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Abstract. MicroRNA (miRNA or miR)‑10b is an onco‑
genic miRNA associated with metastasis that is present in 
various types of tumor, including lung cancer. However, 
whether miR‑10b is involved in different malignant char‑
acteristics, such as drug resistance or stemness, remains 
unclear. Therefore, the present study investigated whether 
miR‑10b is an upstream regulator of p53. Ectopic expression 
of miR‑10b‑agomir decreased the expression of p53 and 
its downstream effectors, such as Bax and p53 upregulated 
modulator of apoptosis. Two non‑canonical sites, including 
1,580‑1,587 and 2,029‑2,035, located in p53 3'‑untranslated 
region (UTR) were affected by the presence of miR‑10b. In 
functional assays, upregulation of the p53 signaling pathway 
following cisplatin treatment was associated with decreased 
levels of miR‑10b and upregulation of the luciferase activity of 
wild‑type, but not 1,584, 2,032‑dual‑mutant, p53 3'‑UTR. The 
ectopic expression of miR‑10b‑agomir attenuated the stability 
of p53 3'‑UTR and the expression of p53 and its downstream 
effectors induced by cisplatin. By contrast, the knockdown of 

miR‑10b induced the stability of p53 3'‑UTR and increased 
levels of p53 and the sensitivity of A549 cells to cisplatin 
treatment. Similar results were also observed for Beas 2B 
cells. In the clinical investigation, p53 exhibited two distinct 
associations (cocurrent and countercurrent) with miR‑10b in 
patients with lung cancer. Patients with lung cancer with low 
p53 and high miR‑10b levels exhibited the poorest prognosis, 
while those with high p53 and low miR‑10b exhibited the most 
favorable prognosis. These findings indicate a novel pathway 
in which cisplatin induces the levels of p53 by increasing 
mRNA stability via miR‑10b, indicating a novel oncogenic 
role of miR‑10b in promoting the malignant characteristics of 
non‑small cell lung carcinoma.

Introduction

Lung cancer has been identified as the leading cause of 
cancer mortality in Taiwan over the past decade. In 2019, 
the mortality rate of lung cancer was 19.3% and ranked first 
among total cancer mortality according to the annual report 
of Ministry of Health and Welfare (https://www.mohw.gov.
tw/np‑126‑2.html). Despite advances in surgery, radiation 
therapy, chemotherapy and targeted therapy, treatment is 
largely unsuccessful; the 5‑year survival for patients with lung 
cancer is ~15‑20% (1). Lung cancer can be classified into small 
cell lung cancer (SCLC) and non‑SCLC (NSCLC). NSCLC 
is subdivided into adenocarcinoma, squamous cell carcinoma 
and large cell carcinoma (2). NSCLC accounts for ~80% of all 
lung cancer cases (3). More than 75% of patients with NSCLC 
develop metastasis during the course of the disease, which is 
responsible for high mortality; for example, in 2020, lung cancer 
was the leading cause of cancer mortality, with an estimated 
1.8 million deaths (18% of total cancer deaths) globally (4‑6). 
Innate or adaptive resistance to drug treatments, including 
chemo‑ and targeted therapy, increases the mortality rate of 
patients with lung cancer (7,8). Different malignant charac‑
teristics of cancer cells may be interconnected. For example, 
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epithelial to mesenchymal transition (EMT), which is a key 
step for motility, is acquired in cisplatin‑resistant lung cancer 
cells via the Akt/β‑catenin/Snail‑dependent pathway (9). In 
addition to lung cancer, similar connections between motility 
and drug resistance have also been observed in other types of 
cancer, such as pancreatic and breast cancer (10). These find‑
ings highlight potential novel therapeutic strategies to treat 
lung tumors by simultaneously targeting multiple malignant 
characteristics.

The tumor suppressor p53 regulates biological responses 
to DNA damage, hypoxia, nutrient deprivation and abnormal 
expression of oncogenes  (11‑13) and serves a key role in 
tumor suppression via the induction of arrest, senescence and 
apoptosis, as well as by abrogating angiogenesis  (14). The 
protein, which serves as a transcriptional factor, is maintained 
at a low level and has a short half‑life under normal physiolog‑
ical conditions. Upon activation, several routes are involved 
in induction of p53 signaling. p53 mRNA is induced via a 
transcriptional regulator, such as CCAAT‑enhancer‑binding 
protein  (15). p53 protein is stabilized by phosphorylation 
and dissociation from MDM2 and p53 mRNA is stabilized 
by binding of Wig‑1 to its 3'‑untranslated region (UTR) (16). 
The activated p53 then translocates to the nucleus and triggers 
transcription of target genes, such as p21, p53 upregulated 
modulator of apoptosis (PUMA) and Bax, to arrest the cell 
cycle or induce cellular apoptosis (17). Abnormality in p53 is 
detected in ~50% of all human tumors (18). Furthermore, the 
function of p53 affects the sensitivity of tumor cells to chemo‑
therapeutic and/or radiotherapeutic agents (19). Furthermore, it 
has also been reported that p53 inhibits the motility of cancer 
cells by inhibiting the expression of MET or snail family tran‑
scriptional repressor 2 (Slug) (20,21). These results indicate 
that the malfunction of p53 contributes to multiple malignan‑
cies in cancer cells. Clinically, p53 has been considered as a 
therapeutic target to restore its normal expression or abrogate 
its oncogenic activity. In lung cancer, positive expression 
and mutation rates of p53 in adenocarcinoma are half those 
in squamous cells (22). Therefore, an understanding of the 
mechanisms underlying the pathogenic routes that cause p53 
malfunction may facilitate the development of novel treatment 
strategies for patients with lung cancer.

