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Abstract. Multidrug resistance (MDR) is the primary barrier 
to the success of chemotherapy for lung adenocarcinoma. 
MicroRNA (miR)-134, which is downregulated in lung 
adenocarcinoma, influences cell proliferation, apoptosis and 
invasion of lung adenocarcinoma. However, the function of 
miR-134 in the MDR of lung adenocarcinoma remains unclear. 
In the present study, it was identified that miR‑134 expression 
is significantly downregulated in A549/cisplatin MDR lung 
adenocarcinoma cells, as compared with A549 parental cells. 
miR-134 regulates the sensitivity of lung adenocarcinoma cells 
to certain anticancer drugs. Furthermore, it was demonstrated 
that forkhead box M1 and multidrug resistance‑associated 
protein 1 are functional targets of miR-134. These data 
revealed an important role for miR-134 in the regulation of 
MDR in lung adenocarcinoma.

Introduction

Chemotherapy is one of the most effective treatments for 
advanced lung adenocarcinoma (1). However, cancerous cells 
frequently develop multidrug resistance (MDR)  (2). MDR is 
the intrinsic or acquired simultaneous resistance to unrelated 
therapeutics, and is arguably one of the largest barriers to 
the successful chemotherapeutic treatment of cancer (1,2). 
Previous studies have demonstrated that multiple cellular 
processes, including DNA repair, cell apoptosis and prolif-
eration, may be important in the development of MDR (3,4). 

However, the precise underlying mechanisms of MDR have 
not been fully elucidated.

MicroRNAs (miRNAs or miRs) are small, noncoding 
RNA molecules that negatively regulate a large number of 
protein-encoding genes via messenger (m)RNA degradation or 
translational silencing (5). They are involved in tumor prolif-
eration, apoptosis, invasion and angiogenesis (6). Evidence 
has emerged for the role of miRNAs in modulating the drug 
sensitivity and resistance of cells, and numerous studies have 
demonstrated that the elevation or inhibition of miRNA 
expression may modulate MDR in cancer cells (7-10).

In the present study, it was observed that miR-134 is 
significantly downregulated in A549/cisplatin (CDDP) MDR 
lung adenocarcinoma cells, compared with parental A549 
cells. It was also identified that the overexpression of miR‑134 
increased lung adenocarcinoma cell sensitivity to certain anti-
cancer drugs. Furthermore, it was demonstrated that miR-134 
may serve an essential role in the development of MDR in 
human lung adenocarcinoma cells by regulating the forkhead 
box M1 (FOXM1)/multidrug resistance‑associated protein 1 
(MRP1) signaling pathway.

Materials and methods

Cell culture and transfection. Human lung adenocarcinoma 
A549 cells were purchased from the American Type Culture 
Collection (Manassas, VA, USA), and the A549/CDDP cell 
line was established in the present study. The cells were 
maintained in RPMI 1640 medium (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 
100 µg/ml penicillin/streptomycin at 37˚C with 5% CO2.

miR-134 mimics or inhibitors, their negative controls (NC 
and anti‑NC, respectively) and FOXM1 small interfering (si)
RNAs were synthesized by Shanghai GenePharma Co., Ltd. 
(Shanghai, China). Transfection was performed using Lipo-
fectamine® 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol.

Tissue samples. Advanced lung adenocarcinoma tissue 
samples (males, 22; females, 8; age range, 40-62 years) were 
collected from Yinzhou People's Hospital (Ningbo, China) 
between January 2009 and March 2010. Informed consent was 
obtained from all the patients, and the Review Board of the 
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Hospital Ethics Committee approved the study protocol. Prior 
to surgery, the patients were treated with 100 mg/m2 CDDP 
every 3 weeks for a maximum of 5 cycles. According to the 
‘Response Evaluation Criteria in Solid Tumors’ of the World 
Health Organization (11), patients were divided into ‘sensitive’ 
(complete response or partial response) or ‘insensitive’ (stable 
disease or progressive disease) groups.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from the cells or 
tissue samples using TRIzol® (Invitrogen; Thermo Fisher 
Scientific, Inc.). Total RNA (1 µg) was reverse transcribed into 
complementary DNA in a final volume of 20 µl according to 
the protocol of the manufacturer of PrimeScript RT Reagent 
kit (Takara Biotechnology Co., Ltd., Dalian, China). The 
expression levels of miR‑134 were evaluated using TaqMan® 
MicroRNA Assays (Applied Biosystems; Thermo Fisher 
Scientific, Inc.), and U6 small nuclear RNA levels were used 
for normalization. The primer sequences for miR-134 were as 
follows: Forward, 5'-ACA CTC CAG CTG GGT GTG ACT GGT 
TGAC-3' and reverse,5'-CTC AAC TGG TGT CGT GGA GTC 
GGC AAT TCA GTT GAG CCC CTC TG‑3'. FOXM1 expression 
was evaluated by SYBR Green qPCR assay (Takara Biotech-
nology Co., Ltd.), and GAPDH was used as an endogenous 
control. The primer sequences for FOXM1 were as follows: 
Forward, 5'-GCT TGC CAG AGT CCT TTT TGC-3' and reverse, 
5'-CCA CCT GAG TTC TCG TCA ATGC-3'. qPCR (20-µl reac-
tion volume) was performed on an ABI 7500 Real-Time PCR 
System using the following protocol: 95˚C for 10 sec, followed 
by 40 cycles of 95˚C for 15 sec and 60˚C for 30 sec. Data 
analysis was performed using the 2-ΔΔCq method (12).

