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Abstract. Lung cancer is a predominant cause of cancer‑related 
mortality and numerous lung cancer patients succumb to the 
disease due to drug resistance. A number of microRNAs 
(miRNAs) are upregulated in cancer and are involved in 
tumorigenesis, functioning as oncogenes. Several functional 
studies have shown that miR‑21 is important in carcinogen-
esis; however, none of these studies has investigated multidrug 
resistance (MDR) reversal in human lung cancer cells. In 
the present study, the effect of miR‑21 on MDR reversal was 
analyzed in A549/DDP lung cancer cells. The data demon-
strated the following after miR‑21 silencing: Proliferation of the 
tumor cells was inhibited, cell apoptosis and oxidative damage 
were increased, the cell cycle was blocked at the G0/G1 phase, 
expression levels of P‑glycoprotein were reduced, accumula-
tion of Rhodamine 123 was increased, and the MDR‑related 
genes encoding MDR1, MPR, glutathione S‑transferase‑π, 
B‑cell lymphoma 2, cyclin‑dependent kinase 1, cystathione 
and glutathione were downregulated. Further mechanistic 
analysis revealed that miR‑21 silencing reduced AKT phos-
phorylation and transcriptional activation of E2F‑1 and Twist. 
In conclusion, this study demonstrated that miR‑21 silencing 
reversed lung cancer cell MDR by modulation of MDR‑related 
gene expression and inhibition of the AKT signaling pathway, 
suggesting that miR‑21 may be a potential therapeutic candi-
date in patients with MDR lung cancer.

Introduction

MicroRNA (miRNA) molecules have gradually become a key 
area in biomedical research since the identification of the first 

type of miRNA molecule, lin‑4, in nematodes by Lee et al using 
genetic analyses (1). miRNAs are endogenous single‑stranded 
non‑coding small RNA molecules of length ~22 basic groups; 
this type of RNA is evolutionarily conserved in terms of the 
genetic features. miRNAs are located in genomes as single 
copies, multiple copies or gene clusters. The majority are situ-
ated in intergenic sequences; a few miRNAs are also located 
in intronic regions, which are transcribed together with host 
genes in the form of polycistrons (2,3).

As non‑coding small molecule RNAs involved in post‑tran-
scriptional regulation, miRNAs can regulate gene expression 
by binding with the bases of the 3'‑non‑coding region of 
messenger RNA through the following three approaches: 
Forming full complementation with the messenger RNA and 
inducing the endonuclease effect; forming partial complemen-
tation with the messenger RNA and thus affecting translation; 
and forming partial complementation with the messenger RNA 
and thus inducing deadenylation and degradation. Previous 
research has suggested that miRNAs, a newly identified 
gene regulation subfamily, are involved in various biological 
processes, including cell proliferation, differentiation, apop-
tosis, stress tolerance and metabolic activities in various types 
of tissue. In recent years, the involvement of miRNAs in the 
occurrence, development and metastasis of malignant tumors 
has drawn wide attention (4‑6). Previous studies have indi-
cated that 50% miRNAs are located in either genomic regions 
associated with tumor regulation, fragile positions of the chro-
mosome or certain tumor‑related genomic sequences. Other 
studies have indicated that miRNAs are key to the occurrence 
of tumors, mainly through the following: A section of the 
miRNA‑encoded gene may act as an oncogene; a section of 
the miRNAs‑encoded gene may act as an anti‑oncogene; and 
certain oncogene‑encoded miRNA genes may be involved in 
the occurrence of associated tumors (7). Following analysis, 
the miRNA expression levels in various human tumor types 
were also determined to be markedly different. For example, 
the expression levels of let7, miR15 and miR16 were reduced 
in patients with lung cancer and leukemia, whereas the expres-
sion levels of miRl55, miR211 and miR31 were found to be 
increased in certain types of tumor tissue and cell lines (8,9).

miR‑21 is one of the most commonly investigated miRNAs 
in cancer‑related research (10). The expression levels of miR‑21 
are increased in numerous types of tumor, and are closely associ-
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ated with the occurrence, development, metastasis and prognosis 
of a variety of cancer types, including breast, prostate, lung and 
stomach cancers, glioblastoma, cholangiocarcinoma and pancre-
atic endocrine tumors (11‑14). A recent study has also shown that 
miR‑21 is over‑expressed in lung tumors (15).