MicroRNAs (miRNAs or miRs) are a class of small RNA 
that inhibit gene expression at the post‑transcriptional level. 
Mature miRNAs are composed of 17‑25 nucleotides and 
primarily bind to the complementary sequence of 3'‑UTRs, 
followed by degradation of target mRNA or abrogation of 
its translation (23). miRNAs regulate more than two‑thirds 
of all cellular processes, including proliferation, motility, 
differentiation, metabolism, autophagy and apoptosis, and 
hence the aberrant expression of miRNAs is hypothesized to 
be involved in the development of various diseases, such as 
multiple sclerosis, Parkinson's disease, Type II diabetes and 
cancer  (24,25). The design of specific inhibitors of target 
proteins, such as Ras and Raf inhibitors, for the treatment 
of certain diseases is difficult and time‑consuming (26,27). 
However, due to the complementary characteristics of 
nucleotides, the restoration of abnormally expressed miRNAs 
with either agomir or antagomir represents a promising option 
for future therapeutic strategies (28). To date, numerous studies 
have reported that a large number of miRNAs are abnormally 

expressed in cancer cells, which causes the dysregulation of 
various genes involved in cancer pathogenesis, particularly 
metastasis or drug resistance (29,30). For example, miR‑10b is 
an oncomir that is upregulated in breast, pancreatic, lung, esoph‑
ageal, neck and head, prostate and colorectal cancer, as well 
as melanoma, hepatocellular carcinoma and glioma (31). The 
overexpression of miR‑10b decreases expression of HOXD10, 
zinc finger E‑box binding homeobox 1, Kruppel‑like factor 
(KLF)4, epithelial (E‑)cadherin and TIAM Rac1‑associated 
GEF 1 (Tiam1), which leads to malignant transformation and 
development of invasive and metastatic properties of inceptive 
benignant cancer cells (32‑36). miR‑10b is also involved in 
drug resistance; for example, miR‑10b is involved in tamoxifen 
resistance via downregulation of histone deacetylase (HDAC)4 
in estrogen receptor‑positive breast cancer cells (37). In addi‑
tion, high levels of miR‑10b confer 5‑fluorouracil resistance 
to colorectal cancer cells (38). Wu et al  (39) demonstrated 
that miR‑10b confers cisplatin resistance via targeting peroxi‑
some proliferator‑activated receptor (PPAR)γ in esophageal 
cancer cells. Furthermore, it has also been reported that higher 
miR‑10b levels are associated with resistance to neoadjuvant 
therapy and lower survival rate in patients with pancreatic 
ductal adenocarcinoma (40), suggesting an alternative func‑
tion of miR‑10b. In lung cancer, high expression of miR‑10b is 
positively associated with malignancy and poor prognosis (41). 
It is therefore important to identify lung cancer‑associated 
miRNAs as biomarkers of treatment response or pharma‑
cological targets. Previous reports imply that miR‑10b may 
exhibit a wide range of functions, such as fibrosis, immune 
regulation, neuron protection and muscle proliferation beyond 
promoting motility (42‑45). In addition, despite evidence of a 
connection between miR‑10b and malignancy of lung cancer, 
the genes that coordinate or contribute to multiple oncogenic 
effects of miR‑10b in lung cancer cells have not yet been 
mechanistically validated. The present review investigated p53 
as a novel target of miR‑10b and its effect on drug tolerance 
and motility in lung cancer cells.

Materials and methods

Cell lines and culture. Human lung cancer cell lines, including 
A549, H460, CL1‑0 and CL1‑5, and non‑tumor bronchial 
cell line Beas 2B were maintained in RPMI‑1640 medium 
(Invitrogen; Thermo Fisher Scientific, Inc.) supplemented with 
5% heat‑inactivated fetal bovine serum and incubated in a 
5% CO2 incubator at 37˚C.

Reverse transcription‑quantitative (RT‑q)PCR of miRNA. 
In each cell line, the expression levels of hsa‑miR‑10b 
(hsa‑miR‑10b‑5p, unless otherwise specified, hereafter 
referred to as miR‑10b) were analyzed as previously 
described  (46). Briefly, miRNAs were extracted using 
miRVANA® miRNA isolation kit (cat. no. AM1560; Thermo 
Fisher Scientific, Inc.). A total of 5 µl total miRNA was used 
for RT using a miRNA RT kit (cat. no. 4366596; Thermo Fisher 
Scientific, Inc.), and 5X miR‑10b or RNU6B probe. PCR was 
performed with TaqMan PCR master mix kit (Thermo Fisher 
Scientific, Inc.), using a 20X miR‑10b or RNU6B probe. Both 
primers and probes of miR‑10b (cat. no. 002218) and RNU6B 
(cat. no. 001093) were provided by Thermo Fisher Scientific, 
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Inc. RNU6B served as an internal control. The signals were 
read using an ABI StepOnePlus. Thermocycling conditions 
were as follows: Initial denaturation at 95˚C for 10 min; 95˚C 
for 10 sec followed by 60˚C for 1 min at 40 cycles. Subsequently, 
the comparative 2‑ΔΔCq method (46) was applied to quantify the 
gene expression levels. 

