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Low-intensity ultrasound enhances the antitumor
effects of doxorubicin on hepatocellular carcinoma
cells through the ROS-miR-21-PTEN axis
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Abstract. Hepatocellular carcinoma (HCC) is a type of liver
cancer and is a leading cause of cancer-associated mortality.
In China, ~466,000 patients are diagnosed with HCC and it is
responsible for ~422,000 cases of mortality each year. Surgery
is the most effective treatment available; however it is only
suitable for patients with early-stage HCC. Chemotherapy
has been confirmed as a necessary treatment for patients with
advanced HCC, although drug resistance may limit its clinical
outcome. Low intensity ultrasound (LIUS) represents a novel
therapeutic approach to treat patients with HCC; however,
its underlying molecular mechanism remains unclear. In the
present study, cell viability, apoptosis and reactive oxygen
species (ROS) generation were determined via Cell Counting
Kit-8, flow cytometry and 2',7'-dichlorofluorescein diacetate
assays, respectively. The expression of miRNA in HCC cells
following exposure to LIUS and doxorubicin (Dox) was
analyzed using a microarray and reverse transcription-quan-
titative polymerase chain reaction analysis. It was revealed
treatment with LIUS in combination with Dox was able to
induce apoptosis of Huh7 cells, increasing the intracellular
levels of reactive oxygen species (ROS) and malondialde-
hyde. Glutathione peroxidase and superoxide dismutase 1 are
ROS-scavenging enzymes, which serve important roles in the
oxidative balance, preventing oxidative stress. The protein
expression levels of these two enzymes were significantly
decreased following treatment with LIUS combined with
Dox. The present results suggested that LIUS may decrease
Dox resistance in HCC cells and that LIUS may be combined
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with chemotherapy to treat HCC. By performing microarray
analysis, the expression levels of microRNA-21 (miR-21)
were decreased following treatment with LIUS combined
with Dox. Functional experiments showed that knockdown
of miR-21 enhanced the antitumor activity of Dox, whereas
overexpression of miR-21 reversed these effects. Phosphatase
and tensin homolog (PTEN), a well-known tumor suppressor,
was revealed to be a direct target of miR-21, and its translation
was suppressed by miR-21. Finally, it was determined that
combined treatment of LIUS and Dox induced anticancer
effects by blocking the activation of the AKT/mTOR pathway,
as demonstrated by the downregulation of phosphorylated
(p-)AKT and p-mTOR; N-acetylcysteine, a general ROS
inhibitor reversed the suppressive effects on the AKT/mTOR
pathway mediated by LIUS and Dox. Collectively, the present
results suggested that LIUS increased cell sensitivity to Dox
via the ROS/miR-21/PTEN pathway. Chemotherapy combined
with LIUS may represent a novel effective therapeutic strategy
to treat patients with advanced HCC.

Introduction

Hepatocellular carcinoma (HCC) is a highly prevalent and
lethal disease, which poses a threat to human health. HCC is
the fifth most common malignancy worldwide and the 5-year
survival rate of patients with HCC is <20% (1). However, the
genetic factors and pathogenesis of HCC remain unclear, and
liver resection is the only available curative treatment (2).
Notably, surgical treatment only benefits patients diagnosed
with early-stage HCC, and liver resection is not effective in
patients with late-stage HCC (2,3).

Chemotherapy is an effective strategy to increase the
survival rate of patients with late-stage HCC (4). Notably,
targeted therapies for HCC have been approved for clinical
use (4). Sorafenib and doxorubicin (Dox) are widely used
chemical drugs that represent standard therapies for patients
with advanced HCC (5). However, drug resistance mecha-
nisms may limit the effectiveness of chemotherapy in patients
with HCC (6). Therefore, the identification of novel clinical
strategies able to promote chemotherapeutic sensitivity is
required.
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Dox is a type of anthracycline, which inhibits protein
translation by interacting with DNA and RNA (7). Dox is
the most common chemotherapy drug for the treatment of
various types of cancer, including breast cancer, gastric carci-
noma, liver cancer, lung cancer and lymphoma (8). However,
the molecular mechanism underlying Dox function remains
unclear. Notably, chemoresistance to Dox represents a major
challenge for the treatment of HCC. A previous study demon-
strated that AMP-activated protein kinase family member 5
(ARKY) is able to modulate the resistance of HCC to Dox
via epithelial-mesenchymal transition (EMT) (9). A previous
study identified that semaphorins regulate cell migration,
enhancing the resistance of HCC to Dox (10). Additionally,
salinomycin, an ionophore antibiotic, reverses the resistance
of HCC to Dox by inhibiting the B-catenin/TCF complex and
activating forkhead box O3 (11). Collectively, these previous
studies suggested that chemoresistance in HCC may be a
multifactorial mechanism that requires further investigation.