The tumor cells in which chemotherapy fails commonly 
exhibit multidrug resistance (MDR). MDR refers to the 
generation of resistance in malignant cells to a variety of 
antitumor drugs with distinct structures and functional 
mechanisms, subsequent to contact with one type of antitumor 
drug. MDR often results in failure of cancer chemotherapy 
and clinical recurrence of the cancer. In MDR, tumor cells 
undergo self‑adaptation through contact with chemothera-
peutic drugs (16). The generation of MDR involves numerous 
concurrent molecular mechanisms, including: The increase of 
drug efflux molecules expressed on the membrane, for example, 
P‑glycoprotein (P‑gp), MDR‑related protein and lung resis-
tance‑related protein reduce drug absorption while increasing 
drug efflux; the enhancement of cellular detoxification capa-
bility, for example, changes in the activity and expression of 
glutathione S‑transferase‑π (GST‑π), and alterations in metallo-
thionein expression; modification of DNA repair capacity, for 
example, changes in O6‑methylguanine‑DNA methyltrans-
ferase activity; alterations in intra‑cellular proteins, such as the 
variations in topoisomerase activity and expression; changes 
in the expression levels and activity of protein kinase C and 
various other isozymes; and the inhibition of apoptosis (17‑20).

In view of the important role of miR‑21 in tumors, miR‑21 
may be key in cisplatin resistance in lung cancer. Therefore, 
the present study examined the effect of miR‑21 on the reversal 
of cisplatin resistance in A549/DDP cells and investigated the 
associated mechanism.

Materials and methods

Cell lines and main reagents. The A549 and A549/DDP 
human lung cancer cell lines used in this study were obtained 
from the China Center for Type Culture Collection (Wuhan, 
China); Dulbecco's modified Eagle's medium was purchased 
from Gibco‑BRL (Carlsbad, CA, USA); the miR‑21 inhibitor 
and miR‑21 control were bought from Shanghai GenePharma 
Co, Ltd. (Shanghai, China); the transfection reagent 
Lipofectamine™  2000 and Opti MEM® were purchased 
from Invitrogen Life Technologies (Carlsbad, CA, USA); the 
TaqMan miRNA Isolation kit, the TaqMan miRNA Assay 
and the TaqMan Universal polymerase chain reaction (PCR) 
Master mix were supplied by Applied Biosystems (Carlsbad, 
CA, USA); and the SYBR® Green Real‑time PCR Master mix 
was purchased from Takara Bio, Inc. (Shiga, Japan). All the 
antibodies were purchased from Santa Cruz Biotechnology, 
Inc. (Santa Cruz, CA, USA), with the exception of antibodies 
against β‑actin, which were obtained from Sigma‑Aldrich 
(St. Louis, MO, USA).

Cell culture. The cells were cultured in RPMI‑1640 medium, 
with added 10% fetal bovine serum, 100  U/ml penicillin 
and 100 U/ml streptomycin, at 37˚C, 5% CO2 and saturated 
humidity. Cross‑breeding was performed using trypsin once 
every two days. The cells were extracted in the logarithmic 
growth phase for subsequent experiments.

Antisense oligonucleotide transfection assay. The miR‑21 
inhibitor and the miR‑21 control plasmids were transfected using 
Lipofectamine™ 2000. Briefly, the miR‑21 inhibitor and miR‑21 
control were diluted and mixed with serum‑free Opti‑MEM® 
medium at room temperature for 5  min. Subsequently, 
Lipofectamine™ 2000 was mixed with the solution, which was 
incubated at room temperature for 20 min. A549/DDP cells 
were transfected with the miR‑21 inhibitor and the miR‑21 
control, respectively. The A549/DDP cells transfected with 
miR‑21 inhibitor were designated the ASO‑miR‑21 group, the 
A549/DDP cells transfected with miR‑21 control were identi-
fied as the negative group (ASO‑miR‑NC), A549/DDP cells 
without treatment were classified as the control group and A549 
cells were termed the parent group.

miR‑21 detection assay. Small RNA was extracted from 
cells in each group using the TaqMan miRNA Isolation kit. 
TaqMan miRNA assay reagents and TaqMan Universal PCR 
Master mix were used to detect the expression levels of mature 
miR‑21. U6 served as the reference gene.