Ectopic expression of miR‑10b‑agomir or antagomir and 
pmirGLO‑p53 3'‑UTR luciferase reporter vector and assay. 
Human miR‑10b‑agomir (5'‑UAC​CCU​GUA​GAA​CCG​AAU​
UUG​UGU​U‑3') was purchased from Thermo Fisher Scientific, 
Inc. Both miR‑10b antagomir and scramble (sc) RNA were 
purchased from MDBio, Inc. sc served as miR‑10b‑agomir 
control. The initial screening from multiple websites 
(TargetScan, targetscan.org/vert_72/; miRbase, mirbase.org) 
did not reveal any conserved binding region of p53 3'‑UTR for 
miR‑10b. However, two partially matched regions (1,580‑1,587 
and 2,029‑2,035 from transcription start site) were targeted. 
The wild‑type (WT) 1,035 bps of 3'‑ UTR of p53 (1,245‑2280 
from ttranscription start site; forward, GCT​AGC​CAT​TCT​
CCA​CTT​CTT​GTT​CCC​ and reverse, GTC​GAC​TAA​TCC​CAG​
CAC​TCT​GGG​AGG​), mutant 1,583 (CCA​GGG​A mutated to 
CCA​TTT​A) or 2,033 (ACT​GGG​T mutated to ACT​TTT​T) or 
1,583 + 2,033 dual mutant was cloned into the pmirGLOdual 
luciferase vector (Promega Corporation). The transfection of 
20 nM miR‑10b‑agomir, sc and antagomir (both designed by 
MdBio, Inc.) was performed using Oligofectamine and trans‑
fection of 1 µg luciferase reporter vector was performed using 
Lipofectamine® 2000 reagent (both Invitrogen; Thermo Fisher 
Scientific, Inc.) at 37˚C. After 16 h transfection, the transfec‑
tion medium was replaced with fresh medium and incubated 
at 37˚C for a further 24‑48 h. Luciferase activity of control and 
transfection cells was normalized with to Renilla luciferase 
activity according to the protocol of Dual‑Luciferase Reporter 
assay system kit (Promega Corporation) and a luminometer 
(Mini lumate LB 9506; Titertek‑Berthold).

Cell proliferat ion assay. sc, miR‑10b‑agomir or 
antagomir‑transfected A549 or Beas 2B cells were seeded in 
96‑well plates (5x103 cells/well) overnight at 37˚C followed by 
treatment with cisplatin for 48 h at 37˚C. In preliminary exper‑
iments, 2 µM cisplatin showed a reduction of 20% viability of 
A549 [lethal dose (LD)25] cells while 5 µM cisplatin showed 
reduction of 60% viability (>LD50). The LD25 of cisplatin was 
used to test the viability of A549 when miR‑10b was reduced 
by antagomir in comparison with untransfected parental cells. 
In additions, the higher dose of cisplatin (5 µM) was used to 
verify the adaptive ability of A549 with increased miR‑10b 
expression levels. After 48  h, the medium was removed, 
washed with 1X PBS and incubated with serum‑free medium 
containing 10 µl MTT stock solution (5 mg/ml) at 37˚C for 
1 h, followed by washing with 1X PBS three times. The cells 
were then exposed to DMSO and the absorbance at 570 nm 
was measured using a microplate photometer. The absorbance 
values were normalized to those of sc as relative fold values. 
Trypan blue exclusion assay was also performed to determine 
viability. Briefly, the cells were trypsinized and suspended 
in 1X PBS, then 20  µl cells were and mixed with equal 
amount of 0.4% trypan blue solution (in PBS) and loaded on 
a hemacytometer. The cells were then counted under a ZEISS 

phase‑contrast microscope at 40x or 100x magnification, and 
the blue cells which stained by trypan blue were excluded.

In vitro migration assay. A total of 25,000 cells was added 
to the upper compartment of a Boyden chamber  (48) with 
0.5  and  10.0% serum‑containing RPMI‑1640 medium 
(Invitrogen; Thermo Fisher Scientific, Inc.) in the bottom well 
at 37˚C. The upper and bottom chamber was separated by a 
silicon gasket and a microporous membrane (pore size, 8 µm). 
After 10 h, cells on the lower surface were fixed with 100% 
methanol and stained with 1X crystal violet (Sigma‑Aldrich; 
Merck KGaA) for 5 min at room temperature, then washed 
with ddH2O. The cells were then examined under a ZEISS 
phase‑contrast microscope at 40x or 100x magnification. 
Relative motility was expressed as a percentage of cells on 
compound‑treated wells compared with control wells (n>3).

Protein extraction and western blot analysis. Protein 
extraction and western blot procedures were performed as 
previously described (49). Briefly, parental, sc‑ and mir‑10b 
agomir‑transfected A549 or Beas 2B cells in the presence or 
absence of cisplatin were collected and washed three times 
with ice‑cold PBS and lysed in RIPA buffer (25 mM Tris; 
150 mM sodium chloride; 1% NP‑40; 1% sodium deoxycho‑
late; 0.1% SDS; pH 7.6). The cell lysates were centrifuged 
at 14,000 x g for 20 min at 4˚C, the supernatant was collected 
and total protein concentration was determined by the Bradford 
method. For western blot analysis, equal amounts of proteins 
(50 µg/lane) were separated by 10‑15% SDS‑polyacrylamide 
gel followed by electrophoretic transfer onto a PVDF membrane 
(EMD Millipore). Following blocking with 5% milk in 1X 
TBS‑Tween for 1 h at room temperature, the membrane was 
incubated with primary antibodies (all 1:1,000 v/v) overnight 
at 4˚C. The membrane was then reacted with horseradish 
peroxidase‑conjugated secondary antibody (1:5,000 v/v) for 
1 h at room temperature, and the blots were visualized using 
an ECL‑Plus detection kit (PerkinElmer, Inc.). The following 
antibodies were used: Anti‑ATM (G‑12; cat. no. sc‑377293; 
Santa Cruz Biotechnology, Inc.), Anti‑phosphorylated 
(phospho)‑ATM (ser‑1981) (cat.  no.  sc‑47739; Santa Cruz 
Biotechnology Co., Ltd.), Anti‑p53 (DO‑1; cat. no. sc‑126; 
Santa Cruz Biotechnology, Inc.), Phospho‑p53 (Ser15; 
cat. no. #9284; Cell Signaling Technology, Inc.), Anti‑PTEN 
(A2B1; cat.  no.  sc‑7974; Santa Cruz Biotechnology, 
Inc.), PUMAα (B‑6; cat.  no.  sc‑377015; Santa Cruz 
Biotechnology Co., Ltd.), Anti‑Bax (B‑9; cat. no. sc‑7480; 
Santa Cruz Biotechnology, Inc.), Monoclonal Anti‑β‑Actin 
(cat. no. A2228; Sigma‑Aldrich; MercK KGaA), Phospho‑Akt 
(Ser473) (D9E; cat no. 9271T; Cell Signaling Technology, Inc.), 
Anti‑Akt1 (B‑1; cat. no. sc‑5298; Santa Cruz Biotechnology, 
Inc.), Goat anti‑mouse IgG‑HRP (cat.  no.  sc‑2005; Santa 
Cruz Biotechnology, Inc.) and goat anti‑rabbit IgG‑HRP 
(cat. no. sc‑2004; Santa Cruz Biotechnology, Inc.).