Western blot analysis. Cells were washed in PBS and lysed 
in radioimmunoprecipitation assay lysis buffer supplemented 
with protease inhibitor cocktail (Roche Diagnostics GmbH, 
Mannheim, Germany). Total protein was quantified using a 
BCA Protein Assay kit (Beyotime Institute of Biotechnology, 
Nanjing, China). Proteins (30 µg) were separated by 8% 
SDS-PAGE and transferred to nitrocellulose membranes. 
Then, the membrane was blotted for 1 h at room temperature, 
with antibodies against FOXM1 (dilution, 1:500; catalog 
no. sc‑376471; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), MRP1 (dilution, 1:500; catalog no. sc‑58219; Santa 
Cruz Biotechnology, Inc.) and β-actin (dilution, 1:2,000; 
catalog no. sc-47778; Santa Cruz Biotechnology, Inc.). Upon 
washing three times, the blots were incubated with a horse-
radish peroxidase‑conjugated secondary antibody (dilution, 
1:2,000; catalog no. sc-2005; Santa Cruz Biotechnology, Inc.) 
for 1 h at room temperature. Bands were visualized with a 
chemiluminescent detection system (Pierce ECL Western 
Blotting Substrate; Thermo Fisher Scientific, Inc.) and exposed 
in Molecular Imager® ChemiDoc™ XRS System (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA).

Cell viability assay. The MTT assay was used to assess the 
50% inhibition concentration (IC50) value for the drugs. Cells 
were seeded into 96‑well plates at a concentration of 2x103 
cells/well and incubated overnight under routine culture 
conditions. Then, cells were exposed to CDDP, vincristine 
(VCR) and 5‑fluorouracil (5‑FU) (Beijing Solarbio Science 

& Technology Co., Ltd., Beijing, China) at various concentra-
tions ranging from 0 to 30 µg/ml for 48 h. Next, 10 µl of MTT 
solution was added to each well, and the plates were incubated 
for additional 3 h at 37˚C. The absorbance of individual wells 
was read at 450 nm using a microplate reader (Bio-Rad Labo-
ratories, Inc.).

Statistical analysis. All data are expressed as the mean ± stan-
dard deviation. Statistical analyses were performed using 
the Student's t-test to differentiate the means of the various 
groups. The association between miR‑134 and FOXM1 mRNA 
expression was explored by Pearson correlation. SPSS version 
16.0 software (SPSS Inc., Chicago, IL, USA) was employed to 
analyze the data. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

miR‑134 is downregulated in MDR lung adenocarcinoma cells. 
Based on the miRNA microarray data in our previous study (13), 
a total of 13 miRNAs were revealed to be differentially 
expressed (>2‑fold change) in A549/CDDP cells, compared 
with A549 cells, among which, miR‑134 was the most down-
regulated miRNA. The data were validated via RT-qPCR in 
A549/CDDP cells (Fig. 1A). The effect of miR-134 mimics was 
determined in A549/CDDP cells, which significantly increased 
miR‑134 expression (P<0.01) (Fig. 1B). miR-134 inhibitors were 
observed to markedly suppress miR‑134 expression (Fig. 1C). 
Next, RT‑qPCR was used to compare the endogenous expres-
sion of miR-134 between the ‘insensitive’ and ‘sensitive’ groups, 
according to the patients’ response to CDDP. As presented in 
Fig. 1D, miR‑134 expression was significantly downregulated 
in the ‘insensitive’ group tissues (n=17), compared with that in 
the ‘sensitive’ group (n=13) (P<0.01). The results suggest that 
miR-134 may be involved in the development of MDR in lung 
adenocarcinoma cells.

miR‑134 regulates the sensitivity of lung adenocarcinoma 
cells to anticancer drugs. To investigate whether miR-134 
had a direct role in the development of MDR in lung adeno-
carcinoma, A549 or A549/CDDP cells were transfected with 
miR‑134 inhibitors or mimics. MTT assay revealed that A549 
cells transfected with miR‑134 inhibitors exhibited markedly 
decreased sensitivity to CDDP, VCR and 5-FU, as indicated by 
the IC50 value (P=0.025) (Fig. 2A). By contrast, the increased 
miR‑134 expression levels in A549/CDDP cells resulted in an 
enhanced sensitivity to CDDP, VCR and 5-FU (Fig. 2B). The 
data indicated that the modulation of miR‑134 expression was 
able to alter the sensitivity of lung adenocarcinoma cells to 
specific chemotherapeutic agents.