Cell viability detection assay. A total of 3x105 cells in each 
experimental condition group were cultured in a 6‑well plate 
for 24 h, then 0, 1, 2, 5, 10, 20, 50 or 100 µM cisplatin was 
added for a further 72 h incubation at 37˚C. Cell viability was 
determined by a Vi‑CELL Cell Viability Analyzer (Beckman 
Coulter, Brea, CA, USA), according to the manufacturer's 
instructions and the cell proliferation inhibition rate was 
calculated.

Apoptosis and cell cycle assays. Apoptosis was measured 
using Annexin  V‑fluorescein isothiocyanate (FITC) and 
propidium iodide (PI; BD Pharmigen, San Diego, CA, USA). 
Briefly, 3x105 cells from each group were seeded in 6‑well 
plates for 24 h, then 5 or 10 µM cisplatin was added for a 
further 24 h incubation. The cells were trypsinized, washed 
once with phosphate‑buffered saline (PBS) and stained with 
FITC‑labeled anti‑Annexin V antibody and PI for 15 min in 
the dark. The fluorescence was assessed by BD FACS flow 
cytometry (BD Biosciences, Franklin Lakes, NJ, USA).

To analyze the cell cycle, a total of 3x105 cells from each 
group were seeded in 6‑well plates for 24 h, then the cells were 
trypsinized, washed once with PBS and stained with ice‑alcohol 
overnight at 4˚C. RNase A and PI were added and the cells were 
incubated at 37˚C for 30 min. Fluorescence was assessed by BD 
FACS flow cytometry.

Rhodamine 123 accumulation and P‑glycoprotein (P‑gp) 
expression assay. Rhodamine 123 accumulation and P‑gp 
expression levels were measured to evaluate MDR in the 
cancer cells. Briefly, to analyze Rhodamine 123 accumula-
tion, 3x105  cells from each treatment group were seeded 
in 6‑well plates for 24 h. The cells were then trypsinized, 
suspended and incubated in phenol‑red‑free minimum 
essential medium containing 10  µg/ml Rhodamine  123 
(Sigma‑Aldrich) for 20 min at 37˚C. Following incubation, 
the cell monolayers were washed three times with ice‑cold 
PBS and the fluorescence was measured by BD FACS flow 
cytometry at an excitation wavelength of 485 nm and an 
emission wavelength of 535 nm.
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For the P‑gp expression assay, a total of 3x105 cells from 
each group were seeded in 6‑well plates for 24 h. The cells 
were then trypsinized, resuspended and incubated with phyco-
erythrin (PE)‑P‑gp, for 30 min at 37˚C. Following incubation, 
the cell monolayers were washed three times with ice‑cold 
PBS and the fluorescence was determined by BD FACS flow 
cytometry at an excitation wavelength of 485 nm and emission 
wavelength of 535 nm.

Oxidative damage detection assay. Cellular oxidative damage 
was measured using a reactive oxygen detection kit (Beyotime 
Biotech, Jiangsu, China). Briefly, 3x105 cells from each treatment 
group were seeded in 6‑well plates for 24 h, then 5 or 10 µM 
cisplatin was added for another 24 h. The cells were trypsinized, 
washed once with PBS and stained with dichloro‑dihydro‑fluo-
rescein diacetate (10 µmol/l; Beyotime, Shanghai, China) for 
30 min in the dark. Fluorescence was detected by BD FACS 
flow cytometry.