Meta‑analysis. The OncoLnc database (oncolnc.org/) (50) was 
used to analyze the association between expression levels of 
miR‑10b and p53 in the clinic. Expression levels of miR‑10b 
or p53 in tumor tissue from 488 patients with lung adenocarci‑
noma (LUAD) were analyzed using SPSS (v21; IBM Corp.) to 
calculate the Pearson's correlation (2‑tailed) between these two 
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genes. Patients were subdivided into high and low expression 
of miR‑10b or p53 based on the median value. The patients 
who exhibited the same expression trends of miR‑10b and 
p53 (high‑high or low‑low) were defined as cocurrent, while 
inverse trends (low‑high or high‑low) between miR‑10b and 
p53 were defined as countercurrent. In addition, the survival 
probability was estimated by the Kaplan-Meier plot method 
using SPSS (v21; IBM Corp.) followed by Tarone‑Ware test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Statistical analysis. Data are presented as the mean ± SD (n≥3) 
and were analyzed using GraphPad Prism software version 8.0 
(GraphPad Software, Inc.) (51). One‑way or two‑way ANOVA 
followed by Tukey's post hoc test was used to compare differ‑
ences between multiple groups. P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR‑10b exhibits higher expression in highly invasive lung 
cancer cells. In order to characterize the role of miR‑10b in 
lung cancer cells the expression levels of miR‑10b in different 
lung cancer cells and non‑tumor bronchial Beas 2B cells were 
analyzed. miR‑10b exhibited the highest levels in CL1‑5 cells; 
these levels were ~1.5‑times greater than in CL1‑0, 5‑times 
greater than in A549 and 10‑times greater than in Beas 2B 
cells. CL1‑5 cells are known to exhibit high migration/invasion 
ability and the present results are consistent with those of 
previous reports concerning the association between miR‑10b 
expression levels and cellular motility (Fig. 1) (33,52,53). CL 
cells harbor an oncogenic‑mutant p53 (21), these results imply a 
potential association between p53 and miR‑10b in lung cancer 
cells. In order to confirm whether miR‑10b is also involved in 
the motility of lung cancer cells, 20 or 40 nM miR‑10b‑agomir 
were transfected into A549 cells, followed by invasion assay. 
Our preliminary experiments demonstrated that 20 and 40 nM 
miR‑10b‑agomir inhibited p53 expression in a dose‑dependent 
manner (data not shown), thus these dosages were selected for 

subsequent experiments. Expression of endogenous miR‑10b 
in untransfected and sc transfections showed no difference 
(Fig. S1), thus, in the following experiments, sc was applied 
as control. Increasing miR‑10b levels significantly induced 
invasion of both types of cell in a dose‑dependent manner 
(Fig. 2A and B). These results showed that miR‑10b regulated 
the motility of lung cancer cells, as has been demonstrated in 
other types of cancer (34,54). Protein expression levels were 
analyzed following treatment with miR‑10b. miR‑10b‑agomir 
decreased expression levels of E‑cadherin (Fig. 3), in accordance 
with past reports (35,55). Levels of p53 and its downstream 
target genes, PUMA and Bax (56), were also decreased in the 
presence of miR‑10b‑agomir (Fig. 3). These results suggested 
that, in addition to motility‑associated signaling, miR‑10b is 
involved in the regulation of p53 pathways.

p53 is a direct target of miR‑10b. In order to address whether 
miR‑10b directly regulates expression of p53, luciferase 
reporters carrying the 3'‑UTR of p53 genes (1,000 bps) were 

Figure 1. Expression levels of miR‑10b in normal and tumorous lung cells. 
miRs were extracted from tumorous lung or bronchial cells and subjected 
to reverse transcription‑quantitative PCR with miR‑10b primers. The 
expression levels of miR‑10b from each cell line were normalized to that of 
Beas 2B. ***P<0.001 vs. Beas 2B. ###P<0.001. miR, microRNA. 

