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ABSTRACT 

Cisplatin (CDDP) is one of the most widely employed first-line chemotherapeutic agent against human non-
small cell lung cancer (NSCLC). However, most NSCLC patients are eventually resistant to chemotherapy. Re-
cently, the combined effects of low-intensity ultrasound (US) and several anti-cancer drugs have often been re-
ported, but the underlying mechanism remains largely unknown. This study aimed to test whether low-intensity 
ultrasound could enhance the anti-tumor effects of cisplatin in NSCLC cells and reveal its underlying molecular 
mechanism. First, the effects of low-intensity US on cisplatin mediated cell viability, induction of apoptosis and 
reactive oxygen species (ROS) production were determined by CCK-8 assay, flow cytometry analysis and fluo-
rescent probe (DCFH-DA), respectively. To profile the expression of miRNAs that are involved in the combined 
effects of cisplatin and low-intensity US, miRNA microarray was applied and the result was verified by quantita-
tive reverse transcription PCR (qRT-PCR). Loss-of-function study was performed to determine the role of miR-
124 in the combined effect of cisplatin and low-intensity US exposure. A luciferase reporter assay was per-
formed to validate the interaction between miR-124 and signal transducer and activator of transcription 3 
(STAT3) followed by qRT-PCR and Western blot confirmation. Afterward, we further explored whether the ef-
fects of miR-124 on the anti-tumor activity of US combined with cisplatin are mediated by STAT3 signaling 
pathway. Our study showed that low-intensity US enhanced the anti-tumor effects of cisplatin in A549 cells, as 
evidence by the reduction of cell viability and the induction of apoptosis and ROS levels compared with cisplatin 
alone treatment. Subsequently, blockade of ROS generation by NAC significantly reversed low-intensity US in-
duced the expression of miR-124, suggesting that cisplatin combined with low-intensity US up-regulated the ex-
pression of miR-124 through generation of ROS. Knockdown of miR-124 inhibited the synergistic effects of cis-
platin combined with low-intensity US in A549 cells. STAT3, an oncogene, was identified as a direct target of 
miR-124 and its expression was negatively regulated by miR-124 at mRNA and protein levels. Furthermore, cis-
platin combined with low-intensity US decreased the expressions of STAT3 and its downstream genes, phos-
phorylated STAT3 (p-STAT3), B-cell lymphoma 2 (Bcl-2) and Bcl-xL, whereas knockdown miR-214 reversed 
the inhibitory effects of cisplatin combined with low-intensity US in A549 cells. In conclusion, our study unrav-
eled low-intensity US enhanced the anti-tumor effects of cisplatin on NSCLC cells and elucidated the participa-
tion of miR-124/STAT3 signaling pathway in the synergistic effects of cisplatin combined with low-intensity 
US. Our findings suggest that low-intensity US can be considered to be a potential strategy for overcoming cis-
platin resistance in NSCLC.  
 
Keywords: low-intensity ultrasound, cisplatin, non-small cell lung cancer, reactive oxygen species, microRNA-
124, STAT3 
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INTRODUCTION 

Non-small cell lung cancer (NSCLC) is 
the most common type of lung cancer and 
the leading causes of all cancer-related 
deaths. Although significant improvement in 
surveillance and targeted therapy, the 5-year 
overall survival rate of NSCLC cases is less 
than 5 % when accompanied by metastasis 
(Yu et al., 2013). At present, chemotherapy 
is one of the most effective treatments for 
NSCLCs, and cisplatin (CDDP) is the stand-
ard first-line chemotherapy drug for 
NSCLCs; however, most NSCLC patients 
are eventually resistant to chemotherapy (Li 
et al., 2016). Therefore, new therapeutic 
methods should be developed to improve the 
survival rate. 