Inhibition of FOXM1 sensitizes A549/CDDP cells to anti‑
cancer drugs. It was previously reported that miR-134 
downregulates FOXM1 expression by directly targeting its 3' 
untranslated region (UTR) in lung adenocarcinoma cells (14). 
To explore the functions of FOXM1 in MDR, western blotting 
was used to detect FOXM1 expression. As presented in Fig. 3A, 
A549/CDDP cells exhibited significantly higher FOXM1 
expression levels, as compared with A549 cells (P<0.01). MTT 
assays revealed that FOXM1 siRNA was able to enhance cell 
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sensitivity to CDDP, VCR and 5-FU, which recapitulated the 
effects of miR-134 (Figs. 2B and 3B). RT-qPCR was then 

used to compare the endogenous expression levels of FOXM1 
between the ‘insensitive’ and ‘sensitive’ groups. As presented 
in Fig. 3C, FOXM1 was significantly upregulated in the 
‘insensitive’ group tissues (n=17), compared with the ‘sensi-
tive’ group tissues (n=13). Furthermore, the inverse correlation 
between miR‑134 and FOXM1 mRNA expression was verified 
by linear regression analysis (r=-0.651; P<0.01; Fig 3D). The 
results suggest that FOXM1 targeting may be one underlying 
mechanism by which miR-134 regulates MDR in human lung 
adenocarcinoma cells.

miR‑134 regulates MRP1 expression. MRP1 has been reported 
to be overexpressed in drug‑resistant lung adenocarcinoma 
cells (15-17). Therefore, it was investigated in the current study 
whether miR‑134 is able to regulate MRP1 expression. The 
results revealed that MRP1 protein expression levels were mark-
edly decreased in miR-134 mimic-transfected cells (P<0.01) 
(Fig. 4A). By contrast, there was a small increase in the protein 
expression levels of MRP1 following transfection with miR‑134 
inhibitors (Fig. 4A). As MRP1was not the putative target of 
miR-134, as determined by TargetScanHuman 7.1 (http://www.
targetscan.org/vert_71/), it was investigated whether FOXM1 
is able to regulate MRP1 expression. As presented in Fig. 4B, 
FOXM1 siRNA significantly downregulated MRP1 expression, 
compared with NC siRNA (P<0.01), which resembled the inhib-
itory effects of miR-134. The results demonstrated that miR-134 
may prevent MDR in human lung adenocarcinoma cells, partly 
by regulating the FOXM1/MRP1 signaling pathway.

Discussion

In order to improve the current understanding of the biological 
mechanisms of chemoresistance in lung adenocarcinoma 
cells, and to investigate potential reversion approaches, the 

Figure 1. miR‑134 was decreased in MDR lung adenocarcinoma cells. (A) The expression levels of miR‑134 in A549 and A549/CDDP cells were examined 
by RT‑qPCR. U6 was used as a control. (B) A549/CDDP cells were transfected with miR‑134 mimics, while (C) A549 cells were transfected with miR‑134 
inhibitors. The expression of miR‑134 was detected by RT‑qPCR at 48 h following transfection. (D) Relative expression levels of miR‑134 were detected in 
‘insensitive’ (n=17) and ‘sensitive’ (n=13) lung adenocarcinoma tissues via RT‑qPCR. Data were obtained from three independent experiments (**P<0.01). miR, 
microRNA; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; CDDP, cisplatin; NC, negative control.

Figure 2. miR-134 regulates the sensitivity of lung adenocarcinoma cells to 
anticancer drugs. (A) Knockdown of miR-134 increased the IC50 values of 
A549 cells to CDDP, VCR and 5‑FU. (B) Ectopic expression of miR‑134 
sensitized A549/CDDP cells to CDDP, VCR and 5‑FU. Data were obtained in 
three independent experiments. *P<0.05, **P<0.01. miR, microRNA; CDDP, 
cisplatin; VCR, vincristine; MDR, multidrug resistance; 5‑FU, 5‑fluoro-
uracil; NC, negative control; IC50, 50% inhibitory concentration.
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A549/CDDP MDR A549 cell line was established in the 
current study. Based on previously obtained miRNA micro-
array data (13), a series of miRNAs have been hypothesized to 
be associated with chemoresistance. The present study focused 
on miR-134, which was determined to be the most downregu-
lated miRNA in A549/CDDP cells (13).

