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ABSTRACT

Lung cancer remains the leading cause of cancer-related death worldwide, and 
non-small cell lung cancer (NSCLC) accounts for approximately 80% of lung cancer 
cases. Recently, microRNAs (miRNAs) have been consistently demonstrated to be 
involved in NSCLC and to act as either tumor oncogenes or tumor suppressors. In 
this study, we identified a specific binding site for miR-218-5p in the 3’-untranslated 
region of the epidermal growth factor receptor (EGFR). We further experimentally 
validated miR-218-5p as a direct regulator of EGFR. We also identified an inverse 
correlation between miR-218-5p and EGFR protein levels in NSCLC tissue samples. 
Moreover, we demonstrated that miR-218-5p plays a critical role in suppressing the 
proliferation and migration of lung cancer cells probably by binding to EGFR. Finally, 
we examined the function of miR-218-5p in vivo and revealed that miR-218-5p exerts 
an anti-tumor effect by negatively regulating EGFR in a xenograft mouse model. 
Taken together, the results of this study highlight an important role for miR-218-5p 
in the regulation of EGFR in NSCLC and may open new avenues for future lung cancer 
therapies.

INTRODUCTION

Lung cancer remains the leading cause of cancer-
related death in the world, and the 5-year survival rates 
and recurrence rates differ greatly depending on the 
pathologic stage [1]. Lung cancer includes two major 
histological types, i.e., small cell lung cancer (SCLC) 
and non-small cell lung cancer (NSCLC). NSCLC 
accounts for approximately 80% of all lung cancer 
subtypes [2]. NSCLC has led the way in the development 
of targeted therapies because various biomarkers have 
been discovered and applied to clinic treatments, and 
the epidermal growth factor receptor (EGFR) is the most 
dominant of these biomarkers [3, 4]. The accumulation of 
EGFR in NSCLC has been widely reported, and EGFR 
signaling is essential for the initiation and progression of 

NSCLC [1, 2, 5]. During the last decade, different EGFR 
tyrosine kinase inhibitors (TKIs) have been developed, 
and three main inhibitors (gefitinib, erlotinib and afatinib) 
have been effectively approved for individuals with 
NSCLC [5]. Currently, EGFR-TKI treatments are the 
standard first-line therapies for patients with advanced 
NSCLCs harboring activating EGFR mutations [6]. 
However, these therapeutic agents are ultimately limited 
by the emergence of secondary EGFR mutations and 
other molecular mechanisms that confer drug resistance 
[7, 8]. Novel targeted drugs that efficiently inhibit all of 
these mutations of EGFR in NSCLC patients are urgently 
needed.

miRNAs are a class of 19-24-nucleotide-long 
non-coding RNAs that repress gene expression in two 
manners: by inhibiting mRNA translation or promoting 
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mRNA degradation. During the last few years, increasing 
evidence has indicated that miRNAs are involved in 
a wide range of biological processes, including cell 
proliferation, apoptosis and migration [9–11]. Regarding 
cancers, miRNAs have also been found to play important 
roles as either tumor suppressors or oncogenes according 
to their expression levels and the involved downstream 
targets [12–14]. Recently, miR-218-5p was reported to act 
as a tumor suppressor in many human cancers, such as 
bladder cancer, hepatocellular carcinoma, gastric cancer, 
oral cancer and renal cell carcinoma [15–19]. In NSCLC, 
miR-218-5p is also a potential tumor suppressor [20, 21], 
but the precise molecular mechanism through which miR-
218-5p influences NSCLC progression remains largely 
unknown, which indicates that further investigations are 
required.

In this study, we identified EGFR as a target gene 
of miR-218-5p. We also detected an inverse correlation 
between miR-218-5p and EGFR protein levels in NSCLC 
tissues. The direct inhibition of EGFR translation by 
miR-218-5p and the potential role of miR-218-5p as a 
tumor suppressor in NSCLC development have been 
experimentally validated in vitro and in vivo.

RESULTS

EGFR is inhibited by miR-218-5p in the NSCLC 
cell lines A549 and H1975

Previous studies have demonstrated that miR-218-
5p functions as a tumor suppressor in many cancers [15–
19], but its targets in NSCLC are largely unknown. Here, 
we used a bioinformatics method (http://www.targetscan.
org) to predict the target genes that miR-218-5p may bind 
to. From all of the candidates, we selected EGFR as a 
potential target because EGFR plays an important role in 
NSCLC development. As shown in Figure 1A, a predicted 
hybridization was identified between miR-218-5p and the 
3’-UTR of EGFR. Furthermore, the miR-218-5p binding 
sequence in the EGFR 3’-UTR was highly conserved 
across species (Figure 1A). To confirm whether miR-
218-5p could bind to EGFR, a luciferase reporter assay 
was performed. The 3’-untranslated region (3’-UTR) of 
EGFR was fused downstream of the firefly luciferase 
gene in a reporter plasmid, and the recombination plasmid 
was transfected into NSCLC cell lines A549 and H1975 
along with an miR-218-5p mimic. The miR-218-5p mimic 
was transfected into cells to induce the overexpression of 
miR-218-5p, and a scrambled mimic was simultaneously 
transfected into cells as a negative control. As expected, 
the luciferase activity was remarkably reduced in the 
cells that were co-transfected with the luciferase reporter 
plasmid and the miR-218-5p mimic (Figure 1B).