Therapeutic ultrasound (US), especially 
low-intensity US in combination with sever-
al anti-cancer drugs, has been successfully 
used for cancer therapy (McHale et al., 
2016). Low-intensity ultrasound can sup-
press cell proliferation and clone formation, 
improve the effects of anticancer chemicals 
and deactivate cells via indirect mechanisms 
(Lejbkowicz et al., 1993; Lejbkowicz and 
Salzberg, 1997). For example, Yoshida et al. 
found that low-intensity ultrasound com-
bined with doxorubicin caused a synergistic 
enhancement in cell killing and an additive 
enhancement in apoptosis induction in hu-
man lymphoma U937 cells (Yoshida et al., 
2008). A recent study from low-intensity ul-
trasound combined with 5-fluorouracil (5-
FU) produced much enhanced synergistic 
anti-tumor effects via enhanced intracellular 
reactive oxygen species (ROS) production in 
treating hepatocellular carcinoma (HCC) (Hu 
et al., 2016). Although applications of low-
intensity ultrasound are still in the process of 
investigation, low-intensity ultrasound has 
distinct potential as a technique for cancer 
treatment, especially in cisplatin resistance. 
However, the underlying mechanisms about 
the synergistic effects of cisplatin combined 
low-intensity ultrasound are yet to be eluci-
dated. 

MicroRNAs (miRNAs) are a class of en-
dogenous small (19–24 nucleotide) noncod-
ing RNAs that repress translation of target 
messenger RNAs (mRNAs) or induce degra-
dation of target mRNAs by binding to the 3´-
UTR of target mRNAs (Bartel, 2004). 
Emerging data have suggested that miRNAs 
are involved in a wide range of biological 
processes, such as cellular proliferation, 
apoptosis and drug resistant (Croce, 2009). 
Recent data revealed that microRNA expres-
sion alters in response to ROS exposure (He 
and Jiang, 2016). Furthermore, a marked in-
crease of ROS production accounted for the 
significantly enhanced anticancer effects of 
low-intensity ultrasound combined with 5-
FU, suggesting the potential role of ROS in 
the synergistic effects of chemotherapeutic 
drug combined with low-intensity ultrasound 
(Hu et al., 2016). Therefore, we speculated 
that low-intensity ultrasound would enhance 
the anti-tumor effects of cisplatin through 
regulating miRNAs expression in NSCLC 
cells.  

In this study, we evaluated the promoting 
effect of low-intensity ultrasound on the anti-
tumor activity of cisplatin and further ex-
plored the involvement of possible molecular 
mechanisms, particularly the participation of 
miR-124/STAT3 signaling pathway in the 
anti-cancer activity of cisplatin combined 
with low-intensity US. Our findings suggest 
that cisplatin combined with low-intensity 
US could be a valid treatment option for 
NSCLC. 

 
MATERIALS AND METHODS 

Chemicals and antibodies 
Cisplatin was purchased from Sigma-

Aldrich (St. Louis, MO, USA), and the stock 
solution was prepared at a concentration of 
2 mM in 0.95 % NaCl solution, pH 7.4 
which was stored at -20 °C. N-acetylcysteine 
(NAC; purity by TLC: ≥ 99 %) were also 
purchased from Sigma-Aldrich. Antibodies 
against STAT3, p-STAT3, B-cell lymphoma 
2 (Bcl-2), Bcl-xL and β-actin were pur-
chased from Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA. 
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Cell culture 
HEK293T and NSCLC cells, A549, were 

obtained from the American Type Culture 
Collection (ATCC). The cells were cultured 
in DMEM (HEK293T) (Invitrogen, Carls-
bad, CA, USA) or RPMI 1640 (A549 cell 
lines) (Thermo Fisher Scientific, Waltham, 
MA, USA) culture medium supplemented 
with 10% fetal bovine serum (FBS; Sigma, 
St. Louis, MO, USA), 2 mM GlutaMAX-1, 
100 mg/mL streptomycin and 100 U/mL 
penicillin (Sigma, St. Louis, MO, USA) in 
an incubator with a humidified atmosphere 
and 5 % CO2 at 37 °C Cells were treated 
with the indicated concentrations of cispla-
tin. In some experiments, the ROS scavenger 
NAC (10 mM), were added 1 hour prior to 
the administration of cisplatin, immediately 
followed by ultrasound exposure. 

 
Ultrasound device and intensity  
measurement 

The system SonoPore KTAC-4000 
(NepaGene, Chiba, Japan) with a fixed duty 
factor of 25 % and with 100 HZ pulse repeti-
tion frequency (PRF) was used. The soni-
cation was conducted at an intensity of 0.5 
W/cm2 and exposure time of 60 sec as previ-
ously described (Masui et al., 2013). The in-
tensity and time were used in all of the soni-
cation experiments. To keep the transducer-
facing directory upward for the sonication 
procedure, the transducer with a diameter of 
5.0 cm, was fixed with a clamp attached to a 
metal stand. A 3.5 cm culture dish was 
placed on the center of the transducer inter-
mediate with gel. The setup was previously 
described elsewhere by Masui et al. (2013).  