Figure 2. Overexpression of miR‑10b increases motility and viability of 
non‑small cell lung cancer cells. Parental or miR‑10b‑transfected A549 cells 
were subjected to (A) migration assay in a Boyden chamber or (B) colony 
formation assay. The migrated cells were counted and normalized to 
the parent A549 cells. The colonies were then counted. Scale bar, 25 µm. 
***P<0.001 vs. sc. ##P<0.01, ###P<0.001. miR, microRNA; sc, scramble.
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treated with different doses of miR‑10b‑agomir in A549 
cells. These results revealed that the ectopic expression of 
miR‑10b significantly decreased the stability of p53 3'‑UTR 
in a dose‑dependent manner (Fig. 4), indicating that miR‑10b 
may directly regulate p53 expression by binding to its 3'‑UTR 
region. Therefore, the binding sites of p53 3'‑UTR for miR‑10b 
were mapped. The initial screening from multiple websites 
(TargetScan; targetscan.org/vert_72/; miRbase, mirbase.org ) 
did not reveal any conserved binding region of p53 3'‑UTR for 
miR‑10b. However, two partially matched regions (1,580‑1,587 
and 2,029‑2,035 from transcription start site) were identified. 

It was next determined whether these regions were targeted 
by miR‑10b. Two candidate regions were identified that 
resembled the miR‑10b‑targeting sequence of p53 3'‑UTR 
and the corresponding mutations are depicted in Fig. 5A. WT 
and single and double mutants of p53 3'‑UTR luciferase were 
either transfected alone or co‑transfected with miR‑10b into 
A549 cells. These results indicated that either 1,583 or 2,533 
single mutant moderately recovered the p53 3'‑UTR stability, 
which was decreased by miR‑10b‑agomir. However, simul‑
taneous mutation of these two sites significantly attenuated 
miR‑10b‑mediated instability of p53 3'‑UTR (Fig. 5B), which 

Figure 3. miR‑10b attenuates expression of p53 signaling molecules. The parental or miR‑10b‑agomir‑transfected A549 cells were subjected to western blotting 
or quantitative PCR to reveal the expression levels of p53 signaling molecules or miR‑10b, respectively. ***P<0.001 vs. UT. ###P<0.001. miR, microRNA; UT, 
untransfected; sc, scramble; E‑cadherin, epithelial cadherin; PUMA, p53 upregulated modulator of apoptosis. 

Figure 4. miR‑10b‑agomir decreases the stability of p53 3'‑UTR. p53 3'‑UTR luciferase reporter‑transfected A549 cells were transfected with different doses 
of miR‑10b‑agomir, followed by luciferase assay. The luciferase activity of parent or miR‑10b transfected cells was normalized to that of the parental cells. 
***P<0.001 vs. UT; ###P<0.001. miR, microRNA; UTR, untranslated region; UT, untransfected; sc, scramble. 
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indicated that p53 was a target gene that was directly regulated 
by miR‑10b. Furthermore, these results also suggest the possi‑
bility that miR‑10b binds to its target gene via a consensus 
motif.

miR‑10b is involved in upregulation of p53 via 3'‑UTR stability 
following treatment with cisplatin. In order to investigate 
whether miR‑10b is involved in the regulation of p53 expres‑
sion under physiological conditions, different doses of cisplatin, 
a chemotherapeutic drug for patients with lung cancer and an 
inducer of p53 expression (57), was administered into A549 
cells in the presence or absence of transfection with WT or 
double‑mutant p53 3'‑UTR luciferase vector for 24 h. The results 
suggested that the addition of cisplatin induced phosphorylation 
of ATM, an upstream regulator of p53, and increased expression 
of p53 and its downstream effectors, such as PUMA and Bax 
(Fig. 6A). Cisplatin decreased the expression of miR‑10b in a 
dose‑dependent manner (Fig. 6B), suggesting an inverse asso‑
ciation between p53 and miR‑10b in the presence of cisplatin. 
Furthermore, the stability of WT, but not double‑mutant p53 
3'‑UTR was increased when treated with cisplatin (Fig. 6C), 
which suggested that miR‑10b directly participated in the 
upregulation of p53 following treatment with cisplatin. These 
results indicate a novel mechanism underlying regulation of p53 
expression levels following chemotherapy in NCSLC.

The expression level of p53 is involved in the response 
to both chemotherapeutic drug treatments (58). Therefore, to 
characterize the role of miR‑10b in regulating the cell response 

to cisplatin, A549‑p53 3'‑UTR luciferase transfectants were 
transfected with miR‑10b‑agomir, followed by treatment 
with cisplatin. Cisplatin significantly decreased expression 
of endogenous miR‑10b while inducing the stability of p53 
3'‑UTR (Fig. 7A and B). By contrast, in cells with ectopically 
expressed miR‑10b‑agomir, the stability of p53 3'‑UTR was 
low even in the presence of cisplatin. Furthermore, western 
blotting revealed that p53 and its downstream effectors, such as 
Bax, PUMA and PTEN, were decreased by miR‑10b‑agomir 
(Fig.  7C). On the other hand, treatment with cisplatin 
increased levels of p53 signaling molecules; ectopic expres‑
sion of miR‑10b‑agomir attenuated such upregulation, which 
activated Akt (Fig. 7C) and increased the viability of lung 
cancer cells (Fig. 7D). By contrast, knockdown of miR‑10b 
by antagomir increased p53 3'‑UTR stability and expres‑
sion of p53 and its downstream effectors (Fig. 8A and B); 
furthermore, the decrease in miR‑10b sensitized A549 cells 
to cisplatin treatment even at a lower dose (Fig. 8C). Similar 
results were also observed in non‑tumorous bronchial Beas 
2B cells (Fig. 9), suggesting a role of elevated miR‑10b in 

