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Abstract. Lung cancer is one of the most common types of 
tumors and the leading cause of cancer-associated mortality in 
the world. Additionally, non-small cell lung cancer (NSCLC) 
accounts for ~80% of all lung cancer cases. Epithelial- 
mesenchymal transition (EMT) is an important cell biological 
process, which is associated with cancer migration, metas-
tasis, asthma and fibrosis in the lung. In the present study, it 
was revealed that miR-145-5p was able to suppress EMT by 
inactivating the c-Jun N-terminal kinase (JNK) signaling 
pathway in NSCLC cells. Mitogen-activated protein kinase 
kinase kinase 1 (MAP3K1) was predicted and confirmed to be 
a novel target of miR-145-5p. Overexpression of MAP3K1 was 
able to reverse the inhibition of EMT induced by miR-145-5p 
via the JNK signaling pathway. Overall, the results revealed 
that miR-145-5p inhibits EMT via the JNK signaling pathway 
by targeting MAP3K1 in NSCLC cells.

Introduction

Lung cancer is one of the most common types of tumors 
and the leading cause of cancer-associated mortality in the 
world (1). Non-small cell lung cancer (NSCLC) accounts for 
~80% of all lung cancer cases (2). Although many advances 
have been achieved in diagnosis and treatment and progress 

has been made in lung cancer therapy, there is ~5% improve-
ment in 5-year survival rates for the previous 20 years (3).

Epithelial-mesenchymal transition (EMT) is an impor-
tant cell biological process, which is associated with cancer 
migration, metastasis, asthma and fibrosis in the lung (4). 
When EMT occurs, epithelial cells gradually transform into 
mesenchymal-like cells by losing their epithelial-associated 
functions and characteristics (5). Epigenetic downregula-
tion of E-cadherin expression was observed in advanced 
NSCLC and restoration of E-cadherin expression strongly 
suppressed the invasion/migration of tumor cells (6,7). Several 
signaling pathways are involved in EMT in NSCLC, including 
TGF-β (8), Slug (9), Wnt/β‑catenin/zinc finger E‑box binding 
homeobox 1 signaling (10) and c-Jun N-terminal kinase (JNK) 
signaling (11).

MicroRNAs (miRNAs) are small non-coding RNAs, which 
regulate gene expression post-transcriptionally. miRNAs are 
involved in the pathogenesis of lung diseases, including lung 
cancer, cystic fibrosis, chronic obstructive pulmonary disease, 
asthma and idiopathic pulmonary fibrosis (12). miRNAs 
contribute to the development of novel diagnostic biomarkers 
and personalized therapeutic tools in NSCLC (13).

miR-145 is silenced by DNA methylation and acts as a 
prognostic biomarker in NSCLC (14). miR-145 regulates 
chemoresistance in hepatocellular carcinoma (15) and bladder 
cancer (16) via EMT. miR-145 inhibits migration and inva-
sion by down-regulating fascin actin-bundling protein 1 
(FSCN1) (17) and mucin 1 (18).

The aim of the present study was to identify the func-
tion of miR‑145‑5p in EMT in NSCLC cells. In addition, it 
was investigated whether the target of miR-145-5p mediated 
this process. The findings of the present study will provide 
new insights into the functions of miR-145-5p as well as its 
molecular mechanisms in NSCLC.

Materials and methods

Cell culture and treatment. The NSCLC cell lines A549 
and H520, and the normal lung bronchus epithelial cell line 
16HBE were obtained from American Type Culture Collection 
(Manassas, VA, USA). The cells were grown in Dulbecco's 
modified Eagle's medium supplemented with 10% fetal bovine 
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serum, 2 µM glutamine, 100 IU/ml penicillin, and 100 µg/ml 
streptomycin sulfate and were cultured in a humidified chamber 
with 5% CO2 at 37˚C. All transfections were performed using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). In order to interrupt the MAP3K1 
mediated signaling pathway, cells were treated with 30 µm 
SP100625 (Enzo Life Sciences, Inc., Farmingdale, NY, USA) 
for 24 h.

Target prediction of miR‑145‑5p by Targetscan. Targetscan 
(http://www.targetscan.org/vert_71/) is an online software 
for the prediction of the binding of miRNAs to target genes. 
miR-145-5p investigated using the software to search for its 
target genes.