A previous study demonstrated that low intensity
ultrasound (LIUS) enhances the anticancer effects of chemo-
therapy (12). LIUS can treat solid tumors via sonodynamic
therapy, ultrasound-mediated chemotherapy, ultrasound-medi-
ated gene delivery and antivascular ultrasound therapy (12).
A previous study demonstrated that LIUS, in combination
with chemical compounds, suppresses proliferation of tongue
squamous carcinoma cells (13). In addition, it has been demon-
strated that LIUS increases Dox uptake, and inhibits cancer
cell proliferation and migration (14). Although various studies
have observed an association between treatment with LIUS and
tumor suppression, the mechanism underlying the antitumor
effects of LIUS remains unclear. Therefore, understanding
the molecular mechanism underlying LIUS may facilitate the
development of clinical strategies combining chemotherapy
with LIUS to treat cancer.

Reactive oxygen species (ROS) are involved in numerous
pathophysiological processes. A previous study demonstrated
that ROS, by modulating the expression levels of certain
microRNAs (miRNAs/miRs), may regulate gene expression
in tumor cells (15). Oxidative stress has been reported to
induce the expression of miRNAs belonging to the miR-200
family, and the crosstalk between ROS signaling and miR-200
increases oxidative stress-mediated liver cell death (16).
Notably, the ROS-MYC proto-oncogene, bHLH transcription
factor-miR-27 pathway increases HCC cell proliferation and
liver cancer progression (17). These findings indicate that
LIUS may affect the expression of miRNAs via the produc-
tion of ROS. The present study hypothesized that dysregulated
miRNA expression induced by ROS accumulation may
represent the mechanism underlying enhanced Dox sensitivity
following treatment with LIUS.

In the present study, a novel regulatory pathway consisting
of LIUS, ROS and miRNAs was identified in HCC cells. The
present results suggested that LIUS was able to significantly
increase sensitivity to Dox by activating the ROS pathway.
Furthermore, ROS decreased the expression levels of miR-21,
resulting in increased expression levels of PTEN and HCC cell
apoptosis. Therefore, the present results suggested that LIUS
together with Dox may represent a novel strategy to decrease
chemoresistance in HCC, improving the effectiveness of
chemotherapy in clinical settings.
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Materials and methods

Cells and ultrasound device. Huh7 cells were purchased from
The Shanghai Institute of Cell Biology, Chinese Academy
of Sciences (Shanghai, China) and cultured in Dulbecco's
modified Eagle's medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc.) and 1% penicillin-streptomycin (Gibco; Thermo Fisher
Scientific, Inc.) in an incubator with a humidified atmosphere
and 5% CO, at 37°C. The different concentrations (0-1.5 ug/ml)
of Dox (Wako Pure Chemical Industries, Ltd; Osaka, Japan)
was added into cells, and cells were treated for 24 h, as previ-
ously described (18). Huh7 cells (1x10* cells) were cultured in
3.5-cm diameter dishes (Corning, Inc., Corning, NY, USA)
and placed on an ultrasonic transducer (Onda Corporation,
Sunnyvale, CA, USA). LIUS waves of varying intensities
(diameter: 40 mm; center frequency: 1.1 MHz; duty factor:
20%; repetition frequency: 100 Hz) were transmitted for
15 min through the bottom of the cultured dishes via a 2.5-cm
thick aluminum block in a humidified 37°C incubator with
5% CO,. Untreated cells served as controls. In certain experi-
ments, the ROS scavenger N-acetylcysteine (NAC; 10 mM,
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) was
added to cells 1 h prior to the administration of Dox at 37°C;
after 24 h of incubation, cell suspensions were immediately
subjected to LIUS exposure. After the treatment, the cells
were collected for further analyses.