Furthermore, we performed quantitative RT-
PCR and western blotting to investigate the effects of 
miR-218-5p overexpression and knockdown on EGFR 

mRNA and protein levels. An antisense miR-218-5p was 
transfected into the cells to knock down miR-218-5p, 
and a scrambled antisense miRNA was simultaneously 
transfected as a negative control. First, we measured the 
miR-218-5p levels in the A549 and H1975 cells following 
transfection with the miR-218-5p mimic or antisense miR-
218-5p. As expected, the miR-218-5p expression levels 
were significantly increased in the A549 and H1975 cells 
that were transfected with the miR-218-5p mimic and 
dramatically reduced in the cells that were transfected 
with the antisense miR-218-5p (Figure 1C). Consequently, 
although the expression levels of EGFR mRNA were 
unaffected by the overexpression or knockdown of miR-
218-5p (Figure 1D), the expression levels of the EGFR 
protein were significantly inhibited by the introduction 
of miR-218-5p in the A549 and H1975 cells (Figure 1E), 
and the antisense miR-218-5p significantly increased the 
EGFR protein levels in the A549 and H1975 cells (Figure 
1F). Taken together, these results demonstrate that miR-
218-5p negatively regulated the expression of EGFR by 
directly binding to the 3’-UTR of EGFR and inhibiting 
EGFR translation in NSCLC cell lines.

miR-218-5p is downregulated and EGFR is 
upregulated in NSCLC tissues

Because miRNAs are generally thought to exhibit 
expression patterns that are opposite to those of their 
targets, we next investigated the expression patterns of 
miR-218-5p and EGFR in NSCLC tissues and normal 
adjacent tissues (NATs). The expression levels of miR-
218-5p were consistently lower in the NSCLC tissues 
compared with the NATs from the same patient (Figure 
2A). In contrast, the EGFR mRNA and protein levels 
were consistently higher in the cancer tissues (Figure 2B 
and 2C). Next, the inverse correlations of the miR-218-
5p levels with the EGFR protein and mRNA levels were 
further analyzed using Pearson’s correlation scatter plots. 
The results revealed that the inverse correlation of miR-
218-5p with the EGFR protein was stronger than that with 
the EGFR mRNA in the NSCLC tissues (Figure 2D). The 
inverse correlation between the miR-218-5p and EGFR 
protein levels in the NSCLC tissues further indicated that 
EGFR is a direct target of miR-218-5p.

miR-218-5p suppresses the migration and 
proliferation of NSCLC cells

To further explore whether miR-218-5p affected the 
tumorigenesis of NSCLC cells, we performed migration 
(transwell) and cell proliferation assays (Cell Counting 
Kit 8, CCK8) in A549 and H1975 cells. The transwell 
assay revealed that the migratory capabilities were 
greatly decreased in the A549 and H1975 cells that were 
transfected with the miR-218-5p mimic and increased in 
the A549 and H1975 cells transfected with the antisense 
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miR-218-5p (Figure 3A and 3B). Furthermore, The CCK8 
assays revealed that the cell proliferation abilities were 
significantly inhibited following the overexpression of 
miR-218-5p in the A549 and H1975 cells (Figure 3C), 
whereas the knockdown of miR-218-5p in the A549 and 
H1975 cells promoted the cell growth rate (Figure 3D). 
Overall, these results suggest that miR-218-5p exerts anti-

proliferative and anti-migratory effects on NSCLC cells 
and therefore may act as a tumor suppressor in NSCLC.

We next analyzed the biological consequences of 
EGFR inhibition in NSCLC cells. Western blotting and 
quantitative RT-PCR assays confirmed that the EGFR 
protein levels were efficiently reduced when siRNA-
mediated gene silencing was performed in the A549 and 

Figure 1: miR-218-5p directly downregulates EGFR in NSCLC cells. A. Schematic representation of the putative miR-218-
5p binding sequence on the 3’-UTR of the EGFR mRNA. B. The luciferase reporter plasmid encoding the full-length 3’-UTR of EGFR 
was co-transfected into the A549 and H1975 cells along with miR-218-5p mimic or scrambled mimic. The luciferase activities were 
normalized to the β-galactosidase levels of the control (**P < 0.01). C. Quantitative RT-PCR analyses of the expression levels of miR-
218-5p in the A549 and H1975 cells transfected with miR-218-5p mimic, scrambled mimic, antisense miR-218-5p or scrambled antisense 
miRNA. The results were normalized to U6 (**P < 0.01). D. Quantitative RT-PCR analyses of the expression levels of EGFR mRNA in 
the A549 and H1975 cells after transfection. The results were normalized to GAPDH. E and F. Western blotting analyses of the expression 
levels of EGFR protein in the A549 and H1975 cells after transfection. Upper panel: representative images; lower panel: quantitative 
analysis (**P < 0.01).
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H1975 cells (Figure 4A). In support of the notion that 
EGFR is essential to the promotion of tumorigenesis, 
the transfection of EGFR siRNA markedly reduced the 
proliferation abilities of A549 and H1975 cells (Figure 
4B), which suggests that the inhibition of cell proliferation 
by EGFR knockdown was similar to that elicited by miR-
218-5p overexpression. Thus, miR-218-5p may suppress 
the proliferation and migration of NSCLC cells by binding 
to EGFR.

miR-218-5p inhibits the growth of NSCLC 
xenografts in vivo by regulating EGFR

Finally, we evaluated the effects of miR-218-5p on 
the growth of NSCLC xenografts in nude mice. H1975 
cells were infected with either a lentiviral expression 
vector to overexpress miR-218-5p or a negative control 
lentiviral vector. Efficient overexpression of miR-218-
5p in the H1975 cells following lentiviral infection 
was verified by quantitative RT-PCR (Figure 5A). 

