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Purpose: To investigate the potential role of the circMTO1/miR-9-5p/NOX4 axis in liver
cancer.

Materials and Methods: Human genome-wide circrna microarray V2 was used for
analyzing the expression profile of circRNAs in human tissue samples. The TargetScan
database was used to predict target genes. Gene overexpression and silencing in hepatoma
cell lines were achieved by transfecting the cells with suitable constructs. Quantitative real
time PCR and Western blotting were used to analyze gene and protein expression levels.
CCK-8 analysis was performed to detect cell proliferation and the transwell assay for
analyzing cell migration. Annexin V-FITC/PI staining and immunohistochemistry were
respectively used to detect apoptosis and protein expression.

Results: CircMTO1 were down-regulated in the liver cancer tissues and cell lines compared
to their respective normal controls. TargetScan database screening and dual luciferase assay
revealed that circMTO1 was a molecular sponge of miR-9-5p, and NOX4 was the target gene
of miR-9-5p. Overexpression of circMTO1 and NOX4 inhibited proliferation and migration
of hepatoma cells, while the overexpression of miR-9-5p had the opposite effects. In
contrast, overexpression of circMTO1 and NOX4 promoted apoptosis, while that of miR-
9-5p decreased the cell apoptosis rates.

Conclusion: Overexpression of CircMTOL1 acts as tumor suppressor in liver cancer by
sponging miR-9-5p, which upregulates NOX4.

Keywords: circMTO1, miR-9-5p/NOX4 axis, hepatocellular carcinoma, proliferation,
apoptosis

Introduction

Hepatocellular carcinoma (HCC) is one of the most commonly diagnosed human
malignancies worldwide, which is associated with high morbidity and mortality.
China alone accounts for about 50% of the global liver cancer burden.'” An
estimated 466,100 patients were diagnosed with HCC in China in 2015, of
which 422,100 did not survive.! Based on the stage of tumor progression,
HCC can be managed by surgery, liver transplantation, targeted therapy and
palliative care.® Despite significant progress in the treatment of liver cancer, its
incidence and mortality remains high, calling for new potential therapeutic
targets.

submit your manuscript

Dove “

http:

in 3

Cancer Management and Research 2020:12 3915-3925 3915
© 2020 Wang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
BY_ Ne

php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the
work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Wang et al

Dove

Circular RNAs (circRNAs) is a class of non-coding
RNAs characterized by a covalently closed loop structure.
They are expressed in a tissue-specific and developmental
stage-specific manner.* The circRNA regulates gene expres-
sion by acting as an microRNAs (miRNAs) sponge, a chelat-
ing agent for RNA binding protein or a transcriptional
regulator.>® Aberrant expression levels of circRNA have
been detected in vascular diseases, neurological diseases
and cancer, indicating their essential role in both physiologi-
cal and pathophysiological processes.”® CircRNAs involved
in HCC progression have been identified, although their
effects on HCC cell proliferation and apoptosis are not com-
pletely clear.

MiRNAs are short non-coding RNAs that can nega-
tively regulate target gene expression by binding to the 3’
untranslated region (UTR) of the mRNAs through com-
plementary base pairing, and inducing decay or transcrip-
tional repression.” MiRNAs have multiple targets that
regulate proliferation, differentiation, apoptosis, protein

1011 and are therefore attrac-

secretion and viral infection,
tive therapeutic targets. Several miRNAs involved in the
development and progression of liver disease have also
been identified that can be potential markers for liver
cancer diagnosis, prognosis and pharmacogenomics.'?

The NADPH oxidase (NOX) family of enzymes are an
important source of ROS in signal transduction.'*'
NOX4 plays a crucial role in mediating the action of
transforming growth factor-f (TGF-B) in the liver. It acti-
vates TGF-p in stellate cells and promotes liver fibrosis,'*
and triggers apoptosis of hepatoma cells by upregulating
the proapoptotic BIM and BMF.'> Therefore, NOX4 likely
plays an important role in the development of liver cancer.