Cell viability assay. Cells were treated as aforementioned.
Cells were seeded at 5,000 cells/well in 96-well plates. After
24 h, the medium was replaced with DMEM supplemented
with 10% FBS and Dox (0,0.1,0.2,0.4,0.8 or 1.5 ug/ml). Cells
were cultured in an incubator for 24 h at 37°C with 5% CO,.
Cell viability was measured using a Cell Counting Kit-8 assay
(Dojindo Molecular Technologies, Inc., Kumamoto, Japan),
according to the manufacturer's protocol. A microplate reader
(MRX II; Dynex Technologies, Inc., Chantilly, VA, USA) was
used to measure the optical density at 450 nm.

Malondialdehyde (MDA) measurement. The level of lipid
peroxidation was assessed by measuring MDA levels using
the thiobarbituric acid reactive substance (TBARS) according
to the method of Zhang er al (19). In brief, Huh7 cells were
treated with LIUS and/or Dox for 24 h, and then the cells were
homogenized on ice in lysis buffer (cat. no. PO013B; Beyotime
Institute of Biotechnology, Haimen, China) and then centrifuged
at 13,000 x g for 10 min at 4°C to remove insoluble material.
Supernatant (200 pl) were placed into a micro-centrifuge tube
and 600 ul of the TBARS solution then added. This mixture
was incubated at 95°C for 60 min and cooled to room tempera-
ture in an ice bath for 10 min. Finally, 200 ul was pipetted into
each well of a 96-well plate, and the absorbance at 532 nm
was measured using a spectrophotometer (UV-1800 UV-vis
spectrophotometer, SHIMADZU Corporation, Tokyo, Japan).
A standard curve was prepared using various concentrations
of 1,1,3,3-tetraethoxypropane (1-10 nM). TBARS levels were
indicated in nM. TBA was procured from Sigma-Aldrich
(Merck KGaA). Other chemicals required, such as EDTA and
trichloroacetic acid were procured from Merck KGaA.
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Cell apoptosis assay. Cell apoptosis was assessed by staining
the cells with the BD Pharmingen™ Annexin V-fluorescein
isothiocyanate and propidium iodide kit (BD Biosciences),
according to the manufacturer's protocol. The cells were
analyzed with a FACSCalibur flow cytometer (BD Biosciences)
and then analyzed by FlowJo 8.7.1 software (FlowJo LLC).
Staining cells simultaneously with Annexin V-FITC (green
fluorescence) and the non-vital dye PI (red fluorescence)
allowed the discrimination of viable cells (FITCPI), early
apoptotic (FITC*PI'), and late apoptotic or necrotic cells
(FITC*PI*). Finally, the apoptotic rate was calculated from the
percentage of early + late apoptotic cells.

ROS detection. The generation of ROS was assessed using
2'/7'-DCFH diacetate (DCFH-DA; Sigma-Aldrich; Merck
KGaA). Briefly, at the end of treatment, the cell culture
medium was discarded and the cells were incubated with
DCFH (20 umol/l) for 30 min at 37°C, followed by two washes
with PBS. Then the DCFH-DA stain detecting ROS production
was observed using a fluorescence microscope (magnification,
x200; Nikon Corporation). Fluorescence was read at 485 nm
for excitation and 530 nm for emission with an Infinite M200
Microplate Reader (Tecan Group, Ltd.) and analyzed with BD
FACSDiva (version 6.2; BD Biosciences) software.