 
Cell viability assays 

Cell viability was monitored using a Cell 
Counting Kit (CCK-8; Dojindo, Kumamoto, 
Japan). Briefly, A549 cells were seeded in 
96-well plates at a density of 5000 cells/well. 
After 48 h of treatment, 10 μl of CCK-8 so-
lution was added to each well, and the plates 
were incubated for 3 h at 37 °C. The optical 
density (OD) levels were measured at 450 

nm using SpectraMax M3 plate reader (Mo-
lecular Devices, Sunnyvale, CA, USA). 

 
Cell apoptosis detection by flow cytometry 

An Annexin-V FITC-PI Apoptosis Kit 
(Invitrogen) was applied to determine the 
apoptotic rate by flow cytometry. A549 cells 
were collected after treatment, and washed 
twice with PBS at 4 °C. Then, the cells were 
re-suspended in 490 μl binding buffer con-
taining 5 μl Annexin V (Bio-Science, Co. 
Ltd, Shanghai, China) and 5 μl PI. After in-
cubation at 4 °C in the dark for 30 min, sam-
ples were analyzed by a FACS Aria flow cy-
tometry (BD Biosciences, San Jose, CA, 
USA). 

 
Reactive oxygen species (ROS) analysis 

The intracellular ROS level was deter-
mined using 2’,7’-dichlorodihydrofluo-
rescein diacetate (DCFH-DA, Sigma). Treat-
ed or untreated cells were trypsinized and 
washed with PBS, and 1×106 cells were sub-
sequently re-suspended in Hanks' balanced 
salt solution containing 10 μM DCFH-DA 
and incubated for 45 min at 37 °C then the 
cells were collected and analyzed by a flow 
cytometer at an excitation wavelength of 488 
nm and an emission wavelength of 530 nm.  

 
microRNA expression profiling 

Total RNA was extracted from A549 
cells treated with cisplatin in the presence or 
absence of low-intensity US using the miR-
Neasy mini kit (Qiagen, West Sussex, UK). 
Samples were labeled with a label kit (miR-
CURY™ Hy3™/Hy5™ Power labeling kit 
and hybridized to the miRCURY LNA™ Ar-
ray (v.16.0) (Agilent Technologies). The 
chips were scanned with the Axon GenePix 
4000B Microarray Scanner. The procedure 
and images process method as described 
previously (Xu et al., 2017). The miRNA 
expressions of all differentially expressed 
samples were clearly displayed by a hierar-
chical clustering heat map. 
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Quantitative reverse transcription PCR 
(qRT-PCR) 

Total RNA was extracted from A549 
cells using the miRNeasy mini kit (Qiagen, 
West Sussex, UK) and TRizol reagent (Invi-
trogen) according to the manufacturer’s in-
structions. Real-time PCR was carried out 
using a standard SYBR Green PCR kit 
(TaKaRa, Dalian, China) protocol on Ap-
plied Biosystems 7900 Fast Real-Time PCR 
system (Applied Biosystems). Results were 
normalized to the expression of U6 and 
GAPDH. The specific primer was designed 
with Primer 5.0 software and synthesized by 
the Shanghai Sangon Biotech Company: 
miR-124 forward 5´-CTAGTCTAGAGTC-
GCTGTTATCTCATTGTCTG-3´, and re-
verse 5´-CGCGGATCCTCTGCTTCTGTC-
ACAGAATC-3´; U6 forward, 5´-AAAGAC-
CTGTACGCCAACAC-3´ and reverse, 5´-G-
TCATACTCCTGCTTGCTGAT-3´; STAT3 
forward, 5´-GAAGGACATCAGCGGTAA-
GA-3´ and reverse, 5´-AGATAGACCAGT-
GGAGACAC-3´; GAPDH forward, 5´-
GAAGATGGTGATGGGATTTC-3´ and re-
verse, 5´-GAAGGTGAAGGTCGGAGT-3´. 