Cystathione and glutathione (GSH) detection assay. A total of 
3x105 cells in each experimental group were seeded in 6‑well 
plates for 24 h. The cells were then trypsinized, resuspended, and 
the quantities of cystathione and GSH were detected according 
to the instructions of the respective assay kits provided by 
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

MDR gene mRNA and protein expression assays. The protein 
expression levels of the MDR genes were measured by western 
blotting. A total of 3x105 cells were seeded in 6‑well plates for 
24 h and lysed in lysis buffer containing phenylmethylsulfonyl 
fluoride and EGTA (Beyotime). Total protein was extracted and 
quantified colorimetrically by the bicinchoninic acid method 
(Beyotime). Protein (100 µg) was separated by 10% SDS‑PAGE 
electrophoresis and the samples were transferred to a polyvi-
nylidene difluoride membrane. The membrane was blocked 
in Tris‑buffered saline containing Tween 20 (TBST) and 5% 
skimmed milk powder for 2 h at 37˚C. The respective antibodies 
against B‑cell lymphoma 2 (BCL‑2; 1:800), cyclin‑dependent 
kinase 1 (CDK1; 1:500), GST‑π (1:800), MDR1 (1:800), MPR1 
(1:800), p‑AKT (1:300)  and β‑actin (1:5,000) were added 
to the samples, which were incubated overnight at 4˚C. The 
membranes were washed three times with TBST buffer for 
10 min each. Rabbit anti‑mouse IgG (1:1,000 diluted) labeled 
with horseradish peroxidase enzyme was added to the samples, 
which were incubated for 2 h at 37˚C. The bands were then 
detected with enhanced chemiluminescence(EMD Millipore, 
Billerica, MA, USA). β‑actin served as the internal reference.

The mRNA expression levels of the MDR genes were 
measured by quantitative PCR assay. Firstly, a total of 
3x105 cells were seeded in 6‑well plates for 24 h and 80 ng total 
RNA was reverse‑transcribed with an RNA PCR kit (Takara 
Bio, Inc., Shiga, Japan), which was subsequently quantified with 
the SYBR® Green Real‑Time PCR Master mix kit (Takara Bio, 
Inc.). The primer sequences of the genes were the following: 
BCL‑2 forward, 5'‑GGTGAACTGGGGGAGGATTGT‑3' 
and reverse, 5'‑CTTCAGAGACAGCCAGGAGAA‑3'; 
CDK1 forward, 5'‑GATTCTATCCCTCCTGGT‑3' and 
reverse, 5'‑TAGGCTTCCTGGTTTCC‑3'; GST‑π forward, 
5 '‑ G GACCTCCG CTG CA A ATAC‑3'  a nd  rever se, 
5'‑GAAGGTCTTGCCTCCCTGG ‑3'; MDR1 forward, 

5'‑AAAAAGATCAACTCGTACCACTC‑3' and reverse, 
5'‑GCACAAAATACACCAACAA‑3'; MPR1 forward, 
5'‑ACTTCCACATCTGCTTCGTCAGTG‑3' and reverse, 
5'‑ATTCAGCCACAGGAGGTAGAGAGC‑3'; GAPDH 
forward, 5'‑AAGGTGAAGGTCGGAGTCAA‑3' and reverse, 
5'‑AAGTGGTCGTTGAGGGCAAT‑3'. GAPDH served as an 
internal control. Using an ABI 7500 real time PCR system 
(Applied Biosystems China, Beijing, China), the reaction 
conditions were: 30 sec at 95˚C, 60 sec at 65˚C and 60 sec at 
72˚C for 40 cycles, then the reaction was terminated at 4˚C.

Dual luciferase assay. The cells were transfected with the miR‑21 
inhibitor and the miR‑21 control, respectively, in 24‑well plates 
with 400 ng E2F‑1, Twist luciferase reporter and 10 ng Renilla 
reporter for 24 h. The lysates were collected and the fluorescence 
intensity was measured using a dual luciferase reporter system 
(Promega Corporation, Madison, WI, USA) in 96‑well plates.