Figure 5. Identification of target sites of miR‑10b in p53 3'‑UTR. 
(A) Alignment between the miR‑10b targeting stem site and two consensus 
sites of p53 3'‑UTR (1,580‑1,587 and 2,029‑2,035). Bold text indicates pairing 
miR‑10b‑core and complementary target mRNA sequence. (B) WT, 1,583 
or 2,023 mut or 1,583‑2,023 Dmut pMGL‑p53 3'‑UTR luciferase reporter 
were co‑transfected with different doses of miR‑10b‑agomir into A549 cells, 
followed by analysis of luciferase activity. The luciferase activity was then 
normalized to UT. ***P<0.001. miR, mircoRNA; UTR, untranslated region; 
WT, wild‑type; mut, mutant; sc, scramble; Dmut, dual mutant. Figure 6. Cis decreases levels of miR-10b while inducing p53 3'-UTR 

stability and expression of p53 signaling molecules. pMGL-WT or -dual 
mut p53 3'-UTR luciferase reporter-transfected A549 cells were treated with 
different doses of cis for 48 h. The cells were then subjected to (A) western 
blotting to analyze the expression of p53 and apoptosis-associated molecules 
or (B) reverse transcription-quantitative PCR to reveal the levels of miR-10b. 
The expression levels of miR-10b were normalized to the Con. (C) Luciferase 
activity assay; values were normalized to the Con. **P<0.01, ***P<0.001 vs. 
Con; #P<0.05; ###P<0.001. Cis, cisplatin; miR, microRNA; UTR, untranslated 
region; WT, wild-type; mut, mutant; Con, control; PUMA, p53 upregulated 
modulator of apoptosis.
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Figure 7. Ectopic expression of miR‑10b‑agomir decreases the stability of p53 3'‑UTR and levels of p53 signaling molecules induced by cis. MG‑p53 3'‑UTR 
luciferase reporter‑transfected A549 cells were transfected with miR‑10b‑agomir, followed by treatment with cis for 48 h, and subjected to (A) luciferase 
reporter assay to analyze p53 3'‑UTR stability, (B) reverse transcription‑quantitative PCR to analyze the expression levels of miR‑10b, (C) western blot‑
ting to detect expression levels of p53 and apoptosis‑associated molecules or (D) trypan blue exclusion assay to analyze cell viability. *P<0.05, **P<0.01, 
***P<0.001 vs. sc; ###P<0.001. miR, microRNA; UTR, untranslated region; sc, scramble; PUMA, p53 upregulated modulator of apoptosis. 

Figure 8. Attenuation of miR‑10b increases expression of p53 signaling molecules and sensitivity to cis treatment. Untransfected MG‑p53 3'‑UTR luciferase 
reporter‑transfected A549 cells or cells transfected with miR‑10b‑antagomir were treated with cis for 48 h and then subjected to (A) luciferase reporter assay 
to analyze p53 3'‑UTR stability, (B) reverse transcription‑quantitative PCR to analyze expression of miR‑10b, (C) western blotting to determine the expression 
of p53 and apoptosis‑associated molecules or (D) trypan blue exclusion assay to analyze cell viability. **P<0.01, ***P<0.001 vs. sc‑cis 0; ##P 0.01; ###P<0.001. 
miR, microRNA; UTR, untranslated region; sc, scramble; cis, cisplatin; PUMA, p53 upregulated modulator of apoptosis. 

https://www.spandidos-publications.com/10.3892/or.2021.8118
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Figure 9. miR‑10b is involved in cell death and expression of p53 signaling modules induced by cis in Beas 2B cells. (A) MG‑p53 3'‑UTR luciferase 
reporter‑transfected Beas 2B cells were transfected with miR‑10b‑agomir, followed by treatment with cis for 48 h, and then subjected to luciferase reporter 
assay to analyze p53 3'‑UTR stability. (B) Reverse transcription‑quantitative PCR analyzed expression of miR‑10b. (C) Western blotting identified expression 
of p53 and apoptosis‑associated molecules. (D) Trypan blue exclusion assay analyzed cell viability. *P<0.05, **P<0.01, ***P<0.001 vs. untreated‑sc; #P<0.05; 
###P<0.001. miR, microRNA; cis, cisplatin; UTR, untranslated region; sc, scramble; PUMA, p53 upregulated modulator of apoptosis. 

Figure 10. Association between expression levels of p53 and miR‑10b in patients with lung cancer. The correlations between miR‑10b and the p53 expres‑
sion pattern in The Cancer Genome Atlas lung adenocarcinoma cohort was analyzed in (A) all patients and patients with (B) opposite (countercurrent) or 
(C) similar (cocurrent) trends between miR‑10b and p53 levels. Expression correlation was statistically analyzed by Spearman's rho. miR, microRNA. 
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overcoming the therapeutic effects of cisplatin. These results 
indicated that, in addition to serving as a canonical pathway in 
the regulation of cell motility, miR‑10b may also participate in 
regulating the response to toxicity of chemotherapeutic drugs, 
such as cisplatin, by directly affecting the stability of p53 
3'‑UTR in tumorous and non‑tumorous cells.

