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Abstract. SRY‑box 9 (SOX9) is an important transcription 
factor required for development, which has additionally been 
reported to be an independent prognostic indicator for the 
survival of patients with non‑small cell lung cancer (NSCLC). 
Accumulating evidence has indicated that dysregulation of 
microRNAs (miRNAs/miRs) may contribute to the initia-
tion and progression of cancer. SOX9 may be regulated by a 
number of miRNAs in different types of cancer, including in 
NSCLC. The present study sought to identify novel candidate 
miRNAs associated with SOX9 in NSCLC using online tools, 
and investigated the detailed functions of miR‑185, which 
suppressed SOX9 mRNA expression most strongly out of 
the candidate miRNAs. It was observed that ectopic miR‑185 
expression significantly suppressed NSCLC cell proliferation, 
invasion and migration. Using luciferase reporter gene and 
RNA immunoprecipitation assays, SOX9 was confirmed to be 
a direct target of miR‑185. In addition, the downstream Wnt 
signaling‑associated factors β‑catenin and c‑Myc proto‑onco-
gene protein (Myc) were demonstrated to be inhibited by 
miR‑185 overexpression. SOX9, β‑catenin and c‑Myc mRNA 
expression was significantly upregulated in NSCLC tissues, 
and was inversely correlated with miR‑185 expression. The 
results of the present study demonstrated that rescuing miR‑185 
expression in NSCLC, thereby inhibiting SOX9 expression and 
the downstream Wnt signaling, and leading to the suppression 
of NSCLC cell proliferation, invasion and migration, may be a 
promising strategy for the treatment of NSCLC.

Introduction

Lung cancer is among the most lethal types of cancer in men 
and women  (1). Over one‑half of patients diagnosed with 
non‑small cell lung cancer (NSCLC) succumb to the disease 
within one year of diagnosis, and the 5‑year survival rate is 
~17.8%  (2). Lung cancer consists of two principal types: 
Small‑cell lung carcinoma, and non‑small‑cell lung carcinoma 
(NSCLC), accounting for ~15 and 85% of all cases of lung 
cancer, respectively (3,4). Despite advances in treatment, the 
prognosis is generally poor. Following complete surgical 
resection of stage IA disease, the 5‑year survival rate of 
patients is 67%, although the 5‑year survival rate of individuals 
with stage IV NSCLC is <1% (5). One reason for such a low 
survival rate is that patients do not receive treatment early 
enough in the disease progression for it to be effective, which 
is associated with the highly metastatic character of NSCLC. 
The molecular mechanism underlying the progression of 
NSCLC requires further research, with a view to developing 
therapies based on molecular signatures within tumors. There 
is marked clinical value in early detection and the provision of 
effective interventions to treat NSCLC.

SRY‑box 9 (SOX9) is an important transcription factor 
required for development, which regulates the expression of 
target genes in associated pathways (6). SOX9 was first identi-
fied to be an important regulator of cartilage and male gonad 
development, with mutations in SOX9 causing autosomal 
sex reversal (7,8). Previously, SOX9 has been observed to be 
upregulated in a number of tumor types, including lung adeno-
carcinoma, breast carcinoma, colorectal cancer and prostate 
cancer (6‑9), in addition to NSCLC (9). Additionally, multi-
variate analysis illustrated that SOX9 upregulation may be an 
independent prognostic indicator for the survival of patients 
with NSCLC (9).

microRNAs (miRNAs/miRs) are class of endogenous, 
small non‑coding RNA molecules with a length of 18‑25 
nucleotides, that negatively regulate mRNA stability and/or 
repress mRNA translation by binding to the 3' untranslated 
region (UTR) (10,11). Increasing evidence has suggested that 
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miRNAs serve important roles in diverse biological processes, 
including cell proliferation, the cell cycle, differentiation, 
apoptosis and metastasis (12‑14). Deregulation of miRNAs 
has been widely reported to be involved in the development 
of various types of cancer, including NSCLC (15‑17), which 
may provide a novel and promising way to treat NSCLC. A 
number of miRNAs have been reported to regulate NSCLC 
cell proliferation, invasion and migration via regulation of 
SOX9. miR‑592 and miR‑124 function as tumor suppressors 
in NSCLC by suppressing the activity of SOX9 (18,19).