Transfection and apoptosis assay. The cells were placed in 
six‑well plates at 70‑90% confluence 24 h prior to transfec-
tion in serum-free media. The cells were transfected with 
plasmids, pcDNA3.1 or pcDNA3.1-MAP3K1 (2 µg/well; 
Fulengen, Guangzhou, China; http://www.fulengen.com/) 
or miRNA/small-interfering RNA (100 pmol/well) using 
Lipofectamine 2000, according to the manufacture's protocol. 
After 48 h, the cells were collected by trypsinization, washed 
with phosphate-buffered saline and used for subsequent 
experiments.

Luciferase reporter assay. The entire 3'-untranslated region 
(UTR) of human mitogen-activated protein kinase kinase 
kinase 1 (MAP3K1) was cloned by Genscript (Nanjing, 
China; http://www.genscript.com.cn/). The entire 3'-UTR 
of MAP3K1 were inserted into the pMIR‑reporter plasmid 
(Ambion; Thermo Fisher Scientific, Inc.). The insertion was 
confirmed to be correct by DNA sequencing. The sequences 
that interact with the seed sequences of miR-145-5p were 
mutated. Luciferase assays were performed using A549 cells. 
The cells were transfected with: miR-145-5p mimics, 5'-GUC 
CAG UUU UCC CAG GAA UCC CU-3' or scrambled sequences, 
5'‑UUC UCC GAA CGU GUC ACG UTT‑3'; GenePharm, Inc. 
(Sunnyvale, CA, USA) and Renilla luciferase plasmids 
(Ambion; Thermo Fisher Scientific, Inc.) in 24‑well plates. The 
cells were lysed for luciferase assay 48 h following transfection. 
Luciferase assays were performed using dual luciferase assay 
kit (Promega Corporation, Madison, WI, USA) according to 
the manufacturer's protocol.

Reverse transcription quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from NSCLC cell lines 
and 16HBE cells using TRIzol (Thermo Fisher Scientific, 
Inc.). Complementary DNAs were synthesized by using 
specific‑miRNA primers (GeneCopoeia Inc., Guangzhou, 
China). The primers of miR-145-5p (HmiRQP0192) were 
obtained from Fulengen. U6 snRNA was used as an internal 
control. Gene expression levels were measured by RT-qPCR 
using BioRad CFX (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA) and SYBR-Green kit (Takara Biotechnology Co., Ltd., 
Dalian, China). Reactions were incubated for 10 min at 95˚C, 
followed by 40 cycles of 95˚C for 10 sec; 60˚C for 20 sec and 
72˚C for 10 sec. The primers of were as follows: MAP3K1 
forward, 5'-TAG GGC CTA ACT CTT TCC TGA T-3' and reverse, 
5'-GTT CTA GTT GAA ACA CCC GGA-3'; GAPDH forward, 

5'-CAA TGA CCC CTT CAT TGA CC-3' and reverse, 5'-GAC 
AAG CTT CCC GTT CTC AG-3'. GAPDH was used as endoge-
nous control to normalize the expression data. Reactions were 
incubated for 10 min at 95˚C, followed by 40 cycles of 95˚C 
for 10 sec; 60˚C for 20 sec and 72˚C for 15 sec. Each sample 
was analyzed in quadruplicate. The relative amount of miRNA 
was normalized to U6: Forward, 5'-CTC GCT TCG GCA G 
CA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'.  
The data was calculated with the equation 2-ΔΔCq, where 
ΔΔCq = (CqmiRNA - CqU6) target - (CqmiRNA - CqU6) control. 
Gene expression was calculated with the equation 2-ΔΔCq, 
where ΔΔCq = (Cqtarget - CqGAPDH) - (Cqcontrol - CqGAPDH) (19).

