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Abstract. Doxorubicin has been widely used in the treat-
ment of cancer. However, acquired doxorubicin resistance 
severely hinders the application of the drug. In the present 
study, doxorubicin resistance was investigated in lung 
carcinoma. microRNA-155 (miR-155) was found to be 
upregulated in the doxorubicin-resistant A549/dox cell line. 
Suppression of miR-155 in this cell line considerably reversed 
doxorubicin resistance, and doxorubicin-induced apoptosis 
and cell cycle arrest were recovered. Furthermore, reverse 
transcription-polymerase chain reaction and western blot 
analysis revealed that miR-155 suppression downregulated the 
expression of multidrug resistance protein 1, multidrug resis-
tance-associated protein 1, breast cancer resistance protein, 
glutathione S-transferase-π, Survivin and B-cell lymphoma 2, 
and upregulated the expression of caspase-3 and caspase-8. In 
addition, it was found that miR-155 suppression inhibited the 
activation of AKT and extracellular signal-regulated kinase. 
The transcriptional activity of nuclear factor-κB and activator 
protein-1 was also downregulated. In summary, the present 
results indicate that miR-155 may participate in doxorubicin 
resistance in lung carcinoma. The current study provides a 
novel target for lung carcinoma treatment.

Introduction

Lung cancer has become the cancer with the highest associ-
ated mortality rate worldwide (1). The two main types of lung 
cancer are small cell lung cancer (SCLC) and non-SCLC 
(NSCLC) (2). In total, >80% of lung cancer patients are 
diagnosed with NSCLC, such as squamous cell carcinoma, 

adenocarcinoma, adenosquamous cell carcinoma and large 
cell carcinoma (3). Although advanced molecular biology 
techniques have considerably increased the understanding of 
the biological mechanisms that underlie lung cancer develop-
ment, the 5-year survival rate of lung cancer is 15%, which has 
not markedly improved from the survival rate of 13% (4,5). 
A major challenge in treating lung cancer is to identify novel 
therapeutic targets that may complement current chemotherapy 
regimens (6).

Doxorubicin targets DNA and topoisomerase II (Topo II) 
to inhibit DNA synthesis and transcription, arrest tumor 
cell growth and induce apoptosis (7,8). Clinical studies have 
found that doxorubicin in combination with other chemo-
therapeutic drugs acts as a treatment for lung carcinoma (9). 
In general, the efficacy of chemotherapeutic drugs is limited 
in the treatment of lung cancer and the carcinoma cells may 
readily develop resistance to the drugs in clinical practice, 
significantly reducing the therapeutic efficacy of chemo-
therapy. Therefore, the identification and development of 
novel methods for reversing drug resistance demonstrate an 
extremely important significance in improving the clinical 
benefit of treatment (10).

microRNAs (miRNAs) are 18-24 bases in length and 
are a class of endogenously expressed small non-coding 
ribonucleic acids that are able to regulate gene expression 
at the post-transcriptional level through binding with the 
complementary sequences of the target mRNA, resulting 
in the degradation of the target mRNA (11-13). Numerous 
studies have provided certain evidence on the close correla-
tion between miRNAs and tumors (14). These studies revealed 
that particular miRNAs were able to regulate the uncontrolled 
growth of tumor cells, apoptosis, migration and invasion, and 
even the response of tumor cells to drug treatment, through 
the regulation of target genes (15,16). miRNA-155 (miR-155) is 
one of the miRNAs that are overexpressed in multiple cancers, 
as demonstrated in numerous studies (17). In gastric cancer 
cells, the level of miR‑155 has been reported as significantly 
increased, and the overexpression of miR-155 promoted cell 
proliferation and invasion, while silencing miR-155 inhibited 
cell proliferation and enhanced apoptosis (18). A similar 
phenomenon was observed in lung cancer cells. Yan et al 
compared the expression profiles of miRNA in malignant 
and non-malignant bile duct epithelial cells (19). It was found 
that miR-155, miR-141 and miR-200b were overexpressed 
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in malignant biliary epithelial cells, while the inhibition of 
miR-155 and miR-200b increased the sensitivity of cancer cells 
to gemcitabine (20). The study by Li et al also confirmed the 
cancer-promoting role of miR-155 in cholangiocarcinoma (21). 
However, studies investigating the role of miR-155 in the drug 
resistance of lung carcinoma cells are limited.

