T, CST, USA), p-
YAP (s297) (13619, CST, USA), YAP (14074, CST, USA), TAZ
(72804, CST, USA), PCNA (ab280088, Abcam, USA), GAPDH
(A00227, BOSTER, China), Histone H3 (ab1791, Abcam, USA),
HRP goat anti-rabbit IgG (BA1054, BOSTER, China), and HRP
goat anti-mouse IgG (BA1051, BOSTER, China).

Exosome Isolation and Identification
HCC cells were cultured in the corresponding medium with 10%
exosome-depleted FBS for 48 h. The cell-conditioned medium
(10 ml) or serum (250 ml, peripheral blood from HCC patients or
healthy volunteers) were collected. The exosomes were isolated
using ExoQuick-TC™ (System Biosciences, USA) and
identified by transmission electron microscopy (TEM) and
Western blot analysis, respectively. For TEM, exosomes
prefixed with 4% paraformaldehyde (PFA) were loaded onto
formvar carbon-coated grids and incubated for 20 min; then, the
grids were refixed with 3% glutaraldehyde and 1% osmium
June 2022 | Volume 12 | Article 759864
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tetroxide, respectively. After these, the exosomes were stained
with uranyl oxalate, contrasted, and embedded in a mixture of
2% methylcellulose and 4% uranyl acetate with a ratio of 900 ml/
100 ml, respectively. Finally, the exosomes were observed with a
TEM (Hitachi 600, Hitachi, Japan). Furthermore, the expression
of exosome-specific proteins CD63, TSG101, Alix, and Calnexin
was detected by Western blotting analysis.

Isolation of Exosomes From
Peripheral Blood
The isolation of serum (250 ml, peripheral blood from HCC
patients or healthy volunteers)-derived exosomes was conducted
using the total exosome-isolation kit following the
manufacturer’s recommendation. The treated serum was
harvested using twice centrifugation (3,000 rpm at 4°C for 15
min; 15,000×g for 30 min) to remove microvesicles.

Clinical Samples Collection
Plasma was collected from 20 HCC patients and 20 healthy
volunteers who provided informed consent. The clinical
information of patients is shown in Table 2. The miR-4800-3p
Frontiers in Oncology | www.frontiersin.org 4
expression was detected from plasma-derived exosomes. This
research followed the ethical guidelines of the 1975 Declaration of
Helsinki and was performed with the approval of the Sun Yat-sen
Memorial Hospital, Sun Yat-sen University Institutional
Review Board.

Labeling of Exosomes
The PKH67 Green Fluorescent Cell Linker Mini Kit (Sigma) was
used to label exosomes. The labeled exosomes were added to
HepB3 and LM3 cells in a 24-well plate. After incubation for 0.5
min, 2 h, 12 h, and 24 h, images were captured to observe the
presence of exosomes within the HCC cells.

Cell Transfection and Treatment
To change the expression of miR-4800-3p and STK25, the miR-
4800-3p mimic, the miR-4800-3p inhibitor, and their negative
control (NC), the overexpression of the STK25 plasmid
(pcDNA3.1-STK25 plasmid, OE-STK25) and the vector
plasmid pcDNA3.1 (OE-NC) was transfected into HepB3 and
LM3 cells using Lipofectamine 2000 (Invitrogen, USA). The
mimic, inhibitor, and miRNA-4800-3p antagomir were
TABLE 2 | Clinical information of 20 HCC patients.

Number Gender Age Stage Metastasis Primary/secondary tumors

1 Male 52 II – Primary
2 Male 45 II – Primary
3 Female 69 II – Primary
4 Male 51 IIIA – Primary
5 Male 41 IIIB – Primary
6 Male 50 II – Primary
7 Male 58 II – Primary
8 Male 58 IIIB – Primary
9 Female 58 IIIB – Primary
10 Male 62 IIIB – Primary
11 Male 51 IB – Primary
12 Male 51 IB – Primary
13 Male 51 II – Primary
14 Male 51 IB – Primary
15 Male 62 II – Primary
16 Male 52 II – Primary
17 Male 53 IIIA – Primary
18 Male 68 II – Primary
19 Male 73 II – Primary
20 Female 61 II – Primary
June 2022
TABLE 1 | All primers used are listed in this table.