In this study, we performed a global expression analy-
sis of circRNAs, miRNAs and mRNAs in HCC tissues and
cell lines, and determined the effect of the circMTO1/miR-
9-5p/NOX4 axis on hepatoma cell proliferation and apop-
tosis. Our findings provide new insights into the molecular
mechanisms underlying liver cancer development, and
present circMTO1 as a potential diagnostic biomarker
and therapeutic target for HCC.

Materials and Methods

Reagents

RPMI-1640 medium, MEM, penicillin, streptomycin, and
fetal bovine serum (FBS) were purchased from Gibco,
USA. The TRIzol reagent, cDNA reverse transcription
kit and SYBR Premix EX TaqTM kit were bought from

TaKaRa, Japan. The miR-9-5p mimics, miR-9-5p inhibi-
tor, and the respective scrambled controls were synthe-
sized by Genepharma. The pcDNA-circMTOl and
pcDNA-NOX4 plasmids and Lipofectamine™ 3000 were
purchased from Invitrogen, USA. The pmirGLO vector
and the Dual Luciferase Activity Assay Kit were pur-
chased from Promega, USA. Annexin V-FITC/PI kit,
RIPA lysis buffer and NOX4 antibody were purchased
from Abcam, UK. The f-actin antibody and goat anti-
rabbit (mouse) IgG secondary antibody were purchased
Cell USA.
Polyvinylidene fluoride (PVDF) membranes were pur-

from Signaling  Technology Inc.,

chased from Millipore Corporation, USA.

Cell Culture

Six HCC cell lines (Huh7, Hep3B, MHCC-97L, MHCC-
97H, SMMC-7721 and HepG2) and normal liver cell lines
(L-02) were purchased from Shanghai Institute of Cell
Biology, Chinese Academy of Sciences. L-02 cells were
cultured in RPMI-1640 medium supplemented with 10%
FBS, 100 IU/mL penicillin and 100 IU/mL streptomycin.
Huh7 cells, Hep3B cells, MHCC-97L cells, MHCC-97H
cells, SMMC-7721 cells and HepG2 cells were cultured in
MEM supplemented as above. All cell lines were cultured
at 37°C under 5% CO,. The medium was replaced every 2
days and the cells in log phase were used for the
experiments.

Patients and Tissue Samples

Twenty pairs of liver tumor tissues and adjacent normal
tissues were harvested from patients undergoing liver can-
cer resection. Written informed consent was obtained from
all patients, and all trials were approved and supervised by
the Ethics Committee of Jingzhou Central Hospital and
compliant with the Declaration of Helsinki. Liver cancer
was diagnosed on the basis of histopathological examina-
tion. The resected tissue specimens were flash frozen and
stored at —80°C.

Bioinformatics Analysis

Total RNA was extracted from the normal and tumor
tissues using TRIzol reagent, and the samples were pre-
pared for Human Whole Genome Circrna Microarray V2
as per the protocol of Arraystar Inc. The results were
visualized in the form of a heat map. The TargetScan
database was then used to identify the putative binding
sites between miR-9-5p and the non-coding region of
circMTO1 and NOX4 respectively.
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Quantitative Real Time RT-PCR (qRT-PCR)

Total RNA was extracted from the tissues or cells using
TRIzol reagent, and the concentration was determined
using a Nanodrop 2000 instrument. Equal amounts of the
total RNA were reverse transcribed to cDNA using the
cDNA Reverse Transcription Kit, followed by qRT-PCR
using the SYBR Premix EX TaqTM kit in FTC-3000p
real-time PCR system. U6 and B-actin were used as the
internal references for miRNA, mRNA and circRNA
respectively. The relative gene expression levels were
analyzed by the 2 44"
Table 1.

method. The primers are listed in

Cell Transfection

The HepG2 and Hep3B cells were transfected with various
constructs (miR-9-5p mimics, scrambled controls,
pcDNA-circMTO1 and pcDNA-NOX4) as appropriate
using the Lipofectamine™ 3000 Transfection Reagent
according to the manufacturer’s instructions. The medium
was replaced 6h after transfection, and the cells were

harvested 48h later.