Materials and methods

Cell culture and transfection. The NSCLC A549 cell line was 
obtained from American Type Culture Collection (Manassas, 
VA, USA) and was grown in RPMI-1640 medium supple-
mented with 10% fetal bovine serum (Corning, Manassas, 
VA, USA). The doxorubicin-resistant A549/dox cell line was 
established from the A549 cells over 6 months by cultivation 
in medium with doxorubicin (Sigma-Aldrich, St. Louis, MO, 
USA); the medium was refreshed every 3 days. Transient trans-
fection was performed using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA).

MTT assay. The half-maximal inhibitory concentration (IC50) 
values were calculated by colorimetric measurements of 
mitochondrial metabolic activity with the CellTiter MTS/PES 
assay following the manufacturer's instructions (Promega, 
Madison, WI, USA).

Apoptosis. The apoptosis rate was examined using the 
Annexin V/propidium iodide double staining method 
(BD Biosciences, Franklin Lakes, NJ, USA). The cells were 
treated for 24 h with 5 µm doxorubicin, 48 h subsequent to 
transfection with antisense oligonucleotides against miR-155 
(ASO-miR) or negative control antisense oligonucleotides 
(ASO-NC). The cells were then trypsinized and harvested for 
the assay, according to the manufacturer's instructions.

Cell cycle analysis. The A549 and A549/dox cells were 
washed 3 times with phosphate-buffered saline (PBS), tryp-
sinized with 0.255 Trypsin-EDTA solution and pelleted by 
centrifugation at 300 x g for 5 min. Subsequent to 2 washes 
with PBS, the cells were fixed in 70% ethanol overnight at 
4˚C. The cells were washed 3 times with PBS prior to incuba-
tion for 1 h with 50 mg/ml propidium iodide and 50 mg/ml 
RNAse A in PBS. Fluorescence-activated cell sorting anal-
ysis was performed using FACSCalibur (BD Biosciences), 
using linear scale representation of forward and side scatter 
during flow analysis. A total of 10,000 events were measured 
per sample.

RNA extraction and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Total RNA was 
isolated from cultured cells using TRIzol reagent (Invitrogen) 
according to the manufacturer's instructions. RT-qPCR was 
performed in triplicate in ABI StepOne Plus Real-Time PCR 
System (Applied Biosystems Life Technologies, Foster City, 
CA, USA) and normalized with U6 and β-actin endogenous 
control. miR-155 levels were measured using the TaqMan 
microRNA assay kit, and the endogenous mRNA levels 
of other genes were detected using the SYBR Green PCR 
Master Mix kit, according to the manufacturer's instructions 
(Applied Biosystems Life Technologies). The PCR primers 