In the present study, a series of online tools was used to 
screen for novel candidate miRNAs of SOX9. In addition, 
functional and mechanistic assays were employed to evaluate 
the detailed roles of the candidate miRNAs in the regula-
tion of NSCLC cell proliferation, invasion and migration, in 
addition to the regulation of SOX9. The results of the present 
study provided a novel theoretical and experimental basis for 
biomarkers and individualized therapy for NSCLC.

Materials and methods

Tissue samples, cell lines and cell transfection. A total of 
42 paired NSCLC tissues and the matched adjacent normal 
tissues were collected. All samples were obtained from 
patients who underwent surgical resection at Northern Jiangsu 
People's Hospital (Yangzhou, China) between January 2013 
and January 2014. The tissues were snap‑frozen in liquid 
nitrogen, and subsequently stored at ‑80˚C. The present study 
was approved by the Ethic Committee of Northern Jiangsu 
People's Hospital and all participants provided written 
informed consent.

The immortalized human bronchial epithelial cell 
BEAS‑2B, human NSCLC cell lines A549, H1299, H1650, 
and the SK‑MES‑1 NSCLC cell line were purchased from 
the American Type Culture Collection (Manassas, VA, USA). 
Cells were cultured in RPMI‑1640 medium (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (Gibco; Thermo Fisher 
Scientific, Inc.) at 37˚C in a humidified atmosphere with 5% 
CO2.

The expression of miR‑105, miR‑138, miR‑15a, miR‑15b, 
miR‑19a, miR‑19b, miR‑206, miR‑30b, miR‑424, miR‑497 
and miR‑185 was achieved by transfection of miR‑105, 
miR‑138, miR‑15a, miR‑15b, miR‑19a, miR‑19b, miR‑206, 
miR‑30b, miR‑424, miR‑497 and miR‑185 mimics or miR‑185 
inhibitor (Shanghai Genepharma Co., Ltd., Shanghai, China) 
using Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.). Cells were plated in 6‑well plates or 96‑well 
plates (6x103  cells/well), transfected with 50  nM miRs 
mimics or inhibitors, incubated for 24 or 48 h and used for 
further assays or RNA/protein extraction. The following miR 
sequences were used in the present study: Hsa‑miR‑105‑5p 
(accession no. MIMAT0000102) 5'‑UCA​AAU​GCU​CAG​ACU​
CCU​GUG​GU‑3', mimic F: 5'‑UCA​AAU​GCU​CAG​ACU​CCU​
GUG​GU‑3', R: 5'‑CAC​AGG​AGU​CUG​AGC​AUU​UGA​UU‑3', 
inhibitor 5'‑ACC​ACA​GGA​GUC​UGA​GCA​UUU​GA‑3'; 
hsa‑miR‑138‑5p (accession no. MIMAT0000430) 5'‑AGC​UGG​
UGU​UGU​GAA​UCA​GGC​CG‑3', mimic F: 5'‑AGC​UGG​UGU​
UGU​GAA​UCA​GGC​CG‑3', R: 5'‑GCC​UGA​UUC​ACA​ACA​
CCA​GCU​UU‑3', inhibitor 5'‑CGG​CCU​GAU​UCA​CAA​CAC​