Next, the infected H1975 cells were subcutaneously 
implanted into nude mice. Beginning on day 7 after 
implantation, the tumor lengths and widths were 
measured every 2 days for 4 measurements. The tumor 
growth curve revealed a significant retardation in the 
miR-218-5p-overexpressing group compared with the 
control group (Figure 5B). Subsequently, the tumors 
were dissected, and the exact sizes and weights were 
evaluated. Compared with the control group, the mean 
volume and mass of the tumors in the miR-218-5p-
overexpressing group were significantly smaller and 
lighter (Figure 5C-5E). Subsequently, the total RNA 
and protein were extracted from each tumor and used 
to evaluate the expression levels of miR-218-5p and 
EGFR. After 13 days of xenograft growth in vivo, 
the tumors from the miR-218-5p-overexpressing 
group exhibited significant increase in miR-218-5p 
expression compared with the tumors from the control 
group (Figure 5F). Consequently, the EGFR protein 
levels were dramatically reduced in the miR-218-5p-

Figure 2: Inverse correlation between the miR-218-5p and EGFR protein expression levels in NSCLC tissues. A. 
Quantitative RT-PCR analyses of the expression levels of miR-218-5p in 6 pairs of NSCLC and NAT samples. The results were normalized 
to U6 (*P < 0.05, **P < 0.01). B. Quantitative RT-PCR analyses of the expression levels of EGFR mRNA in 6 pairs of NSCLC and NAT 
samples. The results were normalized to GAPDH (*P < 0.05, **P <0.01). C. Western blotting analyses of the expression levels of EGFR 
protein in 6 pairs of NSCLC and NAT samples. Left panel: representative image; right panel: quantitative analysis (**P < 0.01). D. 
Pearson’s correlation scatter plot of the fold change in miR-218-5p and EGFR mRNA (left) or protein (right) in human NSCLC tissues.
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overexpressing group (Figure 5G). Additionally, the 
proliferative activities of the tumor cells were assessed 
via immunohistochemical staining for Ki-67 and PCNA. 
The Ki-67 and PCNA staining intensities were decreased 
in the tumors from the miR-218-5p-overexpressing 
group (Figure 5H). In summary, these results suggest 
that miR-218-5p possesses tumor-suppressing activity 
and may repress NSCLC development by negatively 
regulating EGFR expression.

DISCUSSION

Recently, an important role of miRNAs in the 
genesis and progression of human cancers has emerged. 
Many researchers have reported the extensive alteration of 
miRNA expression in the initial and developmental stages 
of human cancers, and miRNAs are involved in tumor 
suppression and promotion [12–14]. The importance 
of miRNA function and dysfunction in various human 

Figure 3: miR-218-5p inhibits the migration and proliferation of NSCLC cells in vitro. A and B. Transwell analyses of the 
migrated A549 (A) and H1975 (B) cells transfected with the miR-218-5p mimic, scrambled mimic, antisense miR-218-5p or scrambled 
antisense miRNA. A549 cells were allowed to migrate for 6 h and H1975 cells were allowed to migrate for 12 h. Left panel: representative 
images showing cells that migrated through the filter; right panel: cell numbers counted in each field (*P < 0.05; **P < 0.01). C and D. 
CCK8 analyses of the proliferation rates of the A549 (C) and H1975 (D) cells transfected with the miR-218-5p mimic, scrambled mimic, 
antisense miR-218-5p or scrambled antisense miRNA (*P <0.05).
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cancers suggests that modulation of miRNA expression 
may serve as a novel therapeutic modality for such 
diseases. To date, there are three main approaches that 
have been used in potential miRNA-targeting therapy: 
expression vectors (miRNA sponges), small-molecule 
inhibitors and antisense oligonucleotides. Chemically 
synthesized miRNAs or oligonucleotides that target 
miRNAs have already been proved to efficiently inhibit 
cancer development [22, 23]. Furthermore, several 
preclinical and clinical trials of miRNA-targeting 
therapies are in the process and may pave the way for 
cancer therapy [24, 25].