Gene Primer sequences

GAPDH Forward: 5′-TGTTCGTCATGGGTGTGAAC-3′Reverse: 5′-ATGGCATGGACTGTGGTCAT-3′
STK25 Forward: 5′-CTCCGGGGATTTGCCAACC-3′Reverse:5′-TAGGTAGGAGCCAAAGTAGCG-3′
CD133 Forward: 5′-AGTCGGAAACTGGCAGATAGC-3′Reverse: 5′-GGTAGTGTTGTACTGGGCCAAT-3′
CD44 Forward: 5′-CTGCCGCTTTGCAGGTGTA-3′Reverse: 5′-CATTGTGGGCAAGGTGCTATT-3′
OCT4 Forward: 5′-CTTGAATCCCGAATGGAAAGGG-3′Reverse: 5′-GTGTATATCCCAGGGTGATCCTC-3′
E-cadherin Forward: 5′-CGAGAGCTACACGTTCACGG-3′Reverse: 5′-GGGTGTCGAGGGAAAAATAGG-3′
N-cadherin Forward: 5′-AGCCAACCTTAACTGAGGAGT-3′Reverse: 5′-GGCAAGTTGATTGGAGGGATG-3′
ZO-1 Forward: 5′-CAACATACAGTGACGCTTCACA-3′Reverse: 5′-CACTATTGACGTTTCCCCACTC-3′
TGF-b1 Forward: 5′-GGATACCAACTATTGCTTCAGCTCC-3′Reverse: 5′-AGGCTCCAAATATAGGGGCAGGGTC-3′
Has-miR-4800-3p RT:5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGTGGACAG-3′Forward: 5′-ACACTCCAGCTGGGCATCCGTCCGTCTGT-3′
Has-cel-miR-39 RT:5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTATTACCA-3′Forward:5′-ACACTCCAGCTGGGAGCTGATTTCGTCTTGGT-3′
U6 Forward: 5’-CTCGCTTCGGCAGCACA-3’Reverse: 5′-AACGCTTCACGAATTTGCGT-3’
| Volume 12 | Article 759864
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synthesized by Ribobio (Guangzhou, China), and the plasmids
were obtained from GeneChem (Shanghai, China). Transfection
efficiencies 48 h after transfection were explored by real-time
PCR. In addition, to explore the effect of exosomes derived from
Huh7 cells on HCC cells, HepB3 and LM3 cells were treated with
exosomes (10 mg/ml) for 48 h.

EdU Staining
The treated HepB3 and LM3 cells were labeled with 50 mM 5-
ethynyl-2′-deoxyuridine (EdU; Solarbio, Beijing, China) for 2 h,
and then, the cell nucleus was stained with 4′,6-diamidino-2-
phenylindole (DAPI). Finally, the cells were imaged by a
fluorescence microscope (Olympus, Tokyo, Japan). The
proportion of EdU-positive cells in the whole visual field
was analyzed.

Immunofluorescence Assay
HepB3 and LM3 cells were fixed, permeabilized, and blocked with
1% bovine serum albumin (BSA). After these, the cells were
incubated with antibodies against STK25 (ab157188, Abcam,
USA) and Alexa Fluor488-conjugated goat anti-rabbit IgG
(ab150077, Abcam, USA) antibody, and post-stained with DAPI.
The images were photographed using fluorescence microscopy.

Luciferase Reporter Assay
The exact mechanism of miR-4800-3p that promotes the
development of HCC remains unclear. Here, the bioinformatic
tools (TargetScan, StarBase, and miRDB database) were used to
predict the target genes of miR-4800-3p, and the data showed
that STK25 was a target gene of miR-4800-3p. Then, the
luciferase reporter assay was performed to verify the
combination of the untranslated region (3′-UTR) of STK25
mRNA with miR-4800-3p. HepB3 and LM3 cells were
cotransfected with dual-luciferase reporter vectors [psiCHECK-
2 reporter plasmids bearing STK25 3′-UTR containing wild-type
(MT-STK25) or mutated (MUT-STK25) predicted miR-4800-3p
binding sites] and miR-4800-3p mimics or NC. After 48 h,
luciferase activities were detected using a dual-luciferase
reporter assay kit (Promega, Madison, USA). Firefly luciferase
activity (F) was used as the internal control.

miRNA Target Immunoprecipitation Assay
HepB3 and LM3 cells with overexpressed miR-4800-3p or NC
were collected, and the assay was performed strictly according to
the procedures of the miRNA Target IP Kit (Active Motif, USA).
Briefly, cells were lysed in a complete lysis buffer and then
incubated with protein G-coupled magnetic beads to
immunoprecipitate miRNA/mRNA complexes. Next,
complexes were treated with proteinase K digestion to elute
RNA from beads, and RNA was extracted using phenol:
chloroform:isoamyl alcohol (25:24:1). The relative expression
of STK25 was detected by qRT-PCR.

Tumor Formation and Treatment in
Nude Mice
To explore the role of exosomes and miR-4800-3p in vivo, 2×106

LM3 cells per mouse were subcutaneously injected to establish
Frontiers in Oncology | www.frontiersin.org 5
xenografts (on the right). The mice were then randomly divided
into four groups (N=5): Control, Exo, miR-4800-3p antagomir, and
Exo+miR-4800-3p antagomir. Sterile saline (50 ml), exosomes (50
µg in 50 ml), and/or miR-4800-3p antagomir (20 nmol in 50 ml)
were injected every 3 days for 4 weeks at 3-4 points in the
subcutaneous tumors, respectively. The volume of implanted
tumors was then calculated using the formula V = a × b2/2 (a is
the long axis, and b is the short axis). The male BALB/c nude mice
(6 weeks old, 18 ± 2 g) were used in this study. Mice were sacrificed
after 4 weeks of Exo and/or miR-4800-3p antagomir treatment, and
the tumor tissues were removed and weighed. All animal studies
were approved by the Animal Care Committee of Sun Yat-sen
Memorial Hospital, Sun Yat-sen University in accordance with
Institutional Animal Care and Use Committee guidelines.