Dual Luciferase Reporter Gene Activity
Assay

The circMTO1 3'UTR wt/mut or NOX4 3'UTR wt/mut
constructs were cloned into the pmirGLO vector, and the
HepG2 and Hep3B cells were co-transfected with
pmirGLO-circMTO1-wt/mut or pmirGLO-NOX4-wt/mut
along with miR-9-5p mimic or the scrambled control.
The luciferase activity of the cells was determined 48h
later using a dual luciferase activity assay Kkit.

Table | Primer Sequences

Primer Sequence (5'-3')

circMTO| Forward:5'-TGCATCAGAGGCTTGGAGAA-3’
Reverse:5'-AAGGAAGGGGTGATCTGACG-3

miR-9-5p Forward:5'-TCGCTCTTTGGTTATCTAGCT-3’
Reverse:5-UCUUUGGUUAUCUAGCUGUAUGA-3’

NOX4 Forward:5'-ATTGATGGGCTCCCTCTACCC-3’
Reverse:5-TGCCTTGACTGGTTCTCGTTCC-3

ué Forward:5'-GCTTCGGCAGCACATATACTAAAAT-3’
Reverse:5'-CGCTTCACGAATTTGCGTGTCAT-3’

B-actin Forward:5'-TGACTTCAACAGCGACACCCA-3’
Reverse:5'-CACCCTGTTGCTGTAGCCAAA-3’

CCK-8 Assay

The transfected cells were seeded into 96-well plates and
cultured for 24, 48, 72 or 96h. For each time point, 10uL
CCK-8 solution was added per well and the cells were
incubated at 37°C for 2h. The absorbance of the wells at
450 nm was detected using an automatic microplate reader.

Cell Migration Assay

The transfected cells were seeded into the upper chamber
of a transwell insert (24-well plate format) at the density of
at 1x10° cells/well in serum-free medium, and the lower
chambers were filled with complete medium. After cultur-
ing the cells at 37°C under 5% CO, for 48h, the upper
chambers were removed and the unmigrated cells remain-
ing on the membrane surface were swabbed. The migrated
cells on the lower side of the membrane were washed
thrice with PBS, fixed with 4% paraformaldehyde and
stained with 1% crystal violet for 20 min. After washing
thrice with PBS, the number of migrating cells was
counted in 5 random fields. Each sample was tested in
triplicates.

Flow Cytometry

The transfected cells were harvested, centrifuged and re-
suspended in binding buffer. The cells were sequentially
stained with 10pL Annexin V-FITC and 10pL propidium
iodide (PI) for 30 min at room temperature in the dark, and
then analyzed using a FACSCalibur™ flow cytometer.

Immunochemistry

The liver tissues were fixed, embedded in paraffin, and cut
into 4um sections. The latter were cleared, dehydrated
through an ethanol gradient, and immersed in 3% hydro-
gen peroxide to quench endogenous peroxidases. After
blocking with animal serum for 20 min, the sections
were incubated with the primary antibody, washed with
PBS, and then incubated with the secondary antibody. The
slides were rinsed, and color was developed using the
ABC complex and DAB. The stained sections were
observed under 400x magnification.

Western Blotting

The total cellular protein was extracted with RIPA lysis
buffer, and quantified by the BCA method. Equal amounts
of protein per sample were denatured, resolved by SDS-
PAGE and transferred to PVDF membranes. The blots
were blocked with 5% skim milk, incubated overnight
with the primary antibody at 4°C, and then with the
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secondary antibody at room temperature for lh. The
immunoblots were developed as per standard procedures,
and Image Pro Plus image analysis system was used to
quantify the protein bands.