 
Cell transfection 

MiR-124 mimic, miR-124 inhibitor and 
the corresponding negative control (mimics 
NC and inhibitor NC) were purchased from 
Shanghai GenePharma Co., Ltd. (Shanghai, 
China). The miRNA mimics, miRNA inhibi-
tor, and the negative control miRNA oligo-
nucleotides were transfected into the 
HEK293T cells using Lipofectamine 2000 
(Invitrogen, Carlsbad, CA, USA), according 
to the manufacturer’s instructions. 

 
Luciferase reporter assay  

The 3’-UTR of STAT3 with wild-type or 
mutant (Mut) binding sites for miR-124, was 
amplified and cloned into the pGL3 vector 
(Promega, Madison, WI, USA) to generate 
the plasmid pGL3-WT-STAT3-3’-UTR or 
pGL3-Mut-STAT3-3’-UTR, respectively. 
For the luciferase reporter assay, HEK293T 
cells were co-transfected with the luciferase 
reporter vectors and miR-124 mimics, miR-

124 inhibitor or corresponding negative con-
trol (GenePharma, Shanghai, China). The 
pRL-TK plasmid (Promega) was used as a 
normalizing control. After 48 h of incuba-
tion, luciferase activity was analyzed using 
the Dual-Luciferase Reporter Assay System 
(Promega). 

 
Western blotting analysis 

Cells were lysed using RIPA protein ex-
traction reagent (Beyotime, Beijing, China). 
The concentration of proteins was deter-
mined using a BCA assay kit (Pierce, Rock-
ford, IL, USA). Protein extracts (50 μg) were 
separated by 10 % sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-
PAGE), then transferred to nitrocellulose 
membranes (Sigma) and then incubated at 
room temperature with primary antibodies 
against STAT3 (1:1,000) and β-actin 
(1:3,000) (both from Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA, USA). β-actin 
was used as control. Membranes were incu-
bated with corresponding horseradish perox-
idase (HRP)-conjugated secondary antibody 
(1:0000; Santa Cruz Biotechnology, Inc.) for 
2 h at room temperature. ECL chromogenic 
substrate was used to visualize the bands and 
the intensity of the bands was quantified by 
densitometry (Quantity One software; Bio-
Rad). 

 
Statistical analysis 

Statistical analyses were performed with 
SPSS 13.0 software. The results were evalu-
ated by χ2 test and the other data were evalu-
ated by Student's t-test and expressed as the 
mean ± SD from three independent experi-
ments. A p-value of less than 0.05 was con-
sidered statistically significant. 

 
RESULTS 

Low-intensity ultrasound enhances the  
anticancer activity of cisplatin in vitro 

Previous studies showed that low-
intensity ultrasound could enhance the anti-
cancer activity of several anticancer drugs, 
such as cetuximab, cisplatin (CDDP) and 
doxorubicin (DOX) (Watanabe et al., 2008, 



EXCLI Journal 2018;17:113-125 – ISSN 1611-2156 
Received: October 24, 2017, accepted: December 16, 2017, published: January 19, 2018 

 

 

117 

Yoshida et al., 2008; Masui et al., 2013). 
Thus, we sought to test whether low-
intensity US enhances the anticancer activity 
of cisplatin in NSCLC cells. First, we meas-
ured the IC50 of cisplatin in A549 cells and 
found that cisplatin inhibited cell viability in 
our assay with an IC50 of 15 μM (data not 
shown), which is consistent with literature 
value (IC50: 15 μM) (Wu et al., 2015). It 
must be noted that in our experiments we 
used cisplatin in a low final concentration of 
10 μM under sonication for highlighting the 
synergistic effects of cisplatin combined 
with low-intensity US. According to the re-
sults of cell viability, the growth of A549 
cells was significantly inhibited in US, 
CDDP and US + CDDP groups compared 
with Blank group (Figure 1A). Notably, the 
growth of A549 cells was markedly reduced 
in US + CDDP when compared with that in 
the group treated with CDDP only (Figure 
1A). 

Recent studies have reported that reactive 
oxygen species (ROS) plays a key role in 
CDDP-mediated anti-tumor effects (Ma et 
al., 2015; He et al., 2016). Here we detected 
intracellular ROS levels and found that ROS 
production in A549 cells was significantly 
promoted in US, CDDP and US + CDDP 
groups compared with Blank group (Figure 
1B). Meanwhile, ROS production in US + 
CDDP was markedly increased when com-
pared with CDDP group (Figure 1B). Fur-
thermore, the induction of apoptosis was as-
sessed by flow cytometry. Results of apopto-
sis studies revealed that CDDP stimulated 
did not result in considerable elevation of 
apoptosis, but A549 cells exposed to low-
intensity US in the presence of CDDP 
showed the highest level of apoptosis (Figure 
1C, D). All these results indicated that low-
intensity US enhanced the anticancer activity 
of cisplatin in NSCLC cells, evidenced by 
the reduction of cell viability and the promo-
tion of ROS levels and apoptosis. 