Statistical analysis. Data are presented as the means ± stan-
dard deviation and were analysed by SPSS 11.0 software (SPSS, 
Inc., Chicago, IL, USA). Statistical analyses were performed 
using one‑way analysis of variance. P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR‑21 expression levels are increased in A549/DDP 
cisplatin‑resistant lung cancer cells. The expression levels of 
miR‑21 were detected in A549 lung cancer cell lines and in 
A549/DDP cisplatin‑resistant cell lines. The results revealed 
that the expression of miR‑21 was significantly upregulated in 
A549/DDP cells as compared with the A549 cells (P<0.05). 
Whether miR‑21 is important in cisplatin resistance was also 
analyzed in view of its role in cancer promotion. miR‑21 
expression in A549/DDP cells was knocked down by antisense 
oligodeoxynucleotides (ASO) to establish A549/DDP miR‑21 
silencing cell lines (ASO‑miR‑21‑1 group), which exhibited 
significantly reduced miR‑21 expression levels, as compared 
with the control group (P<0.05; Fig. 1).

Cisplatin resistance is reversed following miR‑21 silencing. 
Subsequently, cisplatin sensitivity was examined in A549, 
A549/DDP and A549/DDP cells following miR‑21 knock-
down. As shown in Fig. 2, subsequent to knockdown of miR‑21 
expression by ASOs, the cisplatin sensitivity of A549/DDP 
cells was significantly increased after 72 h cisplatin treatment, 
as detected by the cell viability detection assay. The half 
maximal inhibitory concentration (IC50) of the ASO‑miR‑21 
group was 22.2 µM and the IC50 of the control group was 
48.6 µM, with reversal fold change 2.19. These results suggest 
that miR‑21 is important in the generation of cisplatin resis-
tance in tumors.

miR‑21 increases cisplatin resistance in tumor cells by inhib‑
iting apoptosis and blocking the cell cycle. Cisplatin exerts a 
tumor suppressive effect mainly by promoting the apoptosis 
of tumor cells. Therefore, the impact of miR‑21 on cispl-
atin‑mediated apoptosis was examined. Subsequent to miR‑21 
expression knockdown, the apoptotic rate in A549/DDP cells 
was significantly increased (P<0.05; Fig. 3A), while the expres-
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sion levels of the apoptosis suppression protein BCL‑2 were 
significantly reduced (P<0.05; Fig. 3C), as compared with the 
control group. This suggests that miR‑21 induces cisplatin 
resistance by inhibiting apoptosis. Simultaneously, the cell 
cycle of A549/DDP cells was arrested at the G0/G1 phase 
(Fig.  3B) and CDK1 expression levels were significantly 
reduced in the miR‑21 knockdown cells, as compared with the 
control cells (P<0.05; Fig. 3C). This indicates that miR‑21 also 
induces cisplatin resistance by blocking the cell cycle.

miR‑21 increases cisplatin resistance by drug excretion. 
The increase in cell efflux is an important mechanism in 
the generation of MDR and a common cause of cisplatin 
resistance. Thus, Rhodamine 123 accumulation and P‑gp 
expression levels were examined. As determined by the 
flow cytometry results, Rhodamine 123 accumulation was 
significantly increased in A549/DDP cells following miR‑21 
silencing (Fig. 4A), in comparison with the control cells, 
showing that the cell efflux capacity was reduced. The P‑gp 
expression levels were significantly reduced (Fig. 4B). This 
indicated that miR‑21 may be important in enhancing cell 
efflux. These results suggest that miR‑21 enhances cell efflux 
by increasing P‑gp expression levels, which in turn reduces 
the cell sensitivity to cisplatin.

miR‑21 increases cisplatin resistance by inhibiting cell oxida‑
tive damage metabolism. The induction of apoptosis through 
increased cell oxidative damage is one mechanism by which 
cisplatin causes tumor cell death. By analyzing the relative 
ROS expression levels in the different groups, increased oxida-
tive damage was identified in the miR‑21‑silencing A549/DDP 
cells (Fig. 5A). Furthermore, the expression levels of cysta-
thione and GSH following knockdown of miR‑21 expression 
were examined. As shown in Fig. 5B, the expression levels of 
cystathione and GSH in A549/DDP cells were significantly 
reduced following knockdown of miR‑21 expression (P<0.05). 
These results suggest that miR‑21 is important in inhibiting 
cisplatin‑mediated apoptosis by increasing cell cystathione 
and GSH expression levels.

miR‑21 enhances MDR gene expression levels in cells. 
GST‑π is an important cell detoxifying enzyme, and MDR1 
and MPR1 are important drug resistance genes that produce 
an excavating pump effect. Increased expression levels of 
these genes is a common cause of drug resistance. Following 
knockdown of miR‑21 expression, the GST‑π, MDR1 and 
MPR1 protein expression levels were reduced. The mRNA 
expression levels of these genes were also significantly 
reduced (P<0.05; Fig. 6).