Statistical Analysis

Statistical analysis was performed using SPSS 18.0 soft-
ware. The data was represented as mean + standard devia-
tion (¥ = s) of three independent experiments. Multiple
groups were compared by one-way ANOVA. P<0.05 was
considered statistically significant.

Results
CircMTO| Is Expressed at Low Levels in

Liver Cancer Tissues and Cells
As shown in the heat map in Figure 1A, 6 circRNAs were
down-regulated in HCC tissues compared to the normal liver

tissues, among which circMTO1 (hsa circRNA 104135)
showed the most significant down-regulation. The lower
levels of circMTO1 were verified in both hepatocarcinoma
tissues (P<0.01; Figure 1B). Compared with L-02 cells, low
expression of circMTO1 was observed in all six HCC cell
lines. Among them, circMTO1 expression was the lowest in
HepG2 cells (P <0.05), while circMTO1 expression was the
highest in Hep3B cells (P<0.001;Figure 1C). For subsequent
experiments, these two cell lines were selected.

CircMTO| Affects the Proliferation and

Apoptosis of Hepatoma Cells in vitro

To determine the functional role of circMTOL1 in liver
cancer, HepG2 and Hep3B cells were transfected with
the pcDNA-circMTO1 expression vector. As shown in
Figure 2A, the relative expression of circMTO1 was sig-

nificantly higher in pcDNA-circMTO1 group compared to
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Figure | Expression of circMTOI in liver cancer tissues and cells. (A) Heat map of differentially expressed circRNA:s in liver cancer tissues. N: normal tissue adjacent to the
tumor; T: tumor tissue. Red indicates high expression and blue indicates low expression. (B, C) Results of qRT-PCR analysis showing that circMTO| is down-regulated in (B)
tumor tissues, and in (C) HCC cells. #P<0.01 compared with adjacent normal tissues, *P<0.05, **P<0.01, **P<0.00] compared with L-02 cells.

Abbreviation: HCC, hepatocellular carcinoma.
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Figure 2 CircMTO| regulates cell proliferation and apoptosis in hepatoma cells. (A) Overexpression of circMTO| in HepG2 and Hep3B cells transfected with pcDNA-
circMTOI. (B) CCK-8 assay results showing proliferation rates of pcDNA-circMTO| and NC cells. (C) Transwell assay showing the percentage of migrating cells in the
pcDNA-circMTOI and NC groups. (D) Flow cytometry plots showing percentage of AnnexinV+/Pl+ apoptotic cells in both groups. **P<0.01, ***P<0.001 compared with

NC group.

Abbreviations: NC, negative control; FITC, fluorescein isothiocyanate; Pl, propidium iodide; FLI-H, fluorescent channel I; FL2-H, fluorescent channel 2.
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the NC group (all P<0.01). Overexpression of circMTOI
significantly inhibited the proliferation of the hepatoma
cells (all P<0.01; Figure 2B), as well as their in vitro
migration (all P<0.01; Figure 2C). Furthermore, the high
levels of circMTO1 significantly increased apoptosis in the
hepatoma cells (both P<0.001; Figure 2D). Taken together,
overexpression of circMTOI likely acts a tumor suppres-
sor in liver cancer by inhibiting the proliferation of hepa-
toma cells and promoting apoptosis.

CircMTOI Is a Molecular Sponge of
miR-9-5p

To determine whether circMTO1 targeted miR-9-5p, we
first predicted the putative circMTO1-specific binding sites
on miR-9-5p using TargetScan (Figure 3A). Cells co-trans-
fected with luciferase reporter plasmid carrying circMTO1
3'UTR wt and the miR-9-5p mimic showed significantly
reduced fluorescein levels compared to the cells trans-
fected with the circMTOl 3'UTR mut (all P<0.01;
Figure 3B). As shown in Figure 3C and D, miR-9-5p
levels were significantly higher in the hepatocarcinoma
tissues and cells compared to that in normal liver tissues
and cells respectively (P<0.01 for all). Furthermore, over-
expression of circMTO1 significantly inhibited the expres-
sion of miR-9-5p (Figure 3E), while the miR-9-5p mimic
caused a sharp decrease in circMTOI1 levels (Figure 3F).
Taken together, circMTO1 and miR-9-5p mutually inhib-
ited each other in hepatoma cells.