In NSCLC, there are several miRNAs that are 
essential for tumor development, including miR-9, let-7 
and miR-193a-3p [26–28]. In this study, we demonstrated 
that miR-218-5p was downregulated in NSCLC tissues 
and could suppress cell proliferation and migration in vitro 
and retard tumor growth in vivo, which suggests a role 
for miR-218-5p as a tumor suppressor gene in NSCLC. 
In agreement with this hypothesis, miR-218-5p has been 
found to be significantly downregulated and behave as a 
tumor-suppressing miRNA in numerous human cancer 
types, including bladder cancer, hepatocellular carcinoma, 
gastric cancer, oral cancer and renal cell carcinoma 
[15–19]. To explore the molecular mechanism through 
which miR-218-5p contributes to cancer suppression, 
we provided evidence that the targeting of EGFR may 
be the pathway by which miR-218-5p exerts its tumor-
suppressing function. Therefore, the modulation of EGFR 
by miR-218-5p may explain why the downregulation of 

miR-218-5p during NSCLC carcinogenesis can promote 
cancer progression.

With the substantial advances in our understanding 
of tumor biology, key signaling pathways that are 
involved in mediating NSCLC growth and progression 
have been identified. Dominant oncogenes involved in the 
pathogenesis of NSCLC have attracted substantial interest, 
and their central roles and fundamental contributions to the 
misbehavior of NSCLC cells have become clear. One such 
gene is EGFR, whose activation is thought to be important 
in the development of NSCLC [29]. NSCLC is associated 
with EGFR overexpression in up to 80% of patients, and 
high EGFR gene copy numbers are found in nearly 60% 
of the cases [30, 31]. The EGFR signaling pathway is 
importantly implicated in tumor cell growth, migration, 
angiogenesis, metabolism and metastasis [32–36]. In 
addition to NSCLC, the amplification of EGFR expression 
and signaling is a common feature in a variety of human 
cancers including prostate, gastric, ovarian, colorectal, 
renal, breast, glioma and head and neck cancers [37–39]. 
In recent years, with the help of the development of some 
drugs that specifically target EGFR, the landscape of 
NSCLC therapy has been significantly altered. There are 
two major types of anti-EGFR therapeutics: humanized 
antibodies directed against the extracellular domain of 
EGFR and small-molecule TKIs that compete with ATP 
in the tyrosine-kinase domain of EGFR [40]. However, 
many patients who initially respond to EGFR-targeted 
treatment eventually develop drug resistance that may 
be due to secondary EGFR mutations or other resistance 

Figure 4: Effects of EGFR knockdown on the proliferation of NSCLC cells. A. Western blotting analyses of the expression 
levels of the EGFR protein in the A549 and H1975 cells transfected with scrambled siRNA or EGFR siRNAs (EGFR siRNA-1 and EGFR 
siRNA-2). Upper panel: representative images; lower panel: quantitative analysis (**P < 0.01). B. CCK8 analyses of the proliferation rates 
of the A549 (upper) and H1975 (lower) cells transfected with scrambled siRNA or EGFR siRNAs (**P < 0.01).
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Figure 5: Effects of miR-218-5p on the growth of NSCLC xenografts in mice. H1975 cells were infected with a control 
lentivirus or a lentivirus causing the overexpression of miR-218-5p. The infected H1975 cells (5 × 106 cells per mouse) were implanted 
subcutaneously into nude mice (10 mice per group). Beginning on day 7 after implantation, the tumor lengths and widths were measured 
every 2 days for a total of 4 measurements, and the tumor growth curves were evaluated. At 13days after implantation, the tumors were 
dissected, and the exact sizes and weights were measured. A. Quantitative RT-PCR analyses of the miR-218-5p levels in the H1975 cells 
after infection with a control lentivirus or a lentivirus causing the overexpression of miR-218-5p (**P < 0.01). B. Tumor growth curves in 
the implanted mice (**P < 0.01). C and D. Representative images of the nude mice bearing xenograft tumors (C) and the excised tumors 
(D). E. Quantitative analyses of the tumor volumes and weights (**P < 0.01). F. Quantitative RT-PCR analyses of the miR-218-5p levels in 
the tumors from the implanted mice (**P < 0.01). G. Western blotting analyses of the EGFR protein levels in the tumors from the implanted 
mice. Left panel: representative images; right panel: quantitative analysis (**P < 0.01). H. Immunohistochemical staining analyses of Ki-67 
and PCNA in the tumors from the implanted mice.
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mechanisms [41, 42]. Hence, future studies should 
focus on the development of new drugs to overcome 
and prevent resistance [43]. Considering that miR-218-
5p is an upstream regulator of EGFR, it is possible to 
upregulate miR-218-5p to contain EGFR in vivo. The re-
expression of miRNAs that are lost in cancers is a novel 
therapeutic strategy for cancers, and efforts to predictably 
alter oncogene profiles by increasing specific miRNAs 
through either transfection or viral delivery methods 
have demonstrated the potential utilities of miRNAs as 
therapeutic molecules in the treatment of human cancers. 
Future research emphasis is needed to characterize the 
feasibility of targeting miR-218-5p in NSCLC therapy 
and developing simplified and cost-effective manipulation 
methods.

Taken together, our results reveal a critical role 
for miR-218-5p as a tumor suppressor in NSCLC 
carcinogenesis which functions through the repression 
of EGFR translation. This study may provide a potential 
novel therapeutic strategy for NSCLC in the future.