Figure 1. Expression levels of miR-21 in human lung cancer cell lines. The quantitative polymerase chain reaction results showed that miR-21 expression 
was significantly upregulated in A549/DDP cells as compared with A549 cells. Reduced miR-21 expression levels in the miR‑21‑silencing A549/DDP group 
(ASO-miR-21 cells) were detected as compared with the positive (A549/DDP cells) and negative control (ASO‑miR-NC cells) groups. The data are presented 
as the means ± standard deviation. #P<0.05, as compared with the parent group; *P<0.05, as compared with the control group; n=5. miR‑21, microRNA‑21; 
ASO, antisense oligonucleotides; NC, negative control.

Figure 2. miR-21 silencing reverses cisplatin resistance in A549/DDP human lung cancer cell lines. The Vi-CELL Cell Viability Analyzer results showed 
an increased sensitivity to cisplatin in the miR-21‑silencing A549/DDP group (ASO-miR-21 cells), as compared with the positive (A549/DDP cells) and 
the negative control (ASO‑miR-NC cells) groups. The data are presented as the means ± standard deviation. n=10. miR‑21, microRNA‑21; ASO, antisense 
oligonucleotides; NC, negative control.
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miR‑21 silencing inhibits the tumor metastasis‑related signaling 
pathway. The phosphoinositide 3‑kinase (PI3K) signaling 
pathway is important in regulating cell apoptosis; AKT is an 

important molecule downstream of the PI3K signaling pathway. 
Therefore, the activation of AKT in the A549 cell groups was 
examined, by measuring the levels of phospho‑AKT. Following 

Figure 3. miR-21 increases cisplatin resistance in human lung cancer cells by inhibiting apoptosis and blocking the cell cycle. (A) Flow cytometric results 
showed increased apoptosis in the miR-21‑silencing A549/DDP group (ASO-miR-21 cells) as compared with the positive (A549/DDP cells) and the nega-
tive control (ASO-miR-NC cells) groups. (B) The flow cytometric results showed increased G2/M phase accumulation in the miR-21‑silencing A549/DDP 
group (ASO-miR-21 cells) as compared with the positive (A549/DDP cells) and the negative control (ASO-miR-NC cells) groups. (C) Western blotting and 
quantitative polymerase chain reaction assay revealed reduced BCL-2 and CDK1 protein and mRNA expression levels in the miR-21‑silencing A549/DDP 
group (ASO-miR-21 cells) as compared with the positive (A549/DDP cells) and the negative control (ASO-miR-NC cells) groups. The data are presented as 
the means ± standard deviation. #P<0.05, as compared with the parent group, *P<0.05, as compared with the control group. n=5. BCL‑2, B‑cell lymphoma 2; 
CDK1, cyclin‑dependent kinase 1; miR‑21, microRNA‑21; ASO, antisense oligonucleotides; NC, negative control.

  A

  B

  C
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Figure 5. miR-21 increases cisplatin resistance by inhibiting cell oxidative damage metabolism. (A) The results of the flow cytometry showed increased 
expression levels of reactive oxygen species in the miR-21‑silencing A549/DDP group (ASO-miR-21 cells) as compared with the positive (A549/DDP cells) 
and the negative control (ASO-miR-NC cells) groups. (B) Reduced cystathione and glutathione (GSH) expression levels were identified in the miR-21 silencing 
A549/DDP group (ASO-miR-21 cells) as compared with the positive (A549/DDP cells) and the negative control (ASO-miR-NC cells) groups. The data are pre-
sented as the means ± standard deviation. #P<0.05, as compared with the parent group, *P<0.05, as compared with the control group. n=5. miR‑21, microRNA‑21; 
ASO, antisense oligonucleotides; NC, negative control; FITC, fluorescein isothiocyanate; GSH, glutathione.