The downregulation of miR-134 is a frequent occurrence 
in various types of cancer, suggesting that miR-134 may be 
important in tumorigenesis and tumor progression (18-20). 
Sun et al (18) indicated that miR-134 served a pivotal role in 
non-small cell lung cancer through inhibiting cell proliferation, 
migration and invasion, and promoting apoptosis by targeting 
the oncogenic cyclin D1 gene. Gao et al (19) reported that 
miR-134 suppresses endometrial cancer stem cells by targeting 
protein O-glucosyltransferase 1. Our previous study suggested 
that miR-134 inhibited the epithelial-mesenchymal transition 

by targeting FOXM1 in lung adenocarcinoma cells (14). In 
the current study, it was demonstrated that ectopic miR-134 
expression was able to reverse MDR in lung adenocarcinoma 
cells via targeting the expression of FOXM1. To the best of 
our knowledge, the present study is the first to elucidate the 
association between miR‑134 expression and MDR in human 
lung adenocarcinoma.

FOXM1 belongs to a family of FOX transcription 
factors (21). The overexpression of FOXM1 has been identi-
fied in a variety of aggressive human carcinomas, including 
lung cancer (22,23). Other studies have revealed that FOXM1 
and its downstream DNA damage repair targets [breast cancer 
(BRCA) 1, BRCA2 and X‑ray repair cross‑complementing 
protein 1], increased CDDP resistance in various types of 
cancer cells (24,25). The results of the present study suggest 
that FOXM1 was upregulated in A549/CDDP cells. Thus, 
knocking down FOXM1 may reverse MDR in lung adenocar-
cinoma cells.

The alteration of MRP1 expression has previously been 
associated with certain lung diseases, and this protein may 
be pivotal in protecting the lungs via its ability to efflux an 
array of drugs to sub-lethal levels (26,27). Previous studies 
have compiled numerous reports on the key role of MRP1 
in MDR (15-17,27). In the present study, it was demonstrated 
that MRP1 is negatively regulated by miR-134, and that 
FOXM1 siRNA significantly downregulated MRP1 expres-
sion in lung adenocarcinoma cells. The data indicate that the 
miR‑134/FOXM1/MRP1 signaling pathway may be important 
in regulating MDR in lung adenocarcinoma cells.

Figure 3. Inhibition of FOXM1 sensitizes A549/CDDP cells to anticancer drugs. (A) Differential FOXM1 expression in A549 vs. A549/CDDP cells, as 
determined by western blot analysis. (B) FOXM1 silencing sensitized A549/CDDP cells to CDDP, VCR and 5‑FU (*P<0.05, **P<0.01). (C) Relative expression 
levels of FOXM1 mRNA were detected in ‘insensitive’ (n=17) and ‘sensitive’ (n=13) lung adenocarcinoma tissues via RT‑qPCR (**P<0.01). (D) The expression 
levels of miR‑134 and FOXM1 mRNA were inversely correlated among all the tissue samples (n=30), as indicated by two‑tailed Pearson's correlation analysis 
(r=‑0.651; P<0.01). miR, microRNA; CDDP, cisplatin; VCR, vincristine; MDR, multidrug resistance; 5‑FU, 5‑fluorouracil; RT‑qPCR, reverse transcrip-
tion‑quantitative polymerase chain reaction; FOXM1, forkhead box M1; si, small interfering; IC50, 50% inhibitory concentration; mRNA, messenger RNA. 

Figure 4. miR‑134 regulates MRP1 expression. (A) A549/cisplatin cells 
were transfected with miR‑134 mimics or miR‑134 inhibitors. Western 
blotting was used to detect MRP1 expression. (B) Knockdown of FOXM1 
decreased MRP1 expression levels. β-actin was used as an internal control. 
miR, microRNA; FOXM1, forkhead box M1; NC, negative control; si, small 
interfering; MRP1, multidrug resistance-associated protein 1.
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In conclusion, miR-134 is a novel miRNA that is able to 
regulate MDR in lung adenocarcinoma. By regulating the 
expression of FOXM1 and MRP1, miR‑134 overexpression 
promotes drug-induced apoptosis in MDR lung adenocarci-
noma cells. The miR‑134/FOXM1/MRP1 signaling pathway 
provides novel insight into the mechanisms underlying drug 
resistance, and the restoration of miR‑134 expression may be a 
potential therapeutic strategy for the treatment of MDR in lung 
adenocarcinoma in the future.
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