MATERIALS AND METHODS

Cell lines and clinical specimens

The human lung cancer cell lines A549 and 
H1975 were purchased from the Shanghai Institute of 
Cell Biology, Chinese Academy of Sciences (Shanghai, 
China). The A549 cells were maintained in F-12K 
medium (Invitrogen, Carlsbad, CA, USA) supplemented 
with 10% fetal bovine serum (FBS, GIBCO, CA, USA), 
and the H1975 cells were maintained in RPMI 1640 
medium supplemented with 10% FBS. All cells were 
cultured in a 37°C water-saturated atmosphere with 5% 
CO2. The NSCLC tumors and paired normal adjacent 
tissues were derived from patients undergoing surgical 
procedures at the Affiliated Drum Tower Hospital of 
Nanjing University Medical School (Nanjing, China). All 
of the patients provided written consent, and the ethics 
committee of Nanjing University approved all aspects 
of this study. The specimens were immediately frozen in 
liquid nitrogen at the time of surgery and stored at -80°C. 
The patient information and clinical features are listed in 
Supplementary Table 1.

RNA extraction and quantitative RT-PCR

The total RNA of the cultured cells and human 
tissues were extracted using TRIzol reagent (Invitrogen) 
according to the manufacturer’s instructions. Assays for 
the quantification of the miRNAs were performed using 
TaqMan miRNA probes (Applied Biosystems, Foster 
City, CA) according to the manufacturer’s instructions. 
Briefly, 1 μg of total RNA was reverse-transcribed to 
cDNA using AMV reverse transcriptase (TaKaRa, Dalian, 
China) and a stem-loop RT primer (Applied Biosystems). 

Real-time PCR was performed using a TaqMan PCR 
kit on an Applied Biosystems 7500 Sequence Detection 
System (Applied Biosystems). All of the reactions were 
run in triplicate. The reaction conditions and analysis 
methods were performed as described previously [44]. 
The relative levels of miRNAs in the cells and tissues 
were normalized to U6. To quantify the EGFR mRNA, 1 
μg of total RNA was reverse-transcribed to cDNA using 
EGFR reverse primer and AMV reverse transcriptase 
(TaKaRa) in the reaction, which was performed with the 
following conditions: 16 °C for 15 min, 42 °C for 60 min, 
and 85 °C for 5 min. Next, real-time PCR was performed 
with the RT product, SYBER Green Dye (Invitrogen) 
and specific primers for EGFR and GAPDH. The 
sequences of the primers were as follows: EGFR forward: 
5’-TTGCCGCAAAGTGTGTAACG-3’; EGFR reverse: 
5’-GTCACCCCTAAATGCCACCG-3’; GAPDH forward: 
5’-CGAGCCACATCGCTCAGACA-3’; and GAPDH 
reverse: 5’-GTGGTGAAGACGCCAGTGGA-3’. The 
reactions were incubated at 95 °C for 5 min followed by 
40 cycles of 95 °C for 15 s and 60 °C for 1 min. After 
the reactions, the CT values were determined by setting a 
fixed threshold. The relative amount of EGFR mRNA was 
normalized to GAPDH.

Overexpression and knockdown of miR-218-5p

The synthetic miR-218-5p mimic, scrambled 
mimic, antisense miR-218-5p, scrambled antisense 
miRNA and EGFR siRNAs were purchased from 
Genepharma (Shanghai, China). The cells were seeded 
in 6-well plates on the first day. When the cells had 
grown to approximately 70% confluent, the transfections 
were performed with Lipofectamine 2000 (Invitrogen) 
following the manufacturer’s instructions. For each well, 
100 pmol mimic, antisense or siRNA was transfected. 
The cells were harvested 48 h after transfection 
for quantitative RT-PCR and western blotting. The 
siRNA sequences were as follows: EGFR siRNA-1: 
AACACAGUGGAGCGAAUUCCU; and EGFR 
siRNA-2: CGCAAAGUGUGUAACGGAAUA.

Luciferase reporter assay

For the luciferase reporter assay, the entire 3’-UTR 
of the human EGFR transcript variant 4 was amplified and 
inserted into the pMIR-reporter plasmid (Ambion, Austin, 
TX, USA). The cells were cultured in 12-well plates, and 
each well was transfected with 0.8 μg of firefly luciferase 
reporter plasmid, 0.8 μg of a β-galactosidase (β-gal) 
expression plasmid (Ambion), and equal amounts (40 
pmol) of miR-218-5p mimic or scrambled mimic using 
Lipofectamine 2000 (Invitrogen). The β-gal plasmid was 
used as a transfection control. Twenty-four hours post-
transfection, the cells were assayed using a luciferase 
assay kit (Promega, Madison, WI, USA).
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Western blotting

The transfected cells were rinsed with PBS (pH 
7.4) and lysed in RIPA Lysis buffer (Beyotime, China) 
supplemented with Protease and Phosphatase Inhibitor 
Cocktail (Thermo Scientific 78440) on ice for 30 
min. The tissue samples were frozen solid with liquid 
nitrogen, ground into a powder and lysed in RIPA Lysis 
buffer containing the Protease and Phosphatase Inhibitor 
Cocktail. The cell lysates or tissue homogenates were 
centrifuged for 10 min (12000 g, 4°C). The supernatant 
was collected, and the protein concentration was 
calculated with a Pierce BCA protein assay kit (Thermo 
Scientific, Rockford, IL, USA). Equivalent quantities 
of protein were separated on 10% SDS–PAGE gels and 
transferred to a PVDF membrane (Millipore, Bedford, 
MA, USA). After blocking with 5% nonfat milk at room 
temperature for 1 h, the membranes were immunostained 
with primary antibodies at 4°C overnight, washed three 
times in TBST, and then incubated with secondary 
antibody at room temperature for 1 h. Band signals were 
detected with an enhanced chemiluminescence reagent 
(Cell Signaling Technology Inc., USA). The following 
primary antibodies were used: EGFR (R&D systems, 
USA, 1:1000) and GAPDH (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA, 1:2000).