Statistical Analysis
In this study, the cell experiment had three biological repetitions,
and the Transwell invasion experiment had six biological repetitions
(visual field statistics). Statistical analysis was carried out using
GraphPad Prism 7.0 software (GraphPad, CA, USA), and results
were represented as mean ± standard deviation. Unpaired t-tests
and one-way ANOVA were performed to compare the two and
multiple groups, respectively. A p-value < 0.05 was defined as
statistically significant.
RESULTS

TGF-b1 Promotes HCC Cell Migration,
Invasion, and Stemness
To explore the effect of TGF-b1 on HCC cells, HepG2
hepatoblastoma cells and low-metastatic HCC cells (HepB3
and LM3) were selected. The wound healing and Transwell
assay results showed that TGF-b1 could markedly increase the
migration and invasion abilities of HepG2, HepB3, and LM3 cells
(Figures 1A, B). In addition, the sphere-forming assay further
confirmed that TGF-b1 could significantly promote the stemness
of HepG2, HepB3, and LM3 cells (Figure 1C). Furthermore, we
also obtained the upregulation of tumor stem cell markers
(CD44, CD133, and OCT4) in HepG2, HepB3, and LM3 cells
with the TGF-b1 treatment at both RNA and protein levels
(Figures 1D, E). All these data demonstrated that TGF-b1
promotes the malignant progression of HCC cells.

Expression of miR-4800-3p in Clinical
Samples and Human HCC Cells and
Its Exosomes
Exosome-encapsulated tumorigenic miRNAs could regulate
tumor progression and cell communication. Here, we isolated
exosomes from L-02 hepatocytes and six HCC cell lines (HepG2,
HepB3, LM3, 97H, Huh7, and SK) and explored the role of
related exosomal miR-4800-3p in the progression of HCC. As
shown in Supplementary Figure S1A, exosomes were verified by
TEM to have a typical cup-shaped morphology with a diameter
of approximately 30–100 nm and further confirmed by Western
blotting with positive exosomal markers (CD63, ALIX, and
June 2022 | Volume 12 | Article 759864
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TSG101) in the exosomal fraction in both the control group and
TGF-b1 group (Supplementary Figure S1B). Furthermore, the
results also showed that, as a negative control, Calnexin was
absent in the exosomal fraction (Supplementary Figure S1B).
The expression of miR-4800-3p in HCC cells and cells-derived
exosomes were further detected and markedly upregulated in
TGF-b1-treated HCC cells (HepG2, HepB3, and LM3) and
Frontiers in Oncology | www.frontiersin.org 6
related cell-derived exosomes (Figure 2A). Furthermore, the
expression of exosomal miR-4800-3p in HCC cells (HepG2,
HepB3, LM3, 97H, Huh7, and SK) was higher than in L-02
hepatocytes, and the highest levels of miR-4800-3p were detected
in Huh7-derived exosomes (Figure 2B). However, the
expression of TGF-b1 demonstrated that endogenous TGF-b1
was not differentially expressed in exosomes derived from HCC
A

B

D E

C

FIGURE 1 | TGF-b1 promotes the migration, invasion, and stemness of HCC cells. The migration and invasive capacity of HepG2, HepB3, and LM3 cells treated with or
without TGF-b1 (10 ng/ml) for 48 h was assessed by the scratch wound assay (A) and the Transwell assay (B), respectively. Scale bar = 100 mm. (C) Sphere-forming assay
of HepG2, HepB3, and LM3 cells treated with or without TGF-b1 (10 ng/ml). qPCR (D) and Western blot analysis (E) of tumor stem cell markers in HepG2, HepB3, and LM3
cells treated with or without TGF-b1 (10 ng/ml) for 48 h *p < 0.05, **p < 0.01 vs. control.
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cells and HCC cells (HepB3 and LM3) (Supplementary Figure
S1C). Furthermore, higher levels of miR-4800-3p were detected
in plasma exosomes from HCC patients than from healthy
volunteers (Figure 2C). These data indicate that miR-4800 is
elevated in cells and exosomes from HCC cell lines and patients.