Microarray analysis. Total RNA was extracted from Huh7 cells
using TRIzol® reagent (Invitrogen; Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol. Briefly, the
quantity of RNA samples was evaluated via NanoDrop™
ND-1000 spectrophotometry (NanoDrop Technologies;
Thermo Fisher Scientific, Inc.). Total RNA (200 ng) was
labeled with fluorescence dye hy3 or hy5 using a miRCURY
Hy3/Hy5 Power Labeling kit (cat. no. 208031-A) and hybrid-
ized on the miRCURY™ LNA Array (v.18.0), both obtained
from Exiqon (Qiagen, Inc.) according to the manufacturer's
protocol. Data were analyzed using GeneSpring software
version 7.3 (Agilent Technologies, Inc.). The miRNAs with
intensities =50 were used to calculate a normalization factor
in all samples. Normalization was performed using median
normalization. The miRNA expression profiles (heatmaps)
were determined using MEV software (version 4.6; http:/
mev.tm4.org/#/welcome).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). miRNA was prepared using the miRNeasy Mini
kit (Qiagen, Inc.) and total RNA was prepared using TRIzol
reagent (Thermo Fisher Scientific, Inc.) according to the manu-
facturer's protocol. For miRNA reverse transcription, cDNA
was synthesized using TagMan® miRNA reverse transcrip-
tion kit (Applied Biosystems; Thermo Fisher Scientific, Inc.)
at 42°C for 1 h. For mRNA reverse transcription, cDNA was
synthesized using the Oligo dT primer (Takara Biotechnology
Co.,Ltd.) at 42°C for 1 h. qPCR was performed using an SYBR
Green PCR mix (Takara Biotechnology Co., Ltd.). gPCR was
conducted as follows: 95°C for 15 min, followed by 40 cycles
of 94°C for 15 sec, 55°C for 30 sec and 70°C for 30 sec, and a
final extension step at 72°C for 5 min. The following primers
were used for RT-qPCR analysis: miR-21 forward (F), 5'-GCC
CGCTAGCTTATCAGACTGATG-3' and miR-21 reverse (R),
5'-CAGTGCAGGGTCCGAGGT-3" U6 F, 5"TGCGGGTGC
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TCGCTTCGCAGC-3' and U6 R, 5'-CCAGTGCAGGGTCCG
AGGT-3"; PTEN F, 5" TTGGCGGTGTCATAATGTCT-3' and
PTEN R, 5-GCAGAAAGACTTGAAGGCGTA-3'; GAPDH
F, 5“AGGTCGGTGTGAACGGATTTG-3' and GAPDH R,
5-TGTAGACCATGTAGTTGAGGTCA-3' The RT-qPCR
assays were performed in triplicate and the relative expression
levels were calculated based on the 242 method (20).

Transfection. When Huh7 cells in 6-well plates had grown to
~80% confluence, miR-21 mimics (20 nM) or miR-21 inhibitor
(20 nM) were transfected into cells at 37°C for 48 h, using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc)). After 4 h, the transfection medium was discarded.
Cells were washed with serum-free DMEM, then cultured in
DMEM supplemented with 10% FBS. miR-21 mimics, mimics
negative control (NC), miR-21 inhibitor and inhibitor NC were
obtained from Guangzhou RiBoBio Co., Ltd. The sequences
were as follows: miR-21 inhibitor, 5'-AUCGAAUAGUCU
GACUACAACU-3"; miR-21 mimics, 5'-UAGCUUAUCAGA
CUGAUGUUGA-3'; mimics NC, 5'-CCCCCCCCCcccccec
CCCCC-3'; inhibitor NC, 5'-CAGUACUUUUGUAGUACA
A-3'. Cells were harvested after 24 h for further analyses.

Western blotting. Huh7 cells were lysed in lysis buffer (Tris
50 mM, pH 7.4, NaCl 150 mM, 1% Triton X-100 and EDTA
1 mM, pH 8.0) containing cOmplete™ Mini Protease Inhibitor
(Roche Diagnostics) for 20 min on ice, and cell debris was
removed by centrifugation at 15,000 x g for 20 min at 4°C.
The protein concentration was determined using a bicincho-
ninic acid assay kit (Beyotime Institute of Biotechnology).
The proteins (30 pg/lane) were separated via 10% SDS-PAGE
and transferred onto PVDF membranes (EMD Millipore).
Membranes were blocked with 5% milk for 2 h at room
temperature, and then the membranes were incubated over-
night at 4°C with primary antibodies against superoxide
dismutase 1 (1:1,000; SOD-1; cat. no. sc-101523; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA), glutathione peroxidase
(1:1,000; GPx; cat. no. sc-133160; Santa Cruz Biotechnology,
Inc.), PTEN (1:1,000; cat. no. 9188; Cell Signaling Technology,
Inc., Danvers, MA, USA), phosphorylated (p-)AKT (1:1,000;
cat. no. 4060; Cell Signaling Technology, Inc.), AKT (1:1,000;
cat. no. 4685; Cell Signaling Technology, Inc.), p-mTOR
(1:1,000; cat. no. 5536; Cell Signaling Technology, Inc.),
mTOR (1:1,000; cat. no. 2983; Cell Signaling Technology, Inc.)
and B-actin (1:1,000; cat. no. 3700; Cell Signaling Technology,
Inc.), followed by incubation with horseradish peroxi-
dase-conjugated goat anti-rabbit or mouse IgG secondary
antibodies (1:10,000; cat. nos. ab205718 or ab6789; Abcam,
Cambridge, UK) at room temperature for 2 h. The protein
bands were detected using an enhanced chemiluminescence
kit (Pierce; Thermo Fisher Scientific, Inc.). Semi-quantification
was performed using ImagelJ version 1.46 (National Institutes
of Health, Bethesda, MD, USA).