used were as follows: multidrug resistance protein 1 (MDR1) 
forward, 5'-TTG CTG CTT ACA TTC AGG TTTCA-3' and 
reverse, 5'-AGC CTA TCT CCT GTC GCA TTA-3'; multidrug 
resistance-associated protein 1 (MRP1) forward, 5'-CTC 
TAT CTC TCC CGA CAT GACC-3' and reverse, 5'-AGC AGA 
CGA TCC ACA GCA AAA-3'; breast cancer resistance protein 
(BCRP) forward, 5'-CAG GTG GAG GCA AAT CTT CGT-3' and 
reverse, 5'-ACC CTG TTA ATC CGT TCG TTTT-3'; glutathione 
S-transferase-π (GST-π) forward, 5'-CCC TAC ACC GTG 
GTC TAT TTCC-3' and reverse, 5'-CAG GAG GCT TTG AGT 
GAGC-3'; Survivin forward, 5'-AGG ACC ACC GCA TCT CTA 
CAT-3' and reverse, 5'-AAG TCT GGC TCG TTC TCA GTG; 
B-cell lymphoma-2 (Bcl-2) forward, 5'-GGT GGG GTC ATG 
TGT GTGG-3' and reverse, 5'-CGG TTC AGG TAC TCA GTC 
ATCC-3'; caspase 8 forward, 5'-TTT CTG CCT ACA GGG TCA 
TGC-3' and reverse, 5'-GCT GCT TCT CTC TTT GCT GAA-3'; 
caspase 3 forward, 5'-CAT GGA AGC GAA TCA ATG GACT-3' 
and reverse, 5'-CTG TAC CAG ACC GAG ATG TCA-3'; and 
β-actin forward, 5'-GTC TGC CTT GGT AGT GGA TAATG-3' 
and reverse, 5'-TCG AGG ACG CCC TAT CATGG-3'.

Western blotting. Total lysate sample (50 mg per lane) was 
resolved by SDS-PAGE and immunoblotted with primary 
antibodies. The antibodies used against various proteins 
were as follows: Rabbit monoclonal anti-MDR1 (1:2,000; 
ab170904, Abcam, Cambridge, UK); mouse monoclonal 
anti-MPR1 (1:2,000; ab24102, Abcam); rat monoclonal 
anti-BCRP (1:2,000; ab24114, Abcam); mouse monoclonal 
anti-GST-π (1:2,000; ab47709, Abcam); goat monoclonal 
anti-Survivin (1:2,000; sc-8807, Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA); rabbit monoclonal anti-Bcl-2 (1:2,000; 
sc-492, Santa Cruz Biotechnology, Inc.); mouse monoclonal 
anti-caspase 3 (1:2,000; sc-65496, Santa Cruz Biotechnology, 
Inc.); mouse monoclonal anti-caspase 8 (1:2,000; sc-81656, 
Santa Cruz Biotechnology, Inc.); rabbit monoclonal anti-AKT, 
anti-phosphorylated AKT (p-AKT; 1:2,000; 13038, Cell 
Signaling Technology, Inc., Danvers, MA, USA); rabbit 
monoclonal anti-extracellular signal-regulated kinase (ERK; 
1:2,000; 4695, Cell Signaling Technology, Inc.); rabbit mono-
clonal anti-phosphorylated ERK (p-ERK; 1:2,000; 4370, 
Cell Signaling Technology, Inc.); and mouse monoclonal 
anti-Tubulin (1:3,000; 10198, Sigma-Aldrich, St. Louis, MO, 
USA).

Luciferase reporter assay. The cells were seeded into 24-well 
plates overnight prior to transfection, and then co-transfected 
with the control ASO-NC or ASO-miR (Sigma-Aldrich), the 
nuclear factor-κB (NF-κB) luciferase reporter or activator 
protein-1 (AP-1) and the pTK-Renilla luciferase reporter 
(Promega Corporation, Madison, WI, USA), which was used 
as an internal control, using Lipofectamine 2000. Luciferase 
activity was measured using a Dual-Luciferase Reporter Assay 
System (Promega) 24 h subsequent to transfection.

Statistical analysis. Quantitative data are expressed as the 
mean ± standard deviation, unless otherwise indicated. 
Analysis of variance with Student's t-test was used to identify 
significant differences in multiple comparisons. For all statis-
tical analyses, P<0.05 was considered to indicate a statistically 
significant difference.
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Results

miR‑155 is upregulated in doxorubicin‑resistant tumor cells. 
In order to investigate the role of miR-155 in the doxorubicin 
resistance of lung cancer, the doxorubicin-resistant A549/dox 
cell line was established by feeding A549 cells with increasing 
concentrations of doxorubicin for 6 months. The IC50 of 
doxorubicin was determined in the novel A549/dox cell line. 
The IC50 for doxorubicin in A549/dox cells increased between 
1.4 and 16.4 µm (Fig. 1A). The expression of miR-155 was 
then examined in the A549 and A549/dox cell lines. Notably, 
miR‑155 expression was found to be significantly upregulated 
in A549/dox cells compared with the A549 cells (Fig. 1B). 
These results suggest that miR-155 may participate in doxoru-
bicin resistance in lung cancer.