Since our previous data showed the inverse expression pattern
of STK25 and miR-4800-3p, it is still uncertain whether STK25 is
a target of miR-4800-3p. To identify this prediction, the
TargetScan, StarBase, and miRDB databases were used to
Frontiers in Oncology | www.frontiersin.org 7
predict the potential targets of miR-4800-3p, and the data
showed the binding sites between miR-4800-3p and STK25 in
3′UTR (Figure 2D). The luciferase reporter plasmids containing
wild-type (WT) or mutant (MUT) 3′-UTR of STK25 and
cotransfected HepB3 and LM3 cells with miR-4800-3p mimic
or NC mimic and WT or MUT STK25 3′-UTR were further
constructed to verify the combination of STK25 and miR-4800-
3p. The results showed that luciferase activity was markedly
reduced when cotransfected with miR-4800-3p mimic and luc-
A
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E F

C

FIGURE 2 | Expression of miR-4800-3p in human HCC cells and clinical samples and their exosomes. (A) The miR-4800-3p in HCC cells (HepG2, HepB3, and
LM3) and their exosomes treated with or without TGF-b1 (10 ng/ml) for 48 h were evaluated by qPCR. (B) miR-4800-3p in exosomes derived from L-02 cells and
HCC cells (HepG2, HepB3, LM3 97H, Huh7, and SK) was measured by qPCR assay. (C) The expression of exosomal miR-4800-3p derived from plasma from HCC
patients or healthy volunteers was measured by a qPCR assay. (D) The binding sites between miR-4800-3p and STK25 in the 3′-UTR were predicted by the
TargetScan and the miRDB database. (E) A luciferase reporter assay was performed to observe luciferase activities after transfection of the WT-STK25 or MUT-
STK25 reporter together with miR-4800-3p mimic or NC in HepB3 and LM3 cells. (F) qPCR analysis of miR-4800-3p and STK25 incorporated into RISC in HepB3
and LM3 cells overexpressing miR-4800-3p compared to levels in the NC group. *p < 0.05, **p < 0.01 vs. control, L-02, or normal.
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WT-STK25 in HepB3 and LM3 cells, while luciferase activity did
not change when cotransfected with miR-4800-3p mimic and
luc-MUT-STK25, indicating that miR-4800-3p could directly
interact with STK25 3′-UTR (Figure 2E). The miRNA target
immunoprecipitation assay showed that STK25 was enriched in
HepB3 and LM3 cells with miR-4800-3p overexpression
(Figure 2F), further confirming that miR-4800-3p could exert
its role by competitively binding STK25 to inhibit
STK25 expression.

The miR-4800-3p Promotes the
Proliferation, Migration, Invasion, and
Stemness in Low-Metastatic HCC Cells
As the highest levels of miR-4800-3p in HCC cell-derived
exosomes, Huh7 cell-derived exosomes were selected to detect
the effect of exosomal miR-4800-3p on HCC progression in
subsequent experiments. To determine whether exosomal miR-
4800-3p can enhance proliferation, migration, and invasion in
low-metastatic HCC cells and the effects of miR-4800-3p on
HCC cells, HepB3 and LM3 cells were treated with Huh7 cell-
derived exosomes or transfected with miR-4800-3p mimic or
miR-4800-3p inhibitor, respectively. After being treated with
PKH67-labeled exosomes for 24 h, strong green fluorescent
signals were detected, indicating that the recipient HCC cells
(HepB3 and LM3) could successfully absorb Huh7-derived
exosomes (Supplementary Figure S2A, B). Furthermore,
after being treated with PKH67-labeled exosomes for 24 h,
the expression of cellular miR-4800-3p was increased
(Supplementary Figure S2C). The results showed that miR-
4800-3p mimic promoted the expression of miR-4800-3p in
exosomes, while miR-4800-3p inhibitor inhibited the expression
of miR-4800-3p (Supplementary Figure S2D) . The
proliferation abilities and stemness of HCC cells were further
observed by EdU staining and the sphere formation assay,
respectively (Figures 3A, B). The results showed that
exosomes derived from Huh7 with high-metastatic activity
could greatly upregulate the proliferation of HepB3 and LM3
cells. Besides, the proliferation of HCC cells was enhanced when
treated with miR-4800 mimics, but the knockdown of miR-
4800-3p exerted an opposite effect (Figure 3A). Furthermore,
both Huh7-derived exosomes and overexpressed miR-4800-3p
could notably improve the proliferation, migration and invasion
abilities, and stemness of HCC cells, while miR-4800-3p
knockdown exerted an opposite effect (Figures 3B-D). These
data indicated that high-metastatic Huh7 cells could endow
low-metastatic HCC cells (HepB3 and LM3) with more
powerful proliferation, migration, and metastasis abilities by
secreting exosomal miR-4800-3p.