 

 
Figure 1: Low-intensity US enhanced the anti-tumor activity of cisplatin in A549 cells. A549 cells (1 × 
106) in 1.5 ml medium were seeded in a 3.5 cm dish and incubated at 37 °C for 12 h. Experiments 
were conducted in 4 groups: (1) non-treated (Blank), (2) CDDP treated (CDDP), (3) US treated (US), 
and (4) combined (CDDP + US). In CDDP + US, cells were exposed to 10 μM CDDP for 30 min and 
sonicated by 1 MHz pulsed US (PRF 100 Hz, DF 25 %) at intensities of 0.5 W/cm2 for 60 s. The cells 
were washed and incubated for 6 h. A. Cell viability was measured by CCK-8 assay. B. The intracellu-
lar ROS level was determined using 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA). C and D. 
Cell apoptosis was detected by flow cytometry. Data represent the mean ± SD of three independent 
experiments. *p < 0.05, **p < 0.01 vs. Blank group; ##p < 0.01 vs. CDDP group 
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Low-intensity ultrasound combined with 
CDDP increased the expression of miR-124 
via ROS production 

It is reported that US could effectively 
enhance ROS generation inside the cells (Hu 
et al., 2016), and that ROS can alter the ex-
pression of several microRNAs (miRNAs) 
(Jajoo et al., 2013; Melnik, 2015; He and 
Jiang, 2016). Thus, we sought to determine 
whether low-intensity US combined with 
CDDP exerts the anticancer activity via 
regulating the expression of miRNAs. First, 
we studied the differential expressed miR-
NAs in A549 cells by microarray under the 
influence of separate and combined cisplatin 
and low-intensity US far field exposure. The 

results of microarray analysis revealed a sig-
nificant downregulation of 36 miRNAs and 
up-regulation of 19 miRNAs in US + CDDP 
group when compared with CDDP group 
(Figure 2A). From the list of differentially 
expressed miRNAs, we focused on mi-
croRNA-124 (miR-124), as it was the most 
up-regulated miRNA in A549 cells treated 
with low-intensity US and CDDP when 
compared with CDDP treatment alone. 
Moreover, miR-124 has been reported to 
play important roles as a tumor suppressor in 
diverse cancers including NSCLC (Hao et 
al., 2017; Hu et al., 2017; Zhao et al., 2017). 
Therefore, we chose miR-124 for further 
study.

 

 
Figure 2: miR-124 is up-regulated in A549 cells after cisplatin combined with low-intensity US treat-
ment. A. Heatmap of normalized expression levels of miRNAs in A549 cells after cisplatin and/or low-
intensity US treatment. B. qRT-PCR was performed to determine the expression levels of miR-124 in 
A549 cells after cisplatin and/or low-intensity US treatment. Data represent the mean ± SD of three in-
dependent experiments. *p < 0.05, **p < 0.01 vs. US or Blank group; ##p < 0.01 vs. CDDP group. C. 
qRT-PCR was performed to determine the expression levels of miR-124 in A549 cells after cisplatin 
and/or low-intensity US treatment in the presence or absence of the ROS scavenger NAC. Data rep-
resent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 vs. Blank group; 
##p < 0.01 vs. CDDP +US group 
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To validate the microarray data, quantita-
tive real-time PCR (qRT-PCR) was per-
formed. The results of qRT-PCR showed 
that the expression of miR-124 in A549 cells 
under cisplatin combined with low-intensity 
US treatment was significantly increased 
compared with the expression of miR-124 in 
CDDP treatment alone (Figure 2B). Previous 
studies showed that some microRNAs were 
regulated by oxidative stress to mediate the 
expression levels of their direct targets in re-
sponse to ROS (Simone et al., 2009; He and 
Jiang, 2016). Thus, we tested the impact of 
ROS generation on miR-124b level in A549 
cells under cisplatin combined with low-
intensity US treatment. Using the antioxidant 
NAC, the increased miR-124 expression in-
duced by cisplatin combined with low-
intensity US was becoming low, which is 
close to the levels in the CDDP alone group 
(Figure 2C), suggesting that cisplatin com-
bined with low-intensity US increased the 
expression of miR-124 via ROS production. 