miR‑155 suppression reverses doxorubicin resistance in 
A549/dox cells. To explore the role of miR-155 in A549/dox cells, 
the expression of miR-155 was knocked down in A549/dox cells 
using the antisense oligonucleotide ASO-miR. The A549/dox 
cells were transfected with either ASO-miR or the negative 
control antisense oligonucleotide ASO-NC. The cells were 
then subjected to RT‑qPCR. ASO‑miR was found to efficiently 
suppress miR-155 expression (Fig. 2A). The IC50 of doxoru-
bicin in A549/dox cells was then determined. As expected, 
miR-155 depletion significantly increased the sensitivity of 
A549/dox cells to doxorubicin. The IC50 of doxorubicin in 
A549/dox cells was decreased to 7.61 µm (Fig. 2B). The effect 
of miR-155 on doxorubicin-induced apoptosis in A549/dox 
cells was then examined. In agreement with previous results, 
miR-155 downregulation significantly increased doxoru-
bicin-induced apoptosis in the A549/dox cells (Fig. 2C and D). 
The effect of miR-155 on the cell cycle transition in A549/dox 
cells was then considered, and a cell cycle distribution assay was 
performed. As expected, miR-155 depletion induced cell cycle 
arrest in A549/dox cells (Fig. 2E and F). Overall, these results 
indicate that miR-155 is an inducer of doxorubicin resistance.

miR‑155 depletion affects the expression of drug resis‑
tance‑associated genes in A549/dox cells. It has previously 

been indicated that miR-155 is an inducer of doxorubicin resis-
tance (22). However, the molecular mechanism underlying this 
effect remains unclear. Adenosine triphosphate (ATP)-binding 
cassette (ABC) transporters, also termed ATP-dependent 
transporters, have been implicated in drug resistance (23). 
To investigate whether the role of miR-155 in drug resistance 
is mediated by ABC transporters, the expression of MDR1, 
MRP1 and BCRP was examined in A549/dox cells transfected 
with ASO-miR or ASO-NC. Western blot analysis revealed 
that miR-155 depletion decreased all three ABC transporters 
in A549/dox cells (Fig. 3A). RT-qPCR confirmed these 
results (Fig. 3B). GST-π is a drug metabolism protein that is 
associated with cancer drug resistance. Western blot analysis 
and RT-qPCR revealed that miR-155 knockdown suppressed 
GST-π expression in A549/dox cells. These results suggest 
that miR-155 induces doxorubicin resistance through drug 
transportation and drug metabolism.

Since miR-155 regulates doxorubicin-induced apoptosis, 
the regulation of apoptosis-associated genes by miR-155 was 
investigated. Bcl-2 and Survivin belong to the Bcl-2 family, 
which promotes cell survival. A549/dox cells transfected with 
ASO-miR demonstrated increased Bcl-2 and Survivin expres-
sion compared with cells transfected with ASO-NC (Fig. 3C). 
The expression of caspases 3 and 8 was then examined. It was 
found that miR-155 depletion upregulates the expression of 
caspases 3 and 8 (Fig. 3C). RT‑qPCR analysis confirmed the 
aforementioned results (Fig. 3D). These findings indicate that 
miR-155 participates in the regulation of apoptosis. 

miR‑155 depletion inhibits the AKT and ERK pathway in 
A549/dox cells. The promotion of doxorubicin resistance by 
miR-155 was investigated by activating signal transduction 
pathways in A549/dox cells. The AKT and ERK pathways 
each demonstrate aberrant activation in lung cancer (24). 
The present study found that, subsequent to miR-155 inhibi-
tion, p-AKT and p-ERK were downregulated in A549/dox 
cells (Fig. 4A). Furthermore, the transcription activities of 
NF-κB and AP-1 were also determined. As shown in Fig. 4B, 
miR-155 depletion suppressed the transcription activities of 
NF-κB and AP-1 in A549/dox cells.