The miR-4800-3p Promotes the
Expression of Tumor Stem Cell Markers
and EMT in Low-Metastatic HCC Cells by
Regulating the Hippo Pathway
To further explore the mechanism through which miR-4800-3p
exhibited its role, HepB3 and LM3 were treated with Huh 7 cell-
derived exosomes or transfected with miR-4800-3p mimic or
Frontiers in Oncology | www.frontiersin.org 8
miR-4800-3p inhibitor, respectively; the transfection effect and
also the treatment of Huh 7 cell-derived exosomes were
satisfactory (Figure 4A). A previous study showed that STK25
is an upstream activator of LATS kinases, whose loss notably
promotes YAP/TAZ activity and enhanced cellular proliferation
(25). However, it was not clear whether STK25-regulated LATS-
YAP activity was involved in promoting miR-4800-3p in the
malignant progression of HCC cells. Here, the expression of
STK25, tumor stem cell markers, EMT, and YAP/TAZ activity in
HCC cells were detected when treated with exosomal miR-4800-
3p or transfected with miR-4800-3p mimic or miR-4800-3p
inhibitor, respectively. Results showed that exosomal miR-
4800-3p and miR-4800-3p mimic inhibited the expression of
STK25 in HepB3 and LM3 cells, while miR-4800-3p inhibitor
upregulated STK25 expression (Figures 4B, C). These results
were further confirmed by immunofluorescence assay
(Figure 4D). The expression of tumor stem cell markers
(CD44, CD133, and OCT4) were also notably increased by
exosomal miR-4800-3p and miR-4800-3p mimic, respectively
(Figures 4E, F), while knockdown of miR-4800-3p decreased
these tumor stem cell markers. For the detection of EMT
markers, we found that exosomal miR-4800-3p or miR-4800-
3p mimic treatment in HepB3 and LM3 cells could downregulate
the expression of E-cadherin and ZO-1 but increase the
expression of N-cadherin (Figures 4G, H). Similarly, opposite
effects were observed when miR-4800-3p was silencing
(Figures 4G, H). Next, it was investigated whether STK25-
regulated ATS-YAP activity was involved in miR-4800-3p
promoting the malignant progression of HCC cells. The
activity of YAP/TAZ and the expression of proliferating cell
nuclear antigen (PCNA) were explored viaWestern blot analysis.
The results showed that the p-YAP in the nuclear fraction was
downregulated, while the expression of YAP, TAZ, and PCNA
increased in HepB3 cells under the exosomal miR-4800-3p or
miR-4800-3p mimic treatment, respectively (Figure 4I). In
contrast, silencing miR-4800-3p exerted the opposite effects
(Figure 4I). Similar results were also obtained in LM3 cells.
These data indicated that the STK25-regulates Hippo pathway
participated in proliferation, migration, invasion, and EMT
regulated by miR-4800-3p in HCC cells.

The Relationship Between miR-4800-3p
and STK25
HepB3 and LM3 cells were further cotransfected with miR-
4800-3p mimic and OE-STK25 plasmid or NC plasmids, and
STK25 expression increased markedly in HepB3 and LM3
cells when transfected with OE-STK25 plasmid alone
(Figures 5A, B) or cotransfected with miR-4800-3p mimic
(Figures 5C, D), demonstrating the combination of miR-
4800-3p and STK25.

Overexpression of STK25 Inhibits
Proliferation, Invasion, and Migration of
HCC Cells Promoted by miR-4800-3p
EdU staining showed that HepB3 and LM3 cell proliferation
under miR-4800-3p mimic stimulation was markedly inhibited
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when treated with the OE-STK25 plasmid (Figures 6A, D).
Invasion and wound healing assays also indicated that invasion
(Figures 6B, E) and migration (Figures 6C, F) of HepB3 and
LM3 cells were obviously decreased when cotransfected with the
miR-4800-3p mimic and OE-STK25 plasmid. These data
demonstrated that overexpression of STK25 could inhibit
proliferation, invasion, and migration of HepB3 and LM3 cells.

STK25 Overexpression Inhibits Stemness
and EMT in HCC Cells Promoted by miR-
4800-3p Through the Hippo Pathway
The sphere-forming assay showed that the stemness of HepB3
and LM3 cells was markedly inhibited by overexpression of
Frontiers in Oncology | www.frontiersin.org 9
STK25 (Figure 7A). Correspondingly, the expression of tumor
stem cell markers (CD44, CD133, and OCT4) upregulated by
miR-4800-3p was also decreased by the overexpression of STK25
in HepB3 and LM3 cells (Figures 7B, C). Furthermore, the
overexpression of STK25 could promote miR-4800-3p-
suppressed E-cadherin and ZO-1 expression in HepB3 and
LM3 cells but suppress miR-4800-3p-induced N-cadherin
(Figures 7D,E). The effect of miR-4800-3p on YAP
phosphorylation and YAP, TAZ, and PCNA expression were
also largely reversed by the overexpression of STK25 in HepB3
and LM3 cells (Figure 7F). All these results indicated that the
miR-4800-3p enhances malignant phenotypes of HCC cells by
targeting STK25 and activating the Hippo pathway.
A
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C