MiR-9-5p Targets NOX4 in Liver Cancer

Tissues and Cells

To determine whether miR-9-5p targeted NOX4, we pre-
dicted the putative binding sites between miR-9-5p and
NOX4 (Figure 4A). The dual luciferase reporter assay
further showed that miR-9-5p inhibited fluorescein activity
in HepG2 and Hep3B cells transfected with a reporter
plasmid carrying NOX4 3'UTR wt. However, no signifi-
cant inhibition was observed when the reporter plasmid
carried NOX4 3'UTR mut (both P<0.01; Figure 4B). Next,
we found NOX4 mRNA levels were significantly down-
regulated in hepatocarcinoma tissues compared to the
adjacent normal tissues (P<0.01; Figure 4C). Consistent
with this, the in situ NOX4 protein expression was sig-
nificantly less in the tumors compared to the adjacent
normal liver tissues (Figure 4D). NOX4 mRNA levels
were significantly down-regulated in the hepatoma cell
lines compared to L-02 cells (all P<0.01; Figure 4E).

Furthermore, miR-9-5p overexpression significantly
down-regulated NOX4 whereas the miR-9-5p inhibitor
up-regulated NOX4 in HepG2 cells and Hep3B cells
(Figure 4F). Thus, miR-9-5p binds to and transcriptionally
represses NOX4 in liver cancer cells.

The circMTO1/miR-9-5p/NOX4 Axis

Regulates Liver Cancer Progression

The regulatory network of circMTOI1, miR-9-5p and
NOX4 in the hepatoma cells was further analyzed by co-
transfecting the cells with multiple constructs.
Overexpression of circMTO! significantly downregulated
miR-9-5p, which in turn increased the expression levels of
NOX4 in the HepG2 and Hep3B cells. However, presence
of miR-9-5p mimic counteracted the effects of circMTO1
(both P<0.05; Figure 5A and C). Furthermore, miR-9-5p
overexpression increased the proliferation and migration
of HepG2 and Hep3B cells, which was abrogated by the
ectopic expression of circMTO1 or NOX4 (all P<0.05;
Figure 5B, D and E). Consistent with this, miR-9-5p over-
expression also lowered the apoptosis rate in hepatoma
cells, while ectopic expression of circMTO1 and NOX4

had the opposite effect (P<0.05; Figure 5F).

Discussion

HCC is the fourth leading cause of cancer-related deaths
worldwide, and the third most lethal cancer in China.'®
Despite significant progress in the diagnosis and treatment
of liver cancer in recent years, the prognosis is still poor
due to its high recurrence and metastasis rates.'”'® A more
in-depth understanding of the molecular mechanisms driv-
ing metastasis of liver cancer cells can potentially translate
to more effective treatment strategies and improved patient
prognosis.

CircRNAs, as the name suggests, have a closed circular
structure that is impervious to RNA exonuclease and
therefore more stable.'® They are derived from exons,
introns or intergenic regions, and the exon-derived
circRNAs are the final product of mRNA splicing and
usually cytoplasmic. Recent studies show that circRNAs
molecules have numerous miRNA binding sites and act as
miRNA sponges.”’ Several circRNA involved in tumor
progression have been identified. For example, circ-
MTOLI inhibits the proliferation of lung adenocarcinoma
cells by regulating the miR-17/QKI-5 axis.?' In this study,
we found that circMTO1 was downregulated in human
HCC tissues, and the ectopic expression of circMTO1 in
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Figure 3 MiR-9-5p and circMTO| mutually inhibit each other in hepatocarcinoma cells. (A) Putative binding sites between miR-9-5p and circMTO|. (B) Fluorescein activity
in cells co-transfected with pmir-GLO-CircMTO| 3'UTR wt/mut and miR-9-5p mimic. (C, D) Results of gRT-PCR analysis showing up-regulation of miR-9-5p in (C) liver
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Figure 4 MiR-9-5p targets NOX4 in hepatocarcinoma cells. (A) Binding sites between miR-9-5p and NOX4. (B) Luciferase activity in cells co-transfected with pmitr-GLO-
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Abbreviations: wt, wild type; mut, mutant type; NC, negative control.