Discussion

NSCLC is the leading cause of cancer-associated mortality in 
the USA. In 2014, the estimated numbers of novel cancer cases 
and estimated mortalities due to NSCLC in the USA were 
224,210 and 159,260, respectively (5). Doxorubicin has previ-
ously been used in NSCLC treatment (25). However, acquired 
drug resistance has been widely observed. A primary method 
through which tumor cells develop drug resistance to chemo-
therapeutic drugs is by increasing drug efflux and reducing 
drug absorption (26). In the ABC family, MDR1, MRP1 and 
BCRP are able to pump drugs out of cells and are often over-
expressed (27). However, the regulation of this family remains 
unclear. In the present study, silencing miR-155 downregulated 
the levels of the MDR1, MRP1 and BCRP proteins and the level 
of mRNA expression. These results indicate that miR-155 is a 
novel ABC family regulator and provide a novel therapeutic 
target for the ABC family. GST-π is a member of the GST 
family that is able to catalyze the binding of hydrophobic and 

Figure 1. miR-155 is upregulated in doxorubicin-resistant lung cancer 
A549/dox cells. (A) The IC50 values of A549 and A549/dox cells were 
calculated using an MTS/PES assay. (B) miR-155 expression in A549 and 
A549/dox cells was measured by reverse transcription-quantitative poly-
merase chain reaction. The error bars represent the standard deviation of 
three independent measurements. **P<0.01. miR-155, microRNA-155; IC50, 
half-maximal inhibitory concentration.
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electrophilic compounds, including cisplatin, with reduced 
glutathione, causing the former to lose toxicity (28). This 
represents an additional mechanism of tumor cell resistance 
to chemotherapeutic drugs (29,30). The current study revealed 
that the GST-π expression level decreased significantly in 
A549/dox cells following miR-155 silencing, indicating the 
involvement of GST-π in miR-155-mediated drug resistance.

Survivin is an inhibitive gene of apoptosis that is only 
expressed in tumor and embryonic tissues (31). Survivin 
inhibits the apoptosis of tumor cells and enhances prolif-
eration and angiogenesis, presenting a potential target for 
cancer therapy (32,33). Bcl-2 is another protein that exerts 
key actions in apoptosis and is able to inhibit tumor cell 
apoptosis. The overexpression of Bcl-2 in numerous tumors 

is associated with tumor drug resistance (34). In the present 
study, the silencing of miR-155 downregulated the expression 
of Survivin and Bcl-2 in A549/dox cells, which was consistent 
with the increase in the apoptosis rate of tumor cells due to 
miR-155 silencing. Caspases 3 and 8 are proteins that promote 
tumor apoptosis (35). In contrast to Survivin and Bcl-2, the 
expression of caspases 3 and 8 in the present study increased 
accordingly subsequent to the silencing of miR-155. Overall, 
these results suggest that tumor cell apoptosis is partly medi-
ated by miR-155.

The majority of studies have reported that miR-155 promotes 
the proliferation of tumor cells, but silencing miR-155 arrests 
the tumor cell cycle (36). For example, the pancreatic cancer 
cell cycle was arrested in the G0/G1 phase (37). In the present 