Countercurrent of miR‑10b‑p53 levels are positively 
correlated with prognosis in patients with lung cancer. In 
order to understand the clinical relevance of the association 
between miR‑10b, p53 and the prognosis of patients with lung 
cancer, Affymetrix microarray data of a lung adenocarcinoma 
cancer cohort was analyzed using the Oncolnc database [data 
originally derived from The Cancer Genome Atlas (TCGA) 
database]. In the preliminary analysis, the expression levels 
of miR‑10b and p53 showed no correlation in 488 patients 
with LUAD (r=‑0.056, Fig. 10A); however, in a differenti‑
ated classification, the expression of miR‑10b and p53 could 
be categorized into two groups: Cocurrent (same expression 
trend between miR‑10b and p53) and countercurrent (inverse 
expression trend between miR‑10b and p53). The expression 
association between miR‑10b and p53 in the countercurrent 

group indicated a moderate negative correlation (r=‑0.301, 
Fig. 10B); the cocurrent group of miR‑10b and p53 indicated a 
moderate positive correlation (r=0.486, Fig. 10C). The results 
showed that both the expression trends between miR‑10b and 
p53 were significant, suggesting that patients with LUAD exhib‑
ited two distinct expression associations between miR‑10b and 
p53. Correlation between the miR‑10b‑p53 expression patterns 
and the prognosis of patients with LUAD were analyzed. 
Kaplan‑Meier plot analysis indicated that neither miR‑10b 
nor p53 expression‑alone was correlated with prognosis 
(Fig. 11A and B). By contrast, patients with low miR‑10b/high 
p53 status displayed lower survival rate than those with low 
miR‑10b/low p53 (median overall survival, 952 vs. 1,357 days, 
Fig. 11C) and high miR‑10b/low p53 status was associated 
with lower survival rate than high miR‑10b/high p53 (median 
survival, 999 vs. 1,421 days, Fig.  11D). In addition, the 
survival rate of patients with high miR‑10b/low p53 was lower 
than for those with high miR‑10b‑alone (median survival, 
999 vs. 1,215 days; Fig. 11A and D). These results indicated 
that the prognosis of patients with LUAD with countercurrent 
expression of miR‑10b and p53 was worse than those with 
cocurrent expression of miR‑10b and p53; low miR‑10b/high 

Figure 11. Distinct associations between miR‑10b and p53 levels predict different prognosis of patients with lung cancer. Kaplan‑Meier plot analysis demon‑
strated overall survival of lung adenocarcinoma cases of (A) p53 or (B) miR‑10b‑alone, (C) low miR‑10b/low p53 vs. low miR‑10b/high p53 and (D) high 
miR‑10b/low p53 vs. high miR‑10b/high p53. (E) Comparison of overall survival curves between different combinations of miR‑10b/p53 expression of patients 
with lung adenocarcinoma. miR, microRNA. 
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p53 and high miR‑10b/low p53 were associated a similarly 
poor outcome (Fig. 11E).

Discussion

The miRNA miR‑10b has been identified as a driver for motility 
and a metastasis‑associated oncomir in breast cancer (33). The 
metastasis‑promoting characteristics have been confirmed in 
different types of cancer, such as melanoma, hepatocellular 
carcinoma, glioma and acute myeloid leukemia, as well as 
head and neck, endometrial, colorectal and lung cancer (59). 
Several target genes of miR‑10b are associated with EMT or 
motility, such as E‑cadherin, HOXD10, HOXB3, KLF4 and 
itchy E3 ubiquitin protein ligase (32,35,54,60,61). Furthermore, 
miR‑10b is involved in TGF‑β‑mediated EMT in breast tumor 
and hyaluronan‑induced migration/invasion in head and neck 
tumor cells (62,63). In addition, past reports indicated alter‑
native roles of miR‑10b in regulating cisplatin resistance via 
targeting PPARγ or tamoxifen resistance via downregulation 
of HDAC4 (37,39). Chen et al (60) demonstrated that miR‑10b 
simultaneously induces proliferation and invasion via the inhi‑
bition of HOXB3 in endometrial cancer cells. These results 
suggest a wide role of miR‑10b in promoting malignancy in 
various types of cancer cell. In agreement with these results, 
the present study demonstrated that fluctuations of endog‑
enous miR‑10b via agomir or antagomir significantly affect 
the motility of A549, CL1‑0 and CL1‑5 cells (data not shown). 
Furthermore, p53, a tumor suppressor with multiple functions, 
was identified as a target gene of miR‑10b. The present results 
demonstrated the existence of two non‑classical binding sites 
of p53 3'‑UTR (1,580‑1,587 and 2,029‑2,035) for miR‑10b 

and their regulation in p53 mRNA stability, which extends 
knowledge of potential target genes and roles of miR‑10b in 
regulating physiological processes, such as drug response 
and cellular growth (64,65). Lu et al (66) reported that mir‑10 
targets p53 in colorectal cancer cells. The region 2,029‑2,035 
of p53 3'‑UTR was identified as a miR‑10b regulatory element; 
this is consistent with the present findings, which also iden‑
tified another sequence located in the region 1,580‑1,587. 
Furthermore, Lu et al revealed induction of stability of mutant 
p53 3'‑UTR in the presence of miR‑10b. However, the present 
results showed that ectopic expression of miR‑10b decreased 
the stability of p53 3'‑UTR with a single mutation of either 
region 1,580‑1,587 or 2,029‑2,035 (data not shown). This differ‑
ence may be attributed to differences in the cell models used. 
In addition, Sun et al (67) reported that miR‑10b regulates the 
p53 pathway via targeting p21 in glioblastoma, however, their 
results also showed an induction of p53 following knockdown 
of miR‑10b, implying that miR‑10b may target p53 to modulate 
the functions of p53 pathway.