  A   B

Figure 4. miR-21 increases cisplatin resistance by elevated drug excretion. (A) The results of the flow cytometry demonstrated an increase in Rhodamine 123 accumu-
lation in the miR‑21‑silencing A549/DDP group (ASO-miR-21 cells) as compared with the positive (A549/DDP cells) and the negative control (ASO-miR-NC cells) 
groups. The data are presented as the means ± standard deviation. #P<0.05, as compared with the parent group, *P<0.05, as compared with the control group. n=3. 
(B) The results of the flow cytometry showed a reduction in P-gp expression levels in the miR-21‑silencing A549/DDP group (ASO-miR-21 cells) in comparison with 
the positive (A549/DDP cells) and the negative control (ASO-miR-NC cells) groups. The data are presented as the means ± standard deviation. # P<0.05, compared with 
the parent group, *P<0.05, compared with the control group. n=3. miR‑21, microRNA‑21; ASO, antisense oligonucleotides; NC, negative control. FITC, fluorescein 
isothiocyanate.

  A

  B
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Figure 6. miR-21 enhances the mRNA and protein expression levels of multi-drug resistance (MDR) genes in cells. (A) Western blotting revealed reduced 
glutathione S-transferase-π (GST-π), MDR1 and MPR1 protein expression levels in the miR-21‑silencing A549/DDP group (ASO-miR-21 cells) as compared 
with the positive (A549/DDP cells) and the negative control (ASO-miR-NC cells) groups. β-actin served as an internal control for loading. (B) Quantitative 
polymerase chain reaction demonstrated reduced GST-π, MDR1 and MPR1 mRNA expression levels in the miR-21‑silencing A549/DDP group (ASO-miR-21 
cells) as compared with the positive (A549/DDP cells) and the negative control (ASO-miR-NC cells) groups. GAPDH served as an internal control for loading. 
The data are presented as the means ± standard deviation. #P<0.05, as compared with the parent group, *P<0.05 as compared with the control group. n=5. 
miR‑21, microRNA‑21; ASO, antisense oligonucleotides; NC, negative control.

  A

  B

Figure 7. Effect of miR-21 on the tumor metastasis‑related signaling pathway. (A) Western blotting revealed reduced AKT phosphorylation in the miR‑21‑si-
lencing A549/DDP group (ASO-miR-21 cells) as compared with the positive (A549/DDP cells) and the negative control (ASO‑miR-NC cells) groups. β-actin 
served as an internal control for loading. (B) A reporter gene assay demonstrated reduced E2F-1 and Twist transcriptional activity in the miR‑21‑silencing 
A549/DDP group (ASO-miR-21 cells) as compared with the positive (A549/DDP cells) and the negative control (ASO‑miR-NC cells) groups. The data are 
presented as the means ± standard deviation. #P<0.05, compared with the parent group, *P<0.05, compared with the control group. n=5. miR‑21, microRNA‑21; 
ASO, antisense oligonucleotides; NC, negative control.

  A

  B
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knockdown of miR‑21 expression, AKT activation in A549/DDP 
cells was significantly reduced (Fig. 7A). This indicates that 
miR‑21 is key to enhancing the activation of AKT signaling 
pathway.

E2F‑1 and Twist are two important transcription factors 
downstream of AKT, which regulate apoptosis. Reporter genes 
were used to detect the activity of these two transcription 
factors. The results revealed that the knockdown of miR‑21 
expression significantly reduced the activity of these two tran-
scription factors (P<0.05; Fig. 7B).

The above results suggest that miR‑21 exerts an enhancing 
effect on the PI3K signaling pathway, particularly in AKT acti-
vation, as well as the transcriptional activity of E2F‑1 and Twist.