Figure 2. miR-155 suppression reverses doxorubicin resistance in A549/dox cells. (A) The A549/dox cells were transfected with ASO-miR or ASO-NC and 
miR-155 expression was then measured by reverse transcription-quantitative polymerase chain reaction. (B) A549/dox cells were transfected with ASO-miR 
or ASO-NC. The IC50 of doxorubicin in the cells was then measured by MTS assay. (C and D) The A549/dox cells were transfected with ASO-miR or ASO-NC 
and then treated with 5 µm doxorubicin for 24 h. The apoptosis rate was determined. (E and F) The cell cycle phase distribution of A549/dox cells transfected 
with ASO-miR or ASO-NC was determined. The error bars represent the standard deviation from three independent measurements. **P<0.01. miR-155, 
microRNA-155; ASO-miR, antisense oligonucleotides against miR-155; ASO-NC, negative control antisense oligonucleotides; IC50, half-maximal inhibitory 
concentration.
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study, silencing miR‑155 resulted in a significantly increased 
G0/G1 phase ratio in A549/dox cells, which prevented cell 
proliferation to a certain extent. However, the effect of 

miR-155 silencing on the reversal of drug resistance in these 
cells was less evident, and the effect was associated with the 
mechanism of the effect of doxorubicin. Since Topo II is the 
main target of doxorubicin and also plays an important role in 
the S and G2/M phases (38), the cells in these phases may be 
more sensitive to doxorubicin.

The regulation of the tumor cell cycle and apoptosis 
mediated by miR-155 may be accomplished by regulating 
the two key signal transduction pathways, phosphoinositide 
3-kinase (PI3K)/AKT and mitogen-activated protein kinase 
(MAPK)/ERK (39). Certain studies have already revealed 
that miR-155 enhances the activation of the PI3K/AKT 
and MAPK/ERK signaling pathways in prostate cancer 
DU145 cells, and also stimulated tumor cells to secrete angio-
genic factors (40). This effect may be associated with the actions 
of miR-155, which targets phosphatase and tensin homolog 
(PTEN) to remove the inhibition of these two signaling path-
ways (41). The present study observed that the phosphorylation 
levels of AKT and ERK representative of signaling pathway 
activation decreased subsequent to miR-155 silencing, but 
it has yet to be determined whether the mechanism involves 
the regulation of PTEN expression. However, it has been 
revealed that the role of miR-155 in tumors involves multiple 
aspects and miR-155 interacts with the intracellular transcrip-
tion factors regulating gene transcription (42,43). The present 

Figure 3. miR-155 depletion affects drug resistance-associated genes expression in doxorubicin-resistant lung cancer A549/dox cells. (A and B) mRNA and 
protein expression of drug resistance-associated genes in A549/dox cells transfected with ASO-miR or ASO-NC. (C and D) mRNA and protein expression 
of apoptosis-associated genes in A549/dox cells transfected with ASO-miR or ASO-NC. The error bars represent the standard deviation from three inde-
pendent measurements. *P<0.05 and **P<0.01.miR-155, microRNA-155; ASO-miR, antisense oligonucleotides against miR-155; ASO-NC, negative control 
antisense oligonucleotides; IC50, half-maximal inhibitory concentration; Bcl-2, B-cell lymphoma 2; MDR1, multi-drug resistance protein 1; MRP1, multidrug 
resistance-associated protein 1; BCRP, breast cancer resistance protein; GST-π, glutathione S-transferase-π.

Figure 4. miR-155 depletion activates the AKT and ERK pathway in doxo-
rubicin-resistant lung cancer A549/dox cells. (A) AKT and ERK activation 
was determined by western blot analysis. (B) The transcription activity of 
NF-κB and AP-1 was measured by a luciferase assay. Error bars represent the 
standard deviation of three independent measurements. **P<0.01. miR-155, 
microRNA-155; ASO-miR, antisense oligonucleotides against miR-155; 
ASO-NC, negative control antisense oligonucleotides; NF-κB, nuclear 
factor-κB; AP-1, activator protein-1; p-AKT, phosphorylated AKT; ERK, 
extracellular signal-regulated kinase; p-ERK, phosphorylated ERK.
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results demonstrated the ability of miR-155 to positively 
regulate the activity of NF-κB and AP‑1. Although the specific 
mechanisms have yet to be elucidated in additional studies, this 
type of regulation may be an important pathway through which 
silencing miR-155 reverses drug resistance in A549/dox cells.
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