CAG​CU‑3'; hsa‑miR‑15a‑5p (accession no. MIMAT0000068) 
5'‑UAG​CAG​CAC​AUA​AUG​GUU​UGU​G‑3', mimics F: 
5'‑UAG​CAG​CAC​AUA​AUG​GUU​UGU​G‑3', R: 5'‑CAA​
ACC​AUU​AUG​UGC​UGC​UAU​U‑3', inhibitor. 5'‑CAC​AAA​
CCA​UUA​UGU​GCU​GCU​A‑3'; hsa‑miR‑15b‑5p (accession 
no.  MIMAT0000417). 5'‑UAG​CAG​CAC​AUC​AUG​GUU​
UAC​A‑3', mimic F: 5'‑UAG​CAG​CAC​AUC​AUG​GUU​UAC​
A‑3', 5'‑UAA​ACC​AUG​AUG​UGC​UGC​UAU​U‑3', inhibitor 
5'‑UGU​AAA​CCA​UGA​UGU​GCU​GCU​A‑3'; hsa‑miR‑19a‑3p 
(accession no.  MIMAT0000073) 5'‑UGU​GCA​AAU​CUA​
UGC​AAA​ACU​GA‑3', Mimic F: 5'‑UGU​GCA​AAU​CUA​
UGC​AAA​ACU​GA‑3', R: 5'‑AGU​UUU​GCA​UAG​AUU​UGC​
ACA​UU‑3', inhibitor 5'‑UCA​GUU​UUG​CAU​AGA​UUU​GCA​
CA‑3'; hsa‑miR‑19b‑3p (accession no. MIMAT0000074) 
5'‑UGU​GCA​AAU​CCA​UGC​AAA​ACU​GA‑3', mimic F: 
5'‑UGU​GCA​AAU​CCA​UGC​AAA​ACU​GA‑3', R: 5'‑AGU​
UUU​GCA​UGG​AUU​UGC​ACA​UU‑3', inhibitor 5'‑UCA​
GUU​UUG​CAU​GGA​UUU​GCA​CA‑3'; hsa‑miR‑206 5p 
(accession no. MIMAT0000462) 5'‑UGG​AAU​GUA​AGG​
AAG​UGU​GUG​G‑3', mimic F: 5'‑UGG​AAU​GUA​AGG​AAG​
UGU​GUG​G‑3', R: 5'‑ACA​CAC​UUC​CUU​ACA​UUC​CAU​
U‑3'; inhibitor 5'‑CCA​CAC​ACU​UCC​UUA​CAU​UCC​A‑3'; 
hsa‑miR‑30b‑5p (accession no. MIMAT000042) 5'‑UGU​AAA​
CAU​CCU​ACA​CUC​AGC​U‑3', mimics F: 5'‑UGU​AAA​CAU​
CCU​ACA​CUC​AGC​U‑3', R: 5'‑CUG​AGU​GUA​GGA​UGU​
UUA​CAU​U‑3', inhibitor 5'‑AGC​UGA​GUG​UAG​GAU​GUU​
UAC​A‑3'; hsa‑miR‑424‑5p (accession no. MIMAT0001341) 
5'‑CAG​CAG​CAA​UUC​AUG​UUU​UGA​A‑3', mimics. F: 
5'‑CAG​CAG​CAA​UUC​AUG​UUU​UGA​A‑3', R: 5'‑CAA​AAC​
AUG​AAU​UGC​UGC​UGU​U‑3', inhibitor 5'‑UUC​AAA​ACA​
UGA​AUU​GCU​GCU​G‑3'; hsa‑miR‑497‑5p (accession no. 
MIMAT0002820) 5'‑CAG​CAG​CAC​ACU​GUG​GUU​UGU‑3', 
mimics F: 5'‑CAG​CAG​CAC​ACU​GUG​GUU​UGU‑3', R: 
5'‑AAA​CCA​CAG​UGU​GCU​GCU​GUU‑3', inhibitor 5'‑ACA​
AAC�����������������������������������������������​����������������������������������������������CAC�������������������������������������������​������������������������������������������AGU���������������������������������������​��������������������������������������GUG�����������������������������������​����������������������������������CUG�������������������������������​������������������������������CUG‑3'; hsa‑miR‑185‑5p (acces-
sion no. MIMAT0000455) 5'‑UGG​AGA​GAA​AGG​CAG​UUC​
CUG​A‑3', mimics F: 5'‑UGG​AGA​GAA​AGG​CAG​UUC​CUG​
A‑3', R: 5'‑AGG�������������������������������������​������������������������������������AAC���������������������������������​��������������������������������UGC�����������������������������​����������������������������CUU�������������������������​������������������������UCU���������������������​��������������������CUC�����������������​����������������CAU�������������​������������U‑3', inhib-
itor, 5'‑UCA​GGA​ACU​GCC​UUU​CUC​UCC​A‑3'; inhibitor NC 
5'‑CAG​UAC​UUU​UGU​GUA​GUA​CAA‑3'; mimics NC, sense 
5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3', antisense 5'‑ACG​
UGA​CAC​GUU​CGG​AGA​ATT‑3'.