Bioinformatics. Online miRNA prediction websites were used
for initial analyses, including TargetScan 7.0 (http:/www.
targetscan.org/) and miRanda (http://www.microrna.org/).

Luciferase assay. The predicted and mutated sequences
targeting the 3'-untranslated region (UTR) of PTEN were
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Figure 1. Dox combined with LIUS promotes apoptosis of hepatocellular carcinoma cells. (A) Cell viability assay in Huh7 cells following treatment with
increasing concentrations of Dox (0-1.5 yg/ml). (B) Viability of Huh7 cells following treatment with LIUS and/or Dox for 24 h. (C) Apoptosis of Huh7 cells
was detected by propidium iodide/Annexin V staining and flow cytometry following treatment with LIUS and/or Dox. (D) Intracellular ROS levels (red fluo-
rescence) were assessed by MitoSOX staining in Huh7 cells following treatment with LIUS and/or Dox. Magnification, x200. (E) MDA levels were examined
following treatment with LIUS and/or Dox. (F) Protein expression levels of SOD-1 and GPx were assessed by western blotting. "P<0.05, “P<0.01 vs. control
group; P<0.01 vs. Dox group. Dox, doxorubicin; GPx, glutathione peroxidase; LIUS, low intensity ultrasound; MDA, malondialdehyde; ROS, reactive oxygen

species; SOD-1, superoxide dismutase 1.

amplified and cloned into the pGL3 vector (Promega
Corporation). pGL3-PTEN-3'-UTR wild-type (WT) and
pGL3-PTEN-3'-UTR mutated (Mut) were synthesized
by GenePharma. Huh7 cells (1-2x10° cells per well) were
co-transfected with 10 ng pGL3 luciferase vectors and 20 ng
Renilla vector (pRL-TK; Promega Corporation), together
with 20 nM miR-21 inhibitor, 20 nM miR-21 mimics, 20 nM
mimics NC or 20 nM inhibitor NC using Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.) for 24 h at 37°C.
Luciferase activity was detected using the Dual-Luciferase
Reporter Assay system (Promega Corporation). Firefly
luciferase activity was normalized to Renilla luciferase
activity.

Statistical analysis. Data are presented as the means + standard
deviation. Experiments were performed at least three times in
triplicate. Differences were analyzed with one-way analysis of
variance among multiple groups followed by Tukey's post hoc

test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Dox combined with LIUS promotes apoptosis of HCC cells.
Huh7 is a HCC cell line that is sensitive to Dox. To examine
the effectiveness of Dox in suppressing tumor growth,
Huh7 cells were treated with various doses of Dox and cell
viability was measured after 24 h. The present results demon-
strated that treatment with Dox decreased the survival rate of
Huh7 cells in a dose-dependent manner (Fig. 1A). The half
maximal inhibitory concentration of Dox was 0.57 ug/ml; in
contrast, only minor reductions in viability were observed
following treatment with 0.1 pg/ml Dox. Therefore, 0.1 pg/ml
Dox was selected as a working concentration to investigate the
ability of LIUS to promote sensitivity to Dox. As presented
in Fig. 1B and C, compared with Dox treatment alone, cell
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Figure 2. Dox combined with LIUS downregulates miR-21 expression in hepatocellular carcinoma cells via the accumulation of reactive oxygen species.
(A) Heatmap of normalized expression levels of miRNAs in Huh7 cells treated with Dox and/or LIUS. (B) Expression levels of miR-21 following treatment with
various compounds for 24 h, as assessed by RT-qPCR. “P<0.05 vs. control group; “P<0.01 vs. Dox group; “4P<0.01 vs. LIUS + Dox group. (C) Transfection
efficiency of miR-21 mimics, miR-21 inhibitor and respective controls, as assessed by RT-gPCR. “P<0.01 vs. mimics NC; #P<0.01 vs. inhibitor NC. Dox,
doxorubicin; LIUS, low intensity ultrasound; miR, microRNA; NAC, N-acetylcysteine; NC, negative control; RT-qPCR, reverse transcription-quantitative