FIGURE 3 | Huh7 cells with high metastatic ability transmit proliferation, stemness, migration, and invasion potential to low metastatic HCC cells through exosomal
miR-4800-3p. Low-metastatic HepB3 and LM3 cells were treated with Huh7-derived exosomes, miR-4800-3p mimic, or miR-4800-3p inhibitor for 48 h,
respectively. The proliferation and stemness of HepG2, HepB3, and LM3 cells were observed by EdU staining (A) and the sphere-forming assay (B), respectively.
The migration and invasive capacity of HepG2, HepB3, and LM3 cells were evaluated by the scratch wound assay (C) and the invasion assay (D). Scale bar = 100
mm. *p < 0.05, **p < 0.01 vs. control. ##p < 0.01 vs. NC.
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Knockdown of miR-4800-3p Inhibits the
Growth and EMT of Implanted Tumors
Promoted by Huh7-Derived Exosomes
In Vivo
To further explore the roles of exosomes through miR-4800-3p in
HCC, we built a nude mice model with LM3 cells and treated it with
Huh7-derived exosomes and/or miR-4800-3p antagomir by
injection. As the data revealed, miR-4800-3p antagomir treatment
markedly suppressed tumor growth promoted by Huh7-derived
exosomes (Figures 8A–C). The data showed that miR-4800-3p
antagonist treatment significantly inhibited the expression of miR-
Frontiers in Oncology | www.frontiersin.org 10
4800-3p (Figure 8D). In addition, the EMTmarkers and the Hippo
signaling pathway in tissues were also analyzed. As shown in
Figure 8E, knockdown of miR-4800-3p could promote the Huh7-
derived exosomes-suppressed E-cadherin and ZO-1 expression in
tumor tissues but suppress the exosome-induced N-cadherin. In
addition, the effect of Huh7-derived exosomes on the
phosphorylation of YAP and the expression of STK25, YAP,
TAZ, and PCNA were also largely reversed via knockdown of
miR-4800-3p in HCC tumors tissues (Figure 8E). These results
demonstrated that Huh7-derived exosomes promoted the growth
and EMT of implanted tumors in vivo through miR-4800-3p.
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FIGURE 4 | The miR-4800-3p promotes the expression of tumor stem cell markers and EMT in low-metastatic HCC cells through regulating the Hippo pathway. (A)
The expression of miR-4800-3p was measured by qPCR assay in low-metastatic HepB3 and LM3 cells treated as previously described. STK25 expression was
detected by qPCR (B), Western blot analysis (C), and immunofluorescence assay (D), respectively. qPCR and Western blot analysis of tumor stem cell markers
(CD44, CD133, and OCT4) (E, F) and EMT biomarkers (E-cadherin, ZO-1, N-cadherin) (G, H) in low-metastatic HepB3 and LM3 cells. (I) Western blot was used to
detect the expression of p-YAP, YAP, TAZ, and PCNA in HepB3 and LM3 cells. *p < 0.05, **p < 0.01 vs. control. ##p < 0.01 vs. NC.
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A B
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FIGURE 5 | The relationship between miR-4800-3p and STK25 and detection of transfection efficiency. (A, B) The mRNA and protein levels of STK25 in HepB3
and LM3 cells after transfection of OE-STK25 plasmid or OE-NC plasmid. (C, D) mRNA and protein levels were evaluated by qRT-PCR and Western blot analysis in
HepB3 and LM3 cells after transfection of OE-STK25 plasmid or the OE-NC plasmid together with the miR-4800-3p mimic. **p < 0.01.
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FIGURE 6 | Overexpression of STK25 inhibits the proliferation, invasion, and migration of HCC cells promoted by miR-4800-3p. HepB3 and LM3 cells were
transfected with the OE-STK25 plasmid or the OE-NC plasmid together with the miR-4800-3p mimic. (A, D) The effect of miR-4800-3p and STK25 on HepB3 and
LM3 cell proliferation was evaluated by EdU staining. Scale bar, 100 mm. The effect of miR-4800-3p and STK25 on HepB3 and LM3 cell invasion and migration was
observed by an invasion assay (B, E) and a scratch wound assay (C, F). Scale bar = 100 mm. **p < 0.01 vs. mimic+OE-NC.
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DISCUSSION

Exosomes derived from tumor cells could promote tumor
migration by creating a tumor environment or assisting tumor
immune escape (8, 11, 27). As an important medium of signal
communication between the tumor stroma and tumor cells,
exosomal miRNAs are involved in almost the entire biological
process of tumor genesis and development (10, 11). Given that
serum exosomal miRNAs have high abundance, good stability,
and are easy to standardize, they are often used as new biomarkers
for early screening, early diagnosis, disease monitoring, and
evaluation of the efficacy of HCC (9, 27). Therefore, we selected
an exosomal miRNA, miR-4800-3p, which is upregulated in the
serum of HCC patients and exosomes secreted by HCC cells and
demonstrated that exosomes modulate the malignant phenotypes
of HCC cells by delivering miR-4800-3p, which provides a new
therapeutic target for HCC treatment. Hundreds of different
miRNAs have been identified in exosomes released by cancer
cells, and these miRNAs regulate tumor genesis and development
(10). Here, we first showed that miR-4800-3p aggravated the
stemness, proliferation, migration, and invasion of HCC cells
and also promoted the growth of implanted tumors in vivo,
Frontiers in Oncology | www.frontiersin.org 12
providing effective evidence for miR-4800-3p as a new
therapeutic target.