Western blotting. The cells were suspended in radioimmuno-
precipitation assay protein lysis buffer (pH 7.4), containing 
20 mM sodium phosphate, 150 mM sodium chloride, 5 mM 
EDTA, 5 mM phenylmethylsulfonyl fluoride, 1% aprotinin, 
1 µg/ml leupeptin, and 500 µM Na3VO4. Protein concentration 
was quantified using Pierce BCA protein assay kit (Thermo 
Fisher Scientific, Inc.). Total protein (50 µg) was resolved 
with 6% SDS-PAGE, and transferred to a polyvinylidene 
difluoride membrane. Membranes were blocked in 5% non‑fat 
milk diluted in TBST for 1 h at room temperature. The blots 
were probed with primary antibodies against MAP3K1 (cat. 
no. PA5‑15085; Invitrogen; Thermo Fisher Scientific, Inc.), 
E-cadherin (cat. no. 14472), Vimentin (cat. no. 5741), JNK 
(cat. no. 9252), p-JNK (cat. no. 9255), GAPDH (cat. no. 5174) 
all purchased from Cell Signaling Technology, Inc., Danvers, 
MA, USA. All primary antibodies were diluted at 1:1,000 and 
incubated at 4˚C overnight. After washing, membranes were 
probed with appropriate secondary antibodies, horseradish 
peroxidase conjugated‑goat anti mouse IgG (cat. no. BA1051; 
Boster Biological Technology, Pleasanton, CA, USA) or 
horseradish peroxidase conjugated‑goat anti rabbit IgG (cat. 
no. BA1054; Boster Biological Technology). Secondary 
antibodies were diluted at 1:5,000 and incubated at room 
temperature for 1 h. All membranes were stripped by incu-
bating in Restore PLUS Western blot stripping buffer (Thermo 
Fisher Scientific, Inc.) for 15 min at room temperature and 
reprobed with anti-GAPDH antibody for loading control. The 
blots were visualized using enhanced chemiluminescence (GE 
Healthcare, Chicago, IL, USA).

Statistical analysis. Statistical analysis was performed with 
SPSS17.0 (SPSS, Inc., Chicago, IL, USA). The Student's 
t-test was used to compare the different groups. P<0.05 was 
considered to indicate a statistically significant difference, 
and P-values are represented by an asterisk on the bars in the 
figures.

Results

Ectopic expression of miR‑145‑5p inhibits EMT in NSCLC 
cells. The effect of miR-145-5p mimics and inhibitor transfec-
tion was detected (Fig. 1A). It was demonstrated that ectopic 
expression of miR-145-5p markedly increased the expression 
of E-cadherin and suppressed the expression of vimentin in 
A549 and H520 cells, compared with mi-NC. By contrast, 
depletion of miR-145-5p induced E-cadherin downregulation 
and vimentin upregulation in A549 and H520 cells (Fig. 1B).
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Involvement of JNK signaling in miR‑145‑5p‑induced EMT 
suppression in NSCLC. JNK is not required for initiation of 
NSCLC, but associated with EMT. JNK drives transcription 
of numerous key EMT genes (20). It has been reported that 
TGF-β1 induced JNK activation during EMT in idiopathic 
pulmonary fibrosis (21). In the present study, it was examined 
whether JNK signaling pathway has a critical role in the 
regulation of miR-145-5p-mediated EMT in NSCLC cells. 
The results revealed that overexpression of miR-145-5p was 
able to inhibit the expression of phosphorylated (p)-JNK, 
but has no effect on the level of total JNK protein (Fig. 2A). 
The cells were also treated with a combination of a specific 
JNK inhibitor (SP600125) and miR-145-5p. Western blotting 
analysis showed SP600125 was able to reverse the effect of 
miR-145-5p on EMT in A549 and H520 cells (Fig. 2B).

MAP3K1 is a target of miR‑145‑5p. TargetScan online soft-
ware was used to search for putative protein-coding gene 
targets of miR-145-5p. The results indicated that MAP3K1 
is a putative target of miR-145-5p (Fig. 3A). The MAP3K1 
3'UTR was cloned into a luciferase reporter vector and 
binding sites of the mutant vector. The A549 cells were 
co-transfected with either mutated pmiR-MAP3K1-3'UTR and 
miR-145-5p mimics or wild-type pmiR-MAP3K1-3'UTR and 
miR-145-5p mimics. The cells were also co-transfected with 
mutated pmiR-MAP3K1 and negative control or wild-type 
pmiR-MAP3K1 and negative control. Luciferase activity was 
measured 48 h following transfection.

The results showed that the cells co-transfected with 
wild-type pmiR-MAP3K1-3'UTR and miR-145-5p mimic exhib-
ited significant reduction in luciferase activity compared with 
cells cotransfected with the control. By contrast, the luciferase 
activity in cells transfected with mutated pmiR-MAP3K1-3'UTR 
and miR‑145‑5p mimic was not significantly altered (Fig. 3B). 