Knockdown of miR-124 inhibited the  
synergistic anti-tumor effects of cisplatin 
combined with low-intensity US  

To examine whether low-intensity US 
enhances the anti-tumor effects of cisplatin 
through up-regulation of miR-124 in A549 
cells, the miR-124 inhibitor and mimics were 
transfected into A549 cells, and the expres-
sion level of miR-124 was significantly de-
creased (Figure 3A) or enhanced after trans-
fection (Figure 3B). Then, we examined the 
alteration of cell viability and apoptosis after 
miR-124 knockdown. As shown in Figure 
3C, inhibition of miR-124 restored the re-
duction of cell viability induced by cisplatin 
combined with low-intensity US. Moreover, 
knockdown of miR-124 reversed the promot-
ing effect of cisplatin combined with low-
intensity US on the cell apoptosis (Figure 
3D). These data indicate that miR-124 is in-
volved in the synergistic anti-tumor effects 
of cisplatin combined with low-intensity US.

 
Figure 3: Knockdown of miR-124 inhibited the synergistic anti-tumor effects of cisplatin combined with 
low-intensity US. A549 cells were transfected with miR-124 inhibitor or inhibitor negative control (NC), 
followed by cisplatin and/or low-intensity US treatment. After 48 h transfection, cells were harvested 
for cell viability and cell apoptosis detection. A, B. The expression level of miR-124 was measured by 
qRT-PCR after transfection of miR-124 inhibitor or miR-124 mimics in A549 cells. Data represent the 
mean ± SD of three independent experiments. **p < 0.01 vs. inhibitor NC or mimics NC. C. Cell viabil-
ity was measured by CCK-8 assay. D. Cell apoptosis was detected by flow cytometry. Data represent 
the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 vs. Blank group; ##p < 0.01 vs. 
CDDP +US group 



EXCLI Journal 2018;17:113-125 – ISSN 1611-2156 
Received: October 24, 2017, accepted: December 16, 2017, published: January 19, 2018 

 

 

120 

MiR-124 suppresses STAT3 expression by 
directly targeting its 3ʹ-UTR  

To explore the molecular mechanism by 
which miR-124 functions in the anti-tumor 
effects of cisplatin combined with low-
intensity US, bioinformatics tools were used 
to predicate the putative targets of miR-124. 
According to the results of these analyses, 
we found that STAT3, a well-known onco-
gene, might be a potential target of miR-124 
and the target site located in the 3’-UTR of 
STAT3 mRNA (Figure 4A). Previous studies 
have been reported that miR-124 functions 
as a tumor suppressor in diverse types of 
cancers through targeting STAT3 signaling 

pathway (Lu et al., 2013; Cheng et al., 2015; 
Liu et al., 2016; Xu et al., 2016). To test 
whether STAT3 is negatively regulated by 
miR-124, STAT3 expression was analyzed 
by Western Blot analysis and qRT-PCR. We 
found that transfection with miR-124 mimics 
significantly downregulated the protein and 
mRNA levels of STAT3 in A549 cells, 
whereas an increase in STAT3 protein and 
mRNA levels was shown in A549 cells 
treated with miR-124 inhibitor (Figure 4B, 
C, D, E). To further confirm that whether 
miR-124 suppresses STAT3 expression by 
directly targeting its 3’-UTR, a luciferase re-
porter assay was conducted in HEK293T  

 