Transforming growth factor b1 (TGF-b1), as an important
factor in the induction of EMT in vivo, regulates cell growth and
differentiation and promotes tumor invasion and metastasis
during tumor progression (28). Reports have shown that the
TGF-b signal can promote EMT by inducing the expression of
Snail/2, ZEBI/2, ET-1, OCT4, and HMGA2 (29) and also act as a
tumor growth inhibitor to suppress the division and proliferation
of in situ tumors and promote cell senescence and apoptosis in the
early stage of tumors while promoting tumor cell invasion and
metastasis by inducing angiogenesis and promoting immune
escape in advanced stages (17). Given these effects of TGF-b1,
we selected it as the inducing factor in this study. Interestingly, we
proved that the expression of exosomal miR-4800 in low-
metastatic HCC cells was greatly upregulated when treated with
TGF-b1, while the expression of miR-4800 in high-metastatic
HCC cells was also highly expressed. Thus, we speculated that the
role of exosomal miR-4800 in high-metastatic HCC cells acted as
TGF-b1 via mediating the EMT process.

HCC is a highly malignant tumor with a strong ability to
invade, recur, and metastasize, which may be related to
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FIGURE 7 | STK25 overexpression inhibits the expression of tumor stem cell markers and EMT in HCC cells promoted by miR-4800-3p through the Hippo
pathway. (A) The stemness of HepB3 and LM3 cells was evaluated using a sphere formation assay. qPCR and Western blot analysis of tumor stem cell markers
(CD44, CD133, and OCT4) (B, C) and EMT biomarkers (E-cadherin, ZO-1, and N-cadherin) (D, E) in HepB3 and LM3 cells. (F) Western blot was used to detect the
expression of p-YAP, YAP, TAZ, and PCNA in HepB3 and LM3 cells. *p < 0.05 and **p < 0.01 vs. mimic+OE-NC.
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hepatocellular carcinoma cancer stem cells (HCSCs) (30).
Therefore, the removal of HCSCs is a new approach for HCC
treatment. In HCC, CD44 and CD133 are common cancer stem
cell (CSC) markers, CD133+ cells have stronger proliferation
ability and tumorigenicity than CD133 cells, while CD44
provides a unique cellular signature for CD133+ or CD90+

CSCs in HCC (31, 32). Octamer-binding transcription factor 4
(OCT4), a key regulatory factor of somatic reprogramming,
regulates the expression of the downstream gene by binding to
the promoter or enhancer of the target gene; several genes are
encoded with OCT4, including sex-determining region Y-box
(SOX-2) (33). Here, we show that both Huh7-derived exosomes
and miR-4800-3p mimics could greatly upregulate these markers
of HCSCs, indicating that miR-4800-3p could be used to treat
HCC by inhibiting HCSCs and acting as an important target for
HCC treatment, and also HCC-derived exosomes could be used
as an effective therapeutic carrier.

Previous studies have shown that STK25 could suppress tumor
cell growth and proliferation by downregulating the Golph3-
dependent mTOR pathway, promoting tumor cell apoptosis by
regulating CCM2TrkA, etc. (24, 34). However, as one of the
important members of the GCK subfamily, STK25 has not been
studied in the progression of HCC. Here, we first demonstrated the
possibility of miR-4800-3p-rich exosomes as a targeted inhibitor of
STK25 to achieve a similar effect in suppressing HCC progression,
which is of greater importance for clinical application in HCC
treatment. Therefore, we would further study STK25 expression
changes in clinical samples of liver cancer and explore the
related mechanism.
Frontiers in Oncology | www.frontiersin.org 13
Reports have proven that STK25 is associated with the Hippo
signal pathway (34). As the key mediators in the Hippo signal
pathway, LATS1 and LATS2 kinases negatively regulate the
activity of oncogene transcriptional coactivator YAP and
transcriptional coactivator TAZ with PDZ binding motif (35,
36). Furthermore, a recent study has shown that the complete
absence of STK25 expression often results in a partial decrease in
LATS activity and an increase in YAP/TAZ activity and finally
promote tumor cell proliferation (34). Considering that STK25 is
a novel regulator of the Hippo signaling pathway and STK25 is a
targeted gene for miR-4800-3p, we further explored the effects of
miR-4800-3p on the activation of the Hippo signaling pathway
and proved that overexpression of miR-4800-3p greatly reduced
phosphorylated YAP in the nucleus and increased the expression
of nonphosphorylated YAP/TAZ to exert the activity of
transcriptional coactivators, thus promoting the transcription
of downstream proliferation-related genes. Similar results were
obtained from the treatment of Huh7-derived exosomes but
suppressed by miR-4800-3p antagomir in vivo. All these results
indicated that miR-4800-3p acted as an oncogenic gene by
regulating the Hippo signaling pathway by targeting STK25 in
both in vitro and in vivo experiments, further confirming the
expression of miR-4800-3p in exosomes derived from HCC cells
could also be used as a potential diagnostic marker for HCC.