Furthermore, RT-qPCR and western blotting analysis was 
used to investigate the expression of MAP3K1 regulated by 
miR-145-5p in A549 and H520 cells. The results showed that 
a marked reduction in mRNA and protein level of MAP3K1 
in miR-145-5p-overexpressed A549 and H520 cells compared 
with the control (Fig. 3C and D).

MAP3K1 reverses miR‑145‑5p‑ induced inhibition of EMT in 
NSCLC. Since MAP3K1 was a novel target of miR-145-5p in 
NSCLC cells, it was investigated whether the effect of miR-145 
on EMT was mediated by MAP3K1. Fig. 4A showed that the 
knockdown of MAP3K1 markedly induced the expression of 
E-cadherin and inhibited the expression of vimentin in A549 
and H520 cells, while overexpression of MAP3K1 treatment 
reversed this effect. The ectopic expression of MAP3K1 was 
able to partly reverse the downregulation of p-JNK induced by 
the miR-145-5p inhibitor compared to the vector group. While, 
the suppression of MAP3K1 was able to interrupt the upregu-
lation of p-JNK induced by miR-145-5p mimics compared to 
the siRNA negative control group (Fig. 4B).

Discussion

EMT is a characteristic feature of the majority of metastatic 
cells (22). Epithelial cells are highly differentiated, polarized 
and organized. When EMT occurs, these cells are trans-
formed into undifferentiated, isolated and mesenchymal-like 
cells (23). E-cadherin and vimentin are known to be closely 
associated with EMT (24). E-cadherin has important functions 
in regulating cell-cell interactions (25). Epigenetic silencing 
of E-cadherin expression was observed in advanced NSCLC, 
and restoration of E-cadherin expression strongly suppressed 
the metastasis of cancer cells (7). Vimentin is specifically 
expressed in normal mesenchymal cells and overexpressed in 
lung cancer cells (26). In previous studies, vimentin has been 

Figure 2. miR-145-5p regulates epithelial-mesenchymal transition via 
JNK signaling in NSCLC cells. (A) The effect of miR-145-5p on the JNK 
signaling pathway in A549 and H520 cells was determined by western blot-
ting. GAPDH was used as the loading control. (B) The effect of miR-145-5p 
on E‑cadherin and vimentin, which was mediated by JNK specific inhibitor 
SP600125 in A549 and H520 cells as determined by western blotting. 
GAPDH was used as the loading control. JNK, c-Jun N-terminal kinase; 
miRNA, microRNA; NC, negative control; inh, inhibitor.

Figure 1. miR-145-5p regulates the expression of EMT-associated genes in 
non-small cell lung cancer cells. (A) Graph displaying results from quan-
titative reverse transcription polymerase chain reaction analysis following 
transfection of A549 and H520 cells with miR-145-5p mimics or inhibitor. 
The values (means ± standard deviation) indicate the relative expression 
of miR-145-5p in each group. Results are expressed as the mean ± stan-
dard deviation of three independent experiments. **P<0.01. (B) Effect of 
miR-145-5p on E-cadherin and vimentin expression in A549 and H520 cells 
as determined by western blotting. GAPDH was used as the loading control. 
NC, negative control; miRNA, microRNA; inh, inhibitor.
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considered as a marker for EMT (26), and EMT is consid-
ered to be involved in the pathogenesis of lung cancer (5). 
Insulin like growth factor 1 receptor‑induced resistance to 
epidermal growth factor receptor-tyrosine kinase inhibitors 
in advanced NSCLC is mediated by EMT (27). MARVELD1 
suppresses EMT in NSCLC cells (28). Inactivation of M2 
acetylcholine receptor/nuclear factor-κB signaling axis 

reverses EMT and suppresses migration and invasion in 
NSCLC cells (29).

miR-145 was reported to inhibit metastasis in multiple 
tumors, including hepatocellular carcinoma (30), osteosar-
coma (31) and nasopharyngeal carcinoma (32). miR-145 
inhibits migration and invasion by downregulating FSCN1 (17) 
and mucin1 (18). A previous study by the present authors 
revealed that miR-145 acts as a metastasis suppressor by 
targeting metadherin in lung cancer (33). miR-145 regulates 
chemoresistance in hepatocellular carcinoma via EMT (15). 
However, the underlying mechanisms of miR-145-5p in regu-
lating EMT in NSCLC are unclear. In the present investigation, 
it was demonstrated that miR-145-5p increased the expression 
of E-cadherin and suppressed the expression of vimentin. 
Therefore, it was hypothesized that miR-145-5p may inhibit 
metastasis via suppressing EMT in NSCLC cells.