Cell viability assay

To assess cell viability, the transfected cells were 
seeded into 96-well plates at a density of 5000 cells per 
well. The cell proliferation indices were measured using 
CCK8 assays (Dojindo, Japan) at 12, 24, 36, 48, 60 and 
72 h after the cells were seeded. The absorbance was 
determined at 450 nm.

Cell migration assay

For the transwell assays, 24-well plates with 8.0-
μm pore size polycarbonate membranes (BD Biosciences, 
USA) were used. A total of 5×104 cells were suspended 
in 100 μl of serum-free medium and seeded on the upper 
chamber. Then, 600 μl medium containing 10% FBS was 
added to the bottom chamber. The whole chambers were 
incubated at 37°C for 6 h (for the A549 cells) or 12 h (for 
the H1975 cells). Then, the cells in the top chamber were 
removed with cotton swabs, and the cells on the lower 
membrane surface were fixed with 4% paraformaldehyde 
and stained with 0.1% crystal violet. Finally, the cells were 
counted under a microscope at 100× magnification.

In vivo tumor xenograft studies

Six-week-old male nude mice were purchased from 
the Model Animal Research Center of Nanjing University 
(Nanjing, China) and maintained under specific pathogen-
free conditions at Nanjing University. H1975 cells were 

infected with either the miR-218-5p overexpressing 
lentivirus or the control lentivirus. After 48 h, the cells were 
injected subcutaneously into the nude mice (5×106 cells per 
mouse, 10 mice per group). Beginning on day 7, the lengths 
and widths of the tumors were measured every 2 days for 
a total of 4 measurements. Then, the mice were dissected, 
and the tumors were separated. Simultaneously, the lengths, 
widths and weights of the tumors were accurately measured. 
The volumes were calculated as follows: volume = 1/4 × 
(length) × (width)2. Subsequently, total RNA and protein 
were extracted from the tumor for quantitative RT-PCR 
and western blotting. Tumor section slides were subjected 
to immunohistochemical analysis using Ki-67 and PCNA 
staining according to the manufacturer’s instructions. All 
animal care and handling procedures were performed in 
accordance with the National Institutes of Health’s Guide 
for the Care and Use of Laboratory Animals and were 
approved by the Institutional Review Board of Nanjing 
University (Nanjing, China).

Statistical analysis

All experiments were independently repeated at 
least three times. The quantitative RT-PCRs, luciferase 
reporter assays and CCK8 assays were performed in 
triplicate. All data are presented as the means ± the SEs. 
The statistical analyses were performed using IBM SPSS 
Statistics 19 and GraphPad Prism 5. The differences were 
considered statistically significant at P < 0.05 based on 
Student’s t-tests.

ACKNOWLEDGMENTS

This work was supported by grants from the 
National Basic Research Program of China (973 Program) 
(No. 2014CB542300), the National Natural Science 
Foundation of China (Nos. 31271378 and 81250044) and 
the Research Special Fund for Public Welfare Industry of 
Health (No. 201302018).

CONFLICTS OF INTEREST

There is no conflict of interest.

REFERENCES

1.	 Chuang KY, Chuang YC, Ho YS. Global influence 
of Cancer Statistics articles. Curr Sci India. 2015; 
109:1552-1554.

2.	 Molina JR, Yang PG, Cassivi SD, Schild SE, Adjei AA. 
Non-small cell lung cancer: Epidemiology, risk factors, 
treatment, and survivorship. Mayo Clin Proc. 2008; 
83:584-594.

3.	 Steuer CE, Ramalingam SS. Targeting EGFR in lung 
cancer: Lessons learned and future perspectives. Mol 
Aspects Med. 2015; 45:67-73.



Oncotarget28084www.impactjournals.com/oncotarget

4.	 Kumar M, Ernani V, Owonikoko TK. Biomarkers and 
targeted systemic therapies in advanced non-small cell lung 
cancer. Mol Aspects Med. 2015; 45:55-66.

5.	 Russo A, Franchina T, Ricciardi GR, Picone A, Ferraro G, 
Zanghi M, Toscano G, Giordano A, Adamo V. A decade of 
EGFR inhibition in EGFR-mutated non small cell lung cancer 
(NSCLC): Old successes and future perspectives. Oncotarget. 
2015; 6:26814-26825. doi: 10.18632/oncotarget.4254.