 
Figure 4: STAT3 was a direct target of miR-124 in A549 cells. A. The predicted miR-124 binding sites 
on STAT3. B-E. miR-124 mimics, miR-124 inhibitor and controls were transfected into A549 cells, then 
after 48 h transfection, the protein and mRNA levels of STAT3 were detected by Western Blot and 
qRT-PCR assays. **p < 0.01 vs. mimic NC; ##p < 0.01 vs. inhibitor NC group. F. Luciferase activity in 
HEK293T cells was co-transfected with miR-124 mimics, miR-124 inhibitor and luciferase reporters 
containing STAT3 wild type or mutant type (MUT) 3’-UTR. Histogram indicates the values of luciferase 
measured 48 h after transfection. Data represent the mean ± SD of three independent experiments. 
**p < 0.01 vs. mimic NC; ##p < 0.01 vs. inhibitor NC group 
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cells. The results showed that over-express-
ion of miR-124 significantly decreased the 
luciferase activity of wt-STAT3-3´UTR, 
whereas knockdown of miR-124 increased 
luciferase activity. Likewise, cells co-
transfected with miR-124 mimics, miR-124 
inhibitor, and STAT3-mut-3´UTR, showed 
no obvious change in their luciferase activity 
(Figure 4F), indicating that STAT3 could be 
regulated post-transcriptionally by miR-124 
in A549 cells. 
 
Cisplatin combined with low-intensity US 
inhibited the STAT3 pathway through  
up-regulation of miR-124 

Previous studies have been demonstrated 
that STAT3, an important target of miR-124, 
plays important roles in many aspects of tu-
morigenesis, including proliferation, apopto-
sis, angiogenesis, and metastasis, especially 
apoptosis (Jove, 2000; Kasprzycka et al., 
2006). These reports prompted us to study 
whether STAT3 is involved in miR-124 me-
diated the anti-tumor effect of cisplatin com-
bined with low-intensity US. To elucidate 
the molecular mechanisms underlying the 
miR-124/STAT3 axis-mediated the com-
bined effect of cisplatin and low-intensity 
US treatment, A549 cells were transfected 
with miR-124 inhibitor and treated with cis-

platin and low-intensity US. Cisplatin alone 
significantly inhibited STAT3 protein ex-
pression compared with Blank group, and 
US enhanced the inhibitory effects of cispla-
tin. While after inhibition of miR-124 ex-
pression, STAT3 level were notably in-
creased, closely to the level of CDDP alone. 
In addition, since STAT3 has been reported 
to participate in facilitating cell proliferation 
and cycle progression, and also in antagoniz-
ing cell apoptosis by enhancing down-stream 
genes expression, such as Bcl-xL (Ting et 
al., 2012) and Bcl-2 (Bhattacharya et al., 
2005), we also explored the effects on the 
expression of these genes upon indicated 
treatment. As shown in Figure 5A, B, cispla-
tin alone inhibited p-STAT3 expression and 
its downstream genes, Bcl-xL and Bcl-2 pro-
tein expression compared with Blank group, 
and US enhanced the inhibitory effects of 
cisplatin on these downstream genes. While 
after inhibition of miR-124 expression, p-
STAT3, Bcl-xL and Bcl-2 levels were nota-
bly increased, closely to the level of CDDP 
alone. These results indicates that cisplatin 
combined with low-intensity US induces 
miR-124 up-regulation and then inhibited the 
activation of STAT3 signaling, which in turn 
facilitates the anti-tumor effect of cisplatin 
combined with low-intensity US. 

 

 
Figure 5: Cisplatin combined with low-intensity US inhibited the STAT3 pathway through up-regulation 
of miR-124. A549 cells were transfected with miR-124 inhibitor or inhibitor negative control (NC), fol-
lowed by cisplatin and/or low-intensity US treatment. A. The expressions of STAT3 expression and its 
downstream genes, Bcl-xL and Bcl-2 protein were analyzed by Western Blot. B. The bands were 
semi-quantitatively analyzed by using Image J software, normalized to β-actin density. Data represent 
the mean ± SD of three independent experiments. **p < 0.01 vs. CDDP + US group 
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DISCUSSION 

In the present study, we demonstrated 
that low-intensity US could enhance the anti-
tumor activity of cisplatin in NSCLC cells. 
We also found that cisplatin combined with 
low-intensity US treatment promoted the ex-
pression of miR-124 and knockdown of 
miR-124 could inhibit the synergistic anti-
tumor effects of cisplatin combined with 
low-intensity US. Furthermore, we demon-
strated that cisplatin combined with low-
intensity US exerts the synergistic anti-tumor 
activity through miR-124/STAT3 signaling 
pathway. 