polymerase chain reaction.

viability was significantly reduced and the rate of apoptosis
was significantly increased in the LIUS + Dox group, consis-
tent with a previous study (14). The present results suggested
that LIUS may enhance HCC cell apoptosis in combination
with chemotherapy. A previous study reported that treatment
with LIUS increases intracellular ROS accumulation (21).
Subsequently, the association between ROS and LIUS-induced
apoptosis was investigated. ROS in Huh7 cells were detected
by MitoSOX staining. The present study revealed that treat-
ment with LIUS or Dox alone could increase the intracellular
levels of ROS. Notably, ROS accumulation was significantly
enhanced following combined treatment with LIUS and Dox
(Fig. 1D). MDA is a marker of oxidative stress, and its intra-
cellular levels were slightly increased in response to LIUS or
DOX treatment. However, following combined treatment with
LIUS and Dox, the concentration of MDA exhibited a ~2-fold
increase compared with single treatments (Fig. 1E). GPx and
SOD-1 are ROS-scavenging enzymes that serve important
roles in the oxidant/antioxidant balance, and are thus able to
prevent oxidative stress. To further investigate the antioxida-
tive response, the protein expression levels of GPx and SOD-1
were assessed by western blotting. The protein expression
levels of GPx and SOD-1 were significantly decreased
following combined treatment with LIUS and Dox (Fig. 1F).
The present results suggested that LIUS combined with Dox
increased apoptosis and ROS accumulation in Huh7 cells.

Dox combined with LIUS downregulates the expression
levels of miR-21 in HCC cells via ROS. To investigate the
mechanisms underlying LIUS-induced apoptosis, the miRNA
expression profile of Huh7 cells following treatment with Dox
alone or in combination with LIUS was investigated by micro-
array analysis. The microarray results suggested that LIUS
combined with Dox affected the expression levels of certain
miRNAs compared with Dox treatment alone (Fig. 2A).
Among the miRNAs downregulated following combined
treatment with LIUS and Dox, the expression levels of miR-21
were markedly decreased. A previous study demonstrated that
miR-21 may serve as an oncogene with a role in cancer patho-
genesis, invasion and metastasis (22). Additionally, miR-21
has been identified to mediate chemotherapy resistance in
HCC cells (23), and to increase HCC cell growth and inva-
sion (24). A previous study suggested that miR-21 may be used
as a biomarker associated with poor prognosis in patients with
HCC (25). Therefore, miR-21 was selected for further experi-
ments. RT-qPCR was performed to validate the expression
levels of miR-21 in Huh7 cells following single and combined
treatments. In line with the microarray results, the expres-
sion levels of miR-21 were significantly decreased following
combined treatment with LIUS and Dox compared with
single treatments (Fig. 2B). Notably, NAC, a ROS inhibitor,
restored the expression levels of miR-21 in Huh7 cells. The
present results suggested that LIUS decreased the expression
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Figure 3. miR-21 regulates apoptosis following combined treatment with LIUS and Dox. (A and D) miR-21 expression was detected in Dox + LIUS-treated
cells transfected with miR-21 inhibitor or mimics by reverse transcription-quantitative polymerase chain reaction. (B and E) Viability of Dox + LIUS-treated
Huh?7 cells transfected with miR-21 inhibitor or mimics was assessed by Cell Counting kit-8. (C and F) Apoptosis of Dox + LIUS-treated Huh7 cells transfected
with miR-21 inhibitor or mimics was assessed by flow cytometry. "P<0.05, “P<0.05 vs. control group; “P<0.05, #P<0.01 vs. Dox + LIUS + mimics/inhibitor
NC group. Dox, doxorubicin; LIUS, low intensity ultrasound; miR-21, microRNA-21; NC, negative control.