Several miRNAs have been shown to exert oncogenic 
functions via targeting p53 expression. For example, miR‑504 
modulate cisplatin resistance by inhibiting p53 expression in 
osteosarcoma cells (68), while miR‑675 induces invasion and 
metastasis by inhibiting p53 expression in colorectal cancer 
cells (69). Furthermore, miR‑122 promotes lung cancer cell 
development via inhibiting p53 expression  (70). In addi‑
tion, miR‑125b induces cisplatin resistance via the blockade 
of p53/Bax/apoptosis pathways in nasopharyngeal cancer 
cells (71). The present study demonstrated that ectopic expres‑
sion of miR‑10b‑agomir decreased cisplatin sensitivity of 
lung cancer cells by directly inhibiting p53 levels. Since p53 

Figure 12. Schematic representation of functional interaction between miR‑10b and p53 in regulating cisplatin tolerance in lung cancer cells. miR, microRNA; 
UTR, untranslated region; PUMA, p53 upregulated modulator of apoptosis. 
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is the primary mediator of cellular transformation to tumor 
cells (72,73), overexpression of miRNAs in different types of 
tumor may confer malignancy by inhibiting p53 expression 
levels.

Despite the inverse association between miR‑10b and p53 
in a cellular model in previous study (67), these two genes did 
not demonstrate a negative correlation in a clinical investigation 
of patients with LUAD from the TCGA database. By contrast, 
miR‑10b and p53 showed two distinct associations, termed 
cocurrent (positive correlation) and countercurrent (negative 
correlation), which, to the best of our knowledge, have not previ‑
ously been observed between miR‑10b and its target genes or 
upstream regulators. On the other hand, increasing evidence 
suggest an association between expression level of miR‑10b or 
p53 with the prognosis of various types of cancer; for example, 
mir‑10b is positively associated with the malignancies of 
melanoma, glioblastoma and clear cell carcinoma, as well as 
gastric, colorectal and lung cancer (35,54,67,74‑76), while p53 is 
positively associated with the malignancies of colorectal (posi‑
tive correlation), breast (negative correlation), gastric (positive 
correlation) and lung cancer (negative association) (49,77‑79). 
However, the present results showed that neither miR‑10b nor 
p53‑alone exhibited prognostic value in patients with LUAD. 
Zhang et al reported that levels of miR‑10b are correlated 
with lower survival rate in 73 patients with NSCLC (35). The 
present study analyzed 488 patients; larger sample sizes may 
reveal distinct patterns of miR‑10b expression levels and prog‑
nosis in patients with NSCLC. The present results showed that 
patients with LUAD with cocurrence between miR‑10b and 
p53 showed better prognosis than those with countercurrence. 
These results suggested that miR‑10b and p53 may be mutu‑
ally exclusive regulators or that other regulators may participate 
in modulating expression of both miR‑10b and p53. p53 may 
serve as an upstream inhibitor of miR‑10b following treatment 
with Withaferin A (46) which supports the hypothesis that 
p53 may downregulate miR‑10b in the presence of cisplatin. 
However, Bisio et al demonstrated that p53 serves as an inducer 
of miR‑10b expression in HCT cells  (80). This difference 
may be due to the use of different cell lines and indicates the 
complexity of functional correlations between miR‑10b and 
p53. Moreover, controversial studies also provide a potential 
explanation for the distinct expression trends between miR‑10b 
and p53 and the subsequent survival ratio in patients with lung 
cancer. Further investigation of the role of miR10b and p53 in 
regulating tumorigenesis, malignancy and prognosis is required. 
Despite the fact that miR‑10b exhibited an inverse correlation 
with p53 between non‑tumor and tumorous cells, the highest 
level of miR‑10b was observed in CL cells, which harbor an 
oncogenic‑mutant form of p53 that promotes cell invasion and 
chemoresistance by induing Slug and Nrf2, respectively (21,81); 
whether miRNAs are involved in oncogenic mutant p53‑primed 
malignancy remains unclear. Changing levels of miR‑10b only 
marginally affected levels of p53 in CL cells (data not shown), 
which suggested different regulatory mechanisms between 
miR‑10b and oncogenic mutant p53 may exist. In addition, corre‑
lation analysis between p53 mutations and miR‑10b expression 
levels suggested no significant difference in miR‑10b expression 
levels between WT and mutated p53 (data not shown). These 
results suggest that alternatively regulated mechanisms between 
p53 and miR‑10b exist. Moreover, the expression of miR‑10b 

was independent of the mutated status of p53 in patients with 
lung cancer, which implies that miR‑10b may serve as an 
upstream regulator of p53 in patients with LUAD. Our previous 
report indicated that Aurora‑A and p53 exhibit an inverse asso‑
ciation in patients with NSCLC and that combining expression 
levels of p53 and Aurora‑A provides better prognostic potential 
than individual consideration in patients with lung cancer (49). 
Similarly, the present study demonstrated that combining 
miR‑10b and p53 may provide a more precise predictive value 
of patients with NSCLC with poor prognosis who may benefit 
from specific targeted therapy. One limitation of the present 
study is the lack of direct in vivo evidence to confirm the asso‑
ciation between miR‑10b and p53 in drug‑tolerance. The role 
of miR‑10b‑p53 in mice bearing cisplatin‑sensitive or resistant 
lung tumors and the effects of miR‑10b‑antagomir in treating 
mice with cisplatin‑resistant lung tumor should be investigated 
in the future.

In summary, the present study identified p53 as a target gene 
of miR‑10b and revealed a pathway to increase p53 following 
treatment of cisplatin via downregulating levels of miR‑10b 
(Fig. 12). In addition, the present study also revealed a novel 
function of miR‑10b in modulating drug tolerance in addition to 
promoting motility. Furthermore, clinical investigation revealed 
that the combination of miR‑10b and p53 expression provided 
more precise prognosis of patients with lung cancer. These find‑
ings improve understanding of the role of miR‑10b in regulating 
multiple malignancy in lung cancer cells and offer more valu‑
able prognostic prediction for patients with lung cancer.
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