In recent years, a great number of studies 
have reported the mechanism of the syner-
gistic anti-tumor activity of low-intensity 
US, including non-thermal effect, cavitation 
effect and direct mechanical force (Dalecki, 
2004). For example, Li et al. had demon-
strated that low-intensity US combined with 
scutellarin allowed drugs to be delivered to 
cancer cells by increasing the frequency and 
contact area between the drug and cells (Li et 
al., 2013). Sundaram et al. reported that the 
key mechanism of ultrasound-enhanced 
chemotherapy might be due to cavitation-
generated ROS production (Sundaram et al., 
2003). A recent study from Hu et al. showed 
that ROS generation play an important role 
in synergistic antitumor effects of low-
intensity ultrasound combined with 5-FU in 
hepatocellular carcinoma (HCC) cells (Hu et 
al., 2016). Herein, we found low-intensity 
US enhanced the anti-tumor activity of cis-
platin by inhibiting cell viability, promoting 
ROS production and cell apoptosis in 
NSCLC cells. The present findings suggest 
that increased ROS production is the main 
mechanism responsible for the combined ef-
fects of low-intensity US and cisplatin. 
However, the possible molecular mechanism 
needs further research to be understood 
deeply. 

Recent studies verified that ROS could 
alter the expression of several microRNAs. 
For example, H2O2 exposure led to the up-
regulation of miR-21 while decreased the 
expressions of miR-29b, miR-328 and so on 

(He and Jiang, 2016). A recent study from 
Jajoo et al. found that high ROS contributed 
to increased metastatic potential of the pros-
tate cancer cells through its regulation of 
miR-21 (Jajoo et al., 2013). Based on the 
above-mentioned findings, we assume that 
there exists novel miRNAs that could play 
an important role in the synergistic antitumor 
effects of cisplatin and low-intensity US. In 
the present study, we demonstrated a com-
prehensive miRNA expression profile in 
A549 cells after cisplatin combined with 
low-intensity US treatment and found that 
miR-124 was one of the most being up-
regulated miRNAs. Moreover, the up-
regulation of miR-124 can be abrogated 
when ROS are depressed, indicating that cis-
platin combined with low-intensity US in-
creased the expression of miR-124 via ROS 
production. More recently, several studies 
have reported that miR-124 functions as a 
tumor suppressor in a variety of human can-
cers, such as prostate cancer (Wu et al., 
2017), nasopharyngeal carcinoma (NPC) 
(Hu et al., 2017), breast cancer (Feng et al., 
2016) and colorectal cancer (Zhou et al., 
2016). Subsequently, we investigated the 
function of miR-124 and found that knock-
down of miR-124 inhibited the synergistic 
antitumor effects of cisplatin combined with 
low-intensity US by promoting cell viability 
and suppressing apoptosis. These results 
suggested that cisplatin combined with low-
intensity US exerts the synergistic antitumor 
effects through ROS mediated up-regulation 
of miR-124. 

The signal transducer and activator of 
transcription (STAT) pathway has been im-
plicated in various human cancers including 
NSCLC (Wu et al., 2013; Khan et al., 2015; 
Lee et al., 2015), suggesting that STAT3 
may contribute to the tumor progression of 
NSCLC. Moreover, the STAT3 pathway is 
an important anti-apoptotic pathway that is 
frequently activated in different cancer cells 
(Du et al., 2012; Jorvig and Chakraborty, 
2015; Maryam et al., 2017). Wang et al. 
found that the activation of STAT3 signaling 
was involved in the suppression of CXCL12 
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on cisplatin-induced apoptosis in human 
non-small-cell lung cancer cells (Wang et al., 
2017). Recent research has demonstrated that 
miR-124 over-expression suppressed prolif-
eration and induced apoptosis in HepG-2 
cells by targeting STAT3 (Lu et al., 2013). 
In the present study, we demonstrated that 
knockdown of miR-124 reactivated the 
STAT3 signaling pathway that was blocked 
by cisplatin combined with low-intensity US 
treatment, therefore STAT3, as a target for 
miR-124, may be involved in the synergistic 
anti-tumor effect of cisplatin combined with 
low-intensity US. 

In conclusion, the present findings 
demonstrated that low-intensity US can en-
hance the anti-tumor activity of cisplatin in 
A549 cells and miR-124/STAT3 axis plays 
important roles in the much enhanced syner-
gistic anti-tumor activity of cisplatin com-
bined with low-intensity US. These results 
generated a rationale for further investigation 
of low-intensity US combined with cisplatin 
as a potential therapeutic strategy for patients 
with NSCLC. 
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