levels of miR-21 in Dox-treated cells via activation of the
ROS pathway. In order to investigate the role of miR-21 in the
effect of Dox and LIUS on cell survival, miR-21 was over-
expressed or silenced using mimics or inhibitor, respectively.
Post-transfection with miR-21 mimics or miR-21 inhibitor, the
expression levels of miR-21 were significantly increased or
decreased, respectively (Fig. 2C).

miR-21 regulates the effects of Dox and LIUS on HCC cell
apoptosis. The present study hypothesized that Dox combined
with LIUS may affect HCC cell survival via the ROS/miR-21
pathway. To examine the function of miR-21 on cell viability
and apoptosis following treatment with Dox and/or LIUS,
miR-21 inhibitor or miR-21 mimics were transfected into
Huh7 cells, and cell viability and apoptosis were investigated
(Fig. 3). In Huh7 cells cotreated with LIUS and Dox, the expres-
sion levels of miR-21 were decreased and increased following
transfection with miR-21 inhibitor and mimics, respectively
(Fig. 3A and D). Transfection with miR-21 inhibitor increased
cell apoptosis and decreased cell viability following combined
treatment with Dox and LIUS (Fig. 3B and C), whereas miR-21
mimics increased cell viability and decreased apoptosis
(Fig. 3E and F, respectively). The present results suggested that
miR-21 regulated the effects of Dox and LIUS on apoptosis of
Huh?7 cells.

PTEN is a target of miR-21. Via bioinformatics prediction using
TargetScan 7.0 and miRanda, a putative target site of miR-21 was

identified in the 3'-UTR of PTEN mRNA, an important regulator
of the AKT/mTOR pathway (Fig. 4A) (26) To investigate the
interaction between miR-21 and the 3'-UTR of PTEN, a lucif-
erase assay was performed. The WT or Mut 3'-UTR sequences
of PTEN were cloned upstream of a luciferase gene and the
constructed plasmids were transfected into Huh7 cells together
with miR-21 inhibitor or mimics. The results of a dual-luciferase
reporter assay suggested that miR-21 mimics suppressed the
luciferase activity by ~70% compared with control mimics.
Conversely, miR-21 inhibitor increased the luciferase activity by
~3-fold (Fig. 4B). In contrast, transfection with miR-21 mimics
or inhibitor did not affect the luciferase activity of a plasmid
carrying the Mut 3'-UTR sequence of PTEN (Fig. 4B). In line
with the luciferase assay results, western blotting suggested
that miR-21 inhibitor enhanced the protein expression levels of
PTEN, whereas miR-21 mimics decreased the protein expres-
sion levels of PTEN (Fig. 4C).

Treatment with LIUS increases sensitivity of cells to Dox via
the ROS/miR-21/PTEN axis. PTEN is a tumor suppressor
gene, and tumor growth is decreased following overexpression
of PTEN (27,28). To determine whether LIUS could enhance
PTEN expression via the ROS/miR-21 pathway in HCC cells,
Huh?7 cells were treated with LIUS and/or Dox. After 48 h,
western blot analysis was performed. Dox combined with
LIUS increased the protein expression levels of PTEN, in line
with the present results suggesting that LIUS suppressed cell
viability and survival (Fig. 5A). Notably, NAC, a ROS inhibitor,
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significantly decreased the protein expression levels of PTEN
following combined treatment with Dox and LIUS (Fig. 5B). A
previous study reported that miR-21 regulated the expression
of PTEN and phosphorylation of its downstream kinase AKT,
and that the reduction of p-AKT was associated with enhanced
chemosensitivity (29). To investigate the effects of Dox and
LIUS cotreatment on activation of the AKT/mTOR pathway
in Huh7, western blot analysis was performed. The present
results suggested that the phosphorylation levels of AKT and
mTOR were significantly decreased following combined treat-
ment with Dox and LIUS compared with in the control group
(Fig. 5C). However, treatment with NAC reversed this effect,
suggesting that activation of the PTEN/AKT/mTOR pathway
following treatment with Dox and LIUS was dependent on
the accumulation of ROS. Collectively, the present results
provided novel insights into the mechanism underlying the
combination of LIUS and chemotherapy. Notably, LIUS was
identified to promote chemotherapy sensitivity, inducing apop-
tosis of HCC cells and increasing the antitumor effects of Dox
via the ROS/miR-21/PTEN pathway.