6.	 Giordano P, Manzo A, Montanino A, Costanzo R, 
Sandomenico C, Piccirillo MC, Daniele G, Normanno N, 
Carillio G, Rocco G, Bianco R, Perrone F, Morabito A. 
Afatinib: An overview of its clinical development in non-
small-cell lung cancer and other tumors. Crit Rev Oncol 
Hematol. 2016; 97:143-151.

7.	 Shih JY, Gow CH, Yang PC. EGFR mutation conferring 
primary resistance to gefitinib in non-small-cell lung cancer. 
New Engl J Med. 2005; 353:207-208.

8.	 Politi K, Fan PD, Shen RL, Zakowski M, Varmus H. 
Erlotinib resistance in mouse models of epidermal growth 
factor receptor-induced lung adenocarcinoma. Dis Model 
Mech. 2010; 3:111-119.

9.	 Bartel DP. MicroRNAs: Genomics, biogenesis, mechanism, 
and function (Reprinted from Cell, vol 116, pg 281-297, 
2004). Cell. 2007; 131:11-29.

10.	 Ma L, Weinberg RA. Micromanagers of malignancy: role 
of microRNAs in regulating metastasis. Trends Genet. 
2008; 24:448-456.

11.	 Miska EA. How microRNAs control cell division, 
differentiation and death. Curr Opin Genet Dev. 2005; 
15:563-568.

12.	 Calin GA, Croce CM. MicroRNA signatures in human 
cancers. Nat Rev Cancer. 2006; 6:857-866.

13.	 Nelson KM, Weiss GJ. MicroRNAs and cancer: past, 
present, and potential future. Mol Cancer Ther. 2008; 
7:3655-3660.

14.	 Nicoloso MS, Spizzo R, Shimizu M, Rossi S, Calin 
GA. MicroRNAs--the micro steering wheel of tumour 
metastases. Nat Rev Cancer. 2009; 9:293-302.

15.	 Cheng YD, Yang X, Deng XH, Zhang XL, Li PC, Tao J, Lu 
Q. MicroRNA-218 inhibits bladder cancer cell proliferation, 
migration, and invasion by targeting BMI-1. Tumor Biol. 
2015; 36:8015-8023.

16.	 Sui CJ, Xu F, Shen WF, Geng L, Xie F, Dai BH, Lu JJ, 
Zhang MF, Yang JM. Overexpression of miR-218 inhibits 
hepatocellular carcinoma cell growth through RET. Tumor 
Biol. 2015; 36:1511-1518.

17.	 Tie J, Pan YL, Zhao LN, Wu KC, Liu J, Sun SR, Guo 
XG, Wang BAL, Gang Y, Zhang YG, Li QJ, Qiao TD, 
Zhao QC, Nie YZ, Fan DM. MiR-218 Inhibits Invasion 
and Metastasis of Gastric Cancer by Targeting the Robo1 
Receptor. PLoS Genet. 2010; 6:e1000879.

18.	 Uesugi A, Kozaki K, Tsuruta T, Furuta M, Morita K, Imoto 
I, Omura K, Inazawa J. The Tumor Suppressive MicroRNA 
miR-218 Targets the mTOR Component Rictor and Inhibits 

AKT Phosphorylation in Oral Cancer. Cancer Res. 2011; 
71:5765-5778.

19.	 Yamasaki T, Seki N, Yoshino H, Itesako T, Hidaka 
H, Yamada Y, Tatarano S, Yonezawa T, Kinoshita T, 
Nakagawa M, Enokida H. MicroRNA-218 Inhibits Cell 
Migration and Invasion in Renal Cell Carcinoma through 
Targeting Caveolin-2 Involved in Focal Adhesion Pathway. 
J Urology. 2013; 190:1059-1068.

20.	 Zarogoulidis P, Petanidis S, Kioseoglou E, Domvri K, 
Anestakis D, Zarogoulidis K. MiR-205 and miR-218 
expression is associated with carboplatin chemoresistance 
and regulation of apoptosis via Mcl-1 and Survivin in lung 
cancer cells. Cell Signal. 2015; 27:1576-1588.

21.	 Wu DW, Cheng YW, Wang J, Chen CY, Lee H. Paxillin 
Predicts Survival and Relapse in Non-Small Cell Lung 
Cancer by MicroRNA-218 Targeting. Cancer Res. 2010; 
70:10392-10401.

22.	 Iorio MV, Croce CM. MicroRNA dysregulation in cancer: 
diagnostics, monitoring and therapeutics. A comprehensive 
review. Embo Mol Med. 2012; 4:143-159.

23.	 Kumar MS, Erkeland SJ, Pester RE, Chen CY, Ebert MS, 
Sharp PA, Jacks T. Suppression of non-small cell lung 
tumor development by the let-7 microRNA family. P Natl 
Acad Sci USA. 2008; 105:3903-3908.

24.	 Li ZH, Rana TM. Therapeutic targeting of microRNAs: 
current status and future challenges. Nat Rev Drug Discov. 
2014; 13:622-638.

25.	 Lindow M, Kauppinen S. Discovering the first microRNA-
targeted drug. J Cell Biol. 2012; 199:407-412.

26.	 Chen X, Zhu LJ, Ma Z, Sun G, Luo X, Li M, Zhai SL, Li 
P, Wang XR. Oncogenic miR-9 is a target of erlotinib in 
NSCLCs. Sci Rep. 2015; 5:17031. doi: 10.1038/srep17031.