The JNK signaling pathway exert an important role in the 
function of NSCLC cells. It was previously demonstrated that 
protein 4.1N, a member of the protein 4.1 family, was able 
to suppress metastasis by inactivating JNK-c-Jun signaling 
pathway in NSCLC (34). Celastrol induces cisplatin re-sensi-
tization through inhibition of the JNK/activating transcription 
factor 2 signaling pathway in NSCLC (35). JNK signaling 
mediates EPH receptor A2-dependent tumor cell prolifera-
tion, motility and cancer stem cell-like properties in NSCLC 
cells (36). miR-145 induces apoptosis in ethanol-induced acute 
gastric mucosal injury via the JNK signaling pathway (37). 
However, no studies have yet shown the association between 
miR-145-5p and the JNK signaling pathway in NSCLC.

In the present study, the effect of miR‑145‑5p on JNK 
signaling pathway in NSCLC cells was detected. The results 
showed that miR-145-5p was able to inactivate the JNK signaling 
pathway in NSCLC cells. The results of the present study are in 
accordance with previous research from another group (38).

Figure 3. MAP3K1 is a novel marker of miR-145-5p. (A) Schematic representation of wild-type and mutated putative miR-145-5p-binding sites in the 3'UTR of 
MAP3K1. (B) A549 cells were co-transfected with wild-type or mutated MAP3K1 3'-UTR, pGL-3 control and either miR-145-5p or negative control mimics. 
Relative firefly luciferase activity was normalized to Renilla luciferase activity. Results are presented as the mean ± standard deviation of three independent 
experiments. *P<0.01. (C) Expression of MAP3K1 mRNA was detected by quantitative reverse transcription polymerase chain reaction analysis in A549 and 
H520 cells transfected with miR-145-5p mimics, miR-145-5p inhibitor or control sequences. Results are presented as the mean ± standard deviation of three 
independent experiments. **P<0.01. (D) Protein levels were detected by western blot analysis in A549 and H520 cells transfected with miR-145-5p mimics, 
miR-145-5p inhibitor or control sequences. GAPDH was used as an internal control. WT, wild-type; miRNA, microRNA; MAP3K1, mitogen-activated protein 
kinase 1; Mut, mutated; NC, negative control; UTR, untranslated region.

Figure 4. MAP3K1 mediates the regulation of the JNK signaling pathway via 
miR-145-5p in NSCLC cells. (A) Effect of MAP3K1 on the JNK signaling 
pathway in A549 and H520 cells was determined by western blotting. GAPDH 
was used as the loading control. (B) Effect of miR-145-5p on E-cadherin 
and vimentin, which mediated MAP3K1 expression in A549 and H520 
cells was determined by western blotting. GAPDH was used as the loading 
control. JNK, c-Jun N-terminal kinase; MAP3K1, mitogen-activated protein 
kinase 1; miRNA, microRNA; p-, phosphorylated; si, small-interfering.
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MAP3K1 is a component of an evolutionarily conserved 
signal transduction cascade, which can activate mitogen-acti-
vated protein kinases (MAPKs) (39). It has been previously 
revealed that the single nucleotide polymorphism MAP3K1 
rs889312 is closely associated with the risk of breast cancer and 
outcome among patients with diffuse-type gastric cancer (40).

In the present study, it was predicted and confirmed that 
MAP3K1 is a potential target of miR‑145‑5p. In order to 
clarify the function of MAP3K1 on EMT in NSCLC cells, the 
expression of E-cadherin and vimentin regulated by MAP3K1 
was detected. The data illustrated that ectopic expression of 
MAP3K1 was able to inhibit E-cadherin protein levels and 
increase vimentin protein levels in NSCLC cells. Subsequently, 
whether MAP3K1 regulates ETM via a miR-145-5p medi-
ated-JNK signaling pathway was investigated. The results 
revealed that overexpression of miR-145-5p and inhibition 
of MAP3K1 was able to reverse the expression of p-JNK in 
NSCLC cells. To conclude, miR-145-5p was able to inhibit 
EMT via JNK signaling pathway by targeting MAP3K1 in 
NSCLC cells.
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