Discussion

Lung cancer has the highest incidence and mortality rate 
of any type of cancer in males and females in China (21). 
Cisplatin is a common drug used in lung cancer treatment; the 
main mechanism of action is to form an additive compound 
with tumor cell DNA and in turn induce tumor apoptosis (22). 
However, the clinical application of cisplatin can result in the 
generation of tumor drug resistance (23). Therefore, although 
chemotherapeutics are widely used in lung cancer, chemo-
resistance remains a significant therapeutic obstacle. The 
involvement of miRNAs in chemoresistance is a relatively 
new concept, and there has been increasing research into 
this subject. A number of studies have indicated that miR-21 
in involved in the development chemoresistance in certain 
tumors and that the overexpression of miR-21 may attenuate 
cell death, whereas silencing of miR-21 was reported to 
stimulate this process (24).

In the present study, the miR‑21 expression levels in 
A549/DDP cisplatin‑resistant lung cancer cell lines were 
observed to be significantly increased compared with those 
of non‑resistant A549 cells. miR‑21 has been determined, in 
previous studies, to be one of the most important miRNAs 
in influencing the occurrence and development of tumors. 
Therefore, miR‑21 was hypothesized to be important in 
cisplatin resistance in lung cancer (25).

In the present study, consistent with this hypothesis, 
following knockdown of miR‑21 expression in A549/DDP 
cells, the cisplatin inhibition rate was significantly increased. 
This indicates that miR‑21 enhances the cisplatin resistance 
in tumor cells. The apoptotic rate, as detected by Annexin V 
staining, was observed to be greatly increased and the cell 
BCL‑2 expression level was reduced in the miR‑21 silencing 
A549/DDP cells. Furthermore, miR‑21 was shown to block 
the cell cycle at the G0/G1 phase and CDK1 expression levels 
were reduced when miR was knocked down. These results 
demonstrated that miR‑21 produced an inhibitory effect on 
cisplatin‑induced apoptosis.

Cisplatin resistance may be caused by various mecha-
nisms, such as a reduction in intracellular drug concentration, 
the activation of detoxifying systems, the activation of DNA 
repair and the inhibition of apoptosis. In the present study, 
miR‑21 was observed to inhibit cisplatin‑induced apoptosis in 
tumor cells through three approaches: Enhancing drug efflux, 
promoting cisplatin inactivation and inhibiting the apoptotic 
signaling pathway.

MDR1 and MPR1 are important tumor MRD genes, 
which enhance the efflux of anticancer drugs. In the present 
study, miR‑21 was found to increase the expression levels 
of these proteins, indicating that miR‑21 inhibits the anti-
cancer effect of cisplatin by enhancing the drug efflux from 
cells. Simultaneously, miR‑21 also enhanced the expression 
levels of GST‑π, cystathione and GSH cellular detoxification 
enzymes (26). The reduced expression levels of GST‑π, cysta-
thione and GSH following miR‑21 knockdown demonstrated 
that cell detoxification was also an important mechanism of 
miR‑21 for inhibiting the anticancer effect of cisplatin.

miR‑21 was also observed to enhance the activation of the 
PI3K signaling pathway by increasing AKT activation and 
activating the transcription factors E2F‑1 and Twist (27,28). 
The PI3K signaling pathway is important in the inhibition 
of apoptosis  (29). These findings demonstrate that miR‑21 
induces cisplatin resistance by inhibiting apoptotic signals.

In conclusion, the present study revealed that miR‑21 is 
important in lung cancer cisplatin resistance. In the cispl-
atin‑resistant tumor cells, the expression levels of miR‑21 
were significantly increased. miR‑21 was observed to exert 
effects mainly by inhibiting cisplatin‑induced apoptosis. 
miR‑21 achieves the drug resistance effect through three 
mechanisms: Increasing MDR1 and MPR1 expression 
levels, and enhancing drug efflux from the cells; increasing 
GSH, superoxide dismutase and GST‑π expression levels 
and promoting drug inactivation; and inhibiting the PI3K 
signaling pathway and in turn inhibiting apoptotic signaling. 
These results suggest that miR‑21 is key in lung cancer 
cisplatin resistance. The inhibition of miR‑21 expression and 
the subsequent downstream functions may become a novel 
target in drug resistance therapy.
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