27.	 Stahlhut C, Slack FJ. Combinatorial Action of MicroRNAs 
let-7 and miR-34 Effectively Synergizes with Erlotinib to 
Suppress Non-small Cell Lung Cancer Cell Proliferation. 
Cell Cycle. 2015; 14:2171-2180.

28.	 Yu T, Li J, Yan M, Liu L, Lin H, Zhao F, Sun L, Zhang Y, 
Cui Y, Zhang F, Li J, He X, Yao M. MicroRNA-193a-3p 
and -5p suppress the metastasis of human non-small-cell 
lung cancer by downregulating the ERBB4/PIK3R3/mTOR/
S6K2 signaling pathway. Oncogene. 2015; 34:413-423.

29.	 Gschwind A, Fischer OM, Ullrich A. Timeline - The 
discovery of receptor tyrosine kinases: targets for cancer 
therapy. Nat Rev Cancer. 2004; 4:361-370.

30.	 Dienstmann R, Martinez P, Felip E. Personalizing Therapy 
with Targeted Agents in Non-Small Cell Lung Cancer. 
Oncotarget. 2011; 2:165-177. doi: 10.18632/oncotarget.245.

31.	 Ji HB, Li DN, Chen L, Shimamura T, Kobayashi S, 
McNamara K, Mahmood U, Mitchell A, Sun YP, 
Al-Hashem R, Chirieac LR, Padera R, Bronson RT, Kim 
W, Janne PA, Shapiro GI, et al. The impact of human 
EGFR kinase domain mutations on lung tumorigenesis and 
in vivo sensitivity to EGFR-targeted therapies. Cancer Cell. 
2006; 9:485-495.



Oncotarget28085www.impactjournals.com/oncotarget

32.	 Arteaga CL. ErbB-targeted therapeutic approaches in 
human cancer. Exp Cell Res. 2003; 284:122-130.

33.	 De Jong JS, Van Diest PJ, Van der Valk P, Baak JPA. 
Expression of growth factors, growth-inhibiting factors, 
and their receptors in invasive breast cancer. II: Correlations 
with proliferation and angiogenesis. J Pathol. 1998; 
184:53-57.

34.	 Franovic A, Gunaratnam L, Smith K, Robert I, Patten D, 
Lee S. Translational up-regulation of the EGFR by tumor 
hypoxia provides a nonmutational explanation for its 
overexpression in human cancer. P Natl Acad Sci USA. 
2007; 104:13092-13097.

35.	 Molinari F, Martin V, Saletti P, De Dosso S, Spitale 
A, Camponovo A, Bordoni A, Crippa S, Mazzucchelli 
L, Frattini M. Differing deregulation of EGFR and 
downstream proteins in primary colorectal cancer and 
related metastatic sites may be clinically relevant. Brit J 
Cancer. 2009; 100:1087-1094.

36.	 Italiano A, Vandenbos FB, Otto J, Mouroux J, Fontaine D, 
Marcy PY, Cardot N, Thyss A, Pedeutour F. Comparison 
of the epidermal growth factor receptor gene and protein 
in primary non-small-cell-lung cancer and metastatic sites: 
implications for treatment with EGFR-inhibitors. Ann 
Oncol. 2006; 17:981-985.

37.	 Yarden Y. The EGFR family and its ligands in 
human cancer. signalling mechanisms and therapeutic 
opportunities. Eur J Cancer. 2001; 37:S3-8.

38.	 Bianco R, Troiani T, Tortora G, Ciardiello F. Intrinsic and 
acquired resistance to EGFR inhibitors in human cancer 
therapy. Endocr-Relat Cancer. 2005; 12:S159-S171.

39.	 Nicholson RI, Gee JM, Harper ME. EGFR and cancer 
prognosis. Eur J Cancer. 2001; 37:S9-15.

40.	 Hynes NE, Lane HA. ERBB receptors and cancer: The 
complexity of targeted inhibitors. Nat Rev Cancer. 2005; 
5:341-354.

41.	 Giaccone G, Wang YS. Strategies for overcoming resistance 
to EGFR family tyrosine kinase inhibitors. Cancer Treat 
Rev. 2011; 37:456-464.

42.	 Lu Y, Liu L, Wang Y, Li FK, Zhang J, Ye MX, Zhao H, 
Zhang X, Zhang M, Zhao J, Yan B, Yang AG, Feng HS, 
Zhang R, Ren XL. siRNA delivered by EGFR-specific scFv 
sensitizes EGFR-TKI-resistant human lung cancer cells. 
Biomaterials. 2016; 76:196-207.

43.	 Baselga J. Targeting tyrosine kinases in cancer: The second 
wave. Science. 2006; 312:1175-1178.

44.	 Pan Y, Liang H, Chen W, Zhang H, Wang N, Wang F, 
Zhang S, Liu Y, Zhao C, Yan X, Zhang J, Zhang CY, Gu 
H, Zen K, Chen X. microRNA-200b and microRNA-200c 
promote colorectal cancer cell proliferation via targeting the 
reversion-inducing cysteine-rich protein with Kazal motifs. 
RNA Biol. 2015; 12:276-289.