Discussion

In China, the incidence of HCC is increasing; in total,
~466,000 patients are diagnosed with HCC every year and
it leads to ~422,000 cases of mortality (30). Surgery is an
effective approach to treat HCC; however, it is suitable only
for patients with early-stage HCC (31). In contrast, for patients
with late-stage HCC, the available treatments are limited (32).
Transarterial chemoembolization represents a standard treat-
ment for patients with advanced HCC (33). However, patients
with HCC treated with Dox or sorafenib exhibit resistance

to chemotherapy (34). Epigenetic alterations, cellular export
of drugs and evasion of apoptosis are frequently identified in
resistant HCC cells, and these processes markedly limit the
effectiveness of chemotherapy (35). Therefore, it is necessary to
develop novel strategies to improve the effect of chemotherapy
and prevent chemoresistance.

Ultrasound is a therapeutic approach that has been used in
recent decades, and the identification of the optimal param-
eters is necessary for an effective treatment (36). Although
LIUS has been demonstrated to be an effective anticancer
treatment (12), high intensity focused ultrasound represents an
additional non-invasive therapy to treat cancer (37). LIUS is
characterized by a decreased intensity, and may alter the tumor
environment and gene expression (38). However, the molecular
mechanisms underlying ultrasound therapy remain unclear.
Previous studies have demonstrated that the biological effects
induced by ultrasound are primarily caused by thermal effects,
inertial cavitation and ROS accumulation (12,39). Thermal
effects and inertial cavitation may cause protein denaturation
and tissue damage (39,40). The association between ultra-
sound treatment and ROS production has attracted increasing
attention (41). A previous study on HCC revealed that LIUS
increases ROS production, decreasing chemotherapy resis-
tance and increasing the cellular uptake of DNA-damaging
drugs (22). In line with these previous studies, the present
results suggested that treatment with LIUS exhibited syner-
gistic effects with Dox, and increased the sensitivity of HCC
cells to Dox, promoting apoptosis of Huh7 cells.

ROS has been reported to regulate miRNAs involved in
tumorigenesis; however, the association between ROS-induced
miRNA dysregulation and chemotherapy resistance remains
unclear. In the present study, ROS were identified to decrease the
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expression levels of miR-21 and treatment with NAC reversed
this effect. miR-21 is an oncogene, and was identified to be
upregulated in various types of cancer (22,42). miR-21 regulates
cancer cell proliferation, migration and various anti-apoptotic
processes (22,43,44). In the present study, the expression levels
of miR-21 were significantly decreased following treatment
with LIUS, as identified by microarray analysis. Furthermore,
the present results suggested that the expression levels of PTEN
were increased following miR-21 knockdown. PTEN is a tumor
suppressor gene that has attracted increasing attention in cancer
therapy (45). Additionally the PTEN/AKT signaling pathway
has been identified to regulate cell growth and survival (45). In

line with these previous studies, the present results suggested
that treatment with LIUS increased the expression levels of
PTEN by suppressing miR-21 expression and increased the
sensitivity of HCC cells to Dox.

To the best of our knowledge, the present study is the first
to suggest that LIUS combined with the chemotherapy drug
Dox may induce apoptosis of HCC cells, increase chemo-
therapy sensitivity and exhibit potent antitumor effects. ROS
production increased following treatment with LIUS and this
decreased the expression levels of miR-21. The present results
suggested that the expression levels of PTEN were regulated
by the ROS/miR-21 axis, suggesting that LIUS affected tumor
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cell survival by regulating the PTEN/AKT signaling pathway.
Collectively, this study provided novel insights into the molecular
mechanism underlying the role of LIUS in promoting the effects
of chemotherapy. In particular, treatment with LIUS increased
chemotherapy sensitivity via the ROS/miR-21/PTEN pathway.
The present results suggested that the combined treatment with
LIUS and Dox may represent a novel strategy to treat HCC.
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