Proliferating cell nuclear antigen (PCNA) is a cell cycle
regulatory nuclear protein involved in DNA replication and repair
(37). Its synthesis and expression can reflect the proliferation of
tumor cells. A significant increase in PCNA in HCC cells often
accelerates cell proliferation, and the balance between cell
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FIGURE 8 | Knockdown of miR-4800-3p inhibits the growth and EMT of implanted tumors promoted by Huh7-derived exosomes in vivo. (A–C) Knockdown of miR-
4800-3p suppressed tumor growth promoted by Huh7-derived exosomes. (D) The expression of miR-4800-3p was measured by qPCR assay. (E) The expression of
E-cadherin, ZO-1, N-cadherin, STK25, p-YAP, YAP, TAZ, and PCNA was detected by Western blot analysis. (F) Schematic diagram of how exosomal miR-4800-3p is
derived from high-metastatic HCC cells to promote the progression of HCC by mediating the Hippo signaling pathway by targeting STK25. Exosomal miR-4800-3p
derived from high-metastatic HCC cells converted low-metastatic HCC cells to more aggressive HCC cells by mediating YAP/TAZ activation by targeting STK25 to
promote stemness, proliferation, migration, invasion, and EMT in HCC. *p < 0.05, **p < 0.01 vs. control; ##p < 0.01 vs. Exo; &p < 0.05, &&p < 0.01 vs. antagomir.
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proliferation and apoptosis is broken (38). Here, we show that both
Huh7-derived exosomes and overexpressed miR-4800-3p obviously
increased PCNA expression and finally promoted HCC cell
proliferation and tumor growth. These effects were largely
suppressed by STK25 overexpression, confirming that miR-4800-
3p aggravated HCC deterioration of HCC via targeting STK25.

EMT often regulates the development and progression of
epithelial tumors and is closely related to tumor metastasis (39).
The most important characteristic of EMT is the loss of expression
of the epithelial marker E-cadherin (E-Cad) and the presence of the
mesenchymal cell marker N-cadherin (N-Cad), which decrease the
adhesion ability of epithelial tumor cells and improve the ability of
cell migration and invasion (40). The decreased expression of E-Cad
often leads to an enhanced invasion ability of tumor cells, including
lung cancer cells and breast cancer cells (41). Meanwhile, previous
studies have shown that zonula occludens-1 (ZO-1) is closely related
to the initial formation and proliferation of tumor cells, and its
abnormal expression can cause the abnormal structure and function
of tight junctions and lead to invasion and metastasis of tumor cells
(42). Here, we found that overexpression of miR-4800-3p could
greatly suppress E-Cad and ZO-1 protein levels but increased the
progression of N-Cad in both in vitro and in vivo experiments,
demonstrating that miR-4800-3p could weaken the ability of
invasion and metastasis of HCC cells. Interestingly, we observed a
similar phenomenon in Huh7-derived exosomes, further
confirming that exosomal miR-4800-3p could be used as a
potential therapeutic target for HCC.

In conclusion, we proved that exosomal miR-4800-3p
aggravated the progression of HCC by regulating the Hippo
signaling pathway by targeting STK25 in both in vitro and in vivo
experiments (Figure 8F), which provided evidence that exosomal
miR-4800-3p could be used not only as a potential diagnostic
marker for HCC but also as a therapeutic target for HCC.
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Supplementary Figure 1 | Identification of exosomes derived from HCC cells
and detection of the expression of TGF-b1. (A) Exosomes isolated from the culture
supernatant of HepG2, HepB3, LM3 cells were observed by TEM. (B) The exosome
marker proteins CD63, ALIX and TSG101 were detected by western blot analysis,
and Calnexin was used as internal reference. (C). The qPCR assay was performed
to detect TGF-b1 expression of TGF-b1 in HCC cells (HepB3 and LM3) and
exosomes derived from HCC cells.

Supplementary Figure 2 | Labelling of exosomes. (A, B) Exosomes derived
from Huh7 cells were labeled with PKH67. In addition, HepB3 and LM3 cells
were incubated with labelled exosomes for 0.5 h, 2 h, 12 h and 24 h, and the
images were captured using a confocal microscope. (C) The expression of
cellular miR-4800-3p at different time points was measured by qPCR assay.
(D) The expression of exosomal miR-4800-3p at different groups was measured
by qPCR assay.
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