hepatoma cell lines inhibited their proliferation. Therefore,
circMTOL1 likely acts a tumor suppressor in HCC and is a
potential biomarker/therapeutic target.

MiRNAs are short single-stranded RNAs that post-
transcriptionally regulate gene expression by binding to
complementary sequences in the 3’ UTR of the target
mRNAs, resulting in translational inhibition and gene
silencing.** They play critical roles in physiological pro-
cesses, such as tissue development and differentiation, cell
proliferation and tissue repair.”> MiR-9-5p is up-regulated
in liver cancer tissues, and consistent with this, miR-9-5p

is highly expressed in HCC and the miR-9a-5p mimic
significantly increased the proliferation of hepatoma cells
and inhibited apoptosis.”* Therefore, miRNAs are also
promising biomarkers for the clinical diagnosis of HCC.**

NOX is a multimeric transmembrane enzyme complex
that produces superoxide anions and hydrogen peroxide
from molecular oxygen in response to multiple stimuli.
The mammalian NOX family includes seven subtypes:
NOX1, NOX2, NOX3, NOX4, NOXS5, double oxidase 1
and double oxidase 2.>° The NOX-mediated generation of
ROS is the pathogenic basis of liver diseases like chronic
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Figure 5 The circMTOI/miR-9-5p/NOX4 axis regulated the proliferation and apoptosis in hepatoma cells. (A, €) NOX4 mRNA levels in HepG2 and Hep3B cells
transfected with pcDNA-circMTO I, pcDNA-NOX4 and miR-9-5p mimic. (B, D) Proliferation rate of cells transfected with the different constructs. (E) In vitro migration
rate of cells transfected with the different constructs. (F) Apoptosis rate in the cells transfected with different constructs. * P<0.05, **P<0.01, ***P<0.00| compared with
NC, #P<0.05, #p<0.01, ##p<0.001 compared with miR-9-5p mimic, #P<0.05, ¥¥P<0.01, #%%P<0.001 compared with pcDNA-circMTOI, °P<0.05, *P<0.01 compared with

pcDNA-NOX4.

Abbreviations: NC, negative control; FITC, fluorescein isothiocyanate; Pl, propidium iodide; FLI-H, fluorescent channel |; FL2-H, fluorescent channel 2.
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hepatitis, liver fibrosis and HCC.?*"*® The study found that
NOX4 plays a role in regulating hepatocyte proliferation
under physiological conditions or during tumorigenesis.
NOX4 silencing increases the tumorigenic potential of
human hepatoma cells in mouse xenografts, leading to
earlier tumor formation.”” In addition, NOX4 is signifi-
cantly down-regulated in liver cancer tissues, as observed
in our study as well.*

Based on our findings, we concluded that miR-9-5p
targets circMTO1 and NOX4, and that circMTO!1 com-
petes with miR-9-5p to regulate the expression of NOX4
in hepatocarcinoma cells. The network comprising of
circMTO1, miR-9-5p and NOX4 regulates the progression
of liver cancer, and is a promising therapeutic target. For
example, overexpression of circMTOI1 could arrest liver
cancer cells via the miR-9-5p/NOX4 axis. Nevertheless,
the molecular mechanisms driving HCC need further
investigation.
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