miRNA prediction. Online tools including miRWalk 
(zmf.umm.uni‑heidelberg.de/apps/zmf/mirwalk), miRanda 
(http://www.microrna.org/microrna/home.do), RNA22 (20), 
starBase (http://starbase.sysu.edu.cn/) and Targetscan 
(www.targetscan.org) were used to predict the candidate 
miRNAs which are associated with SOX9.

RNA extraction and SYBR green quantitative polymerase 
chain reaction (qPCR) analysis. The total RNA was 
extracted from cells using TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) and mature miR‑185 expres-
sion was detected in cells using a Hairpin‑it™ miRNAs 
qPCR kit (Shanghai Genepharma Co., Ltd.). Thermocycling 
conditions included an initial step at 98˚C for 1 min, and 
40  cycles at 95˚C for 5  sec and at 62‑68˚C for 15  sec, 
72˚C for 2  min and final extension at 72˚C for 10  min. 
The expression of small nucleolar RNU6B was used as an 
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endogenous control. SOX9, β‑catenin and c‑Myc expression 
was measured using a SYBR green qPCR assay (One Step 
SYBR PrimerScript RT‑PCR Kit, Takara Biotechnology Co., 
Ltd., Dalian, China). Reverse transcription and amplification 
were performed at 42˚C for 15 min, followed by 40 cycles of 
95˚C for 5 sec and 60˚C for 34 sec using an ABI Prism 7900 
HT (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The following primer sequences were used for the PCR: 
RNU6B, reverse 5'‑AAC​GCT​TCA​CGA​ATT​TGC​GT‑3', 
forward 5'‑CTC​GCT​TCG​GCA​GCA​CA‑3'; SOX9, forward 
5'‑AGC​GAA​CGC​ACA​TCA​AGA​C‑3', reverse 5'‑CTG​TAG​
GCG​ATC​TGT​TGG​GG‑3'; β‑catenin, forward 5'‑AAA​GCG​
GCT​GTT​AGT​CAC​TGG‑3', reverse 5'‑CGA​GTC​ATT​GCA​
TAC​TGT​CCA​T‑3'; c‑Myc, forward 5'‑GGC​TCC​TGG​CAA​
AAG​GTC​A‑3', reverse 5'‑CTG​CGT​AGT​TGT​GCT​GAT​
GT‑3'; GAPDH, forward 5'‑GGA​GCG​AGA​TCC​CTC​CAA​
AAT‑3', reverse 5'‑GGC​TGT​TGT​CAT​ACT​TCT​CAT​GG‑3'. 
Data were analysed using the 2‑ΔΔCq method (21).

MTT assay. A modified MTT assay was used to evaluate cell 
viability. A total of 24 h following seeing into 96‑well plates 
(5,000 cells/well), cells were transfected with miR‑185 mimics 
or miR‑185 inhibitor. A total of 48 h following transfection, 
20 µl MTT (at a concentration of 5 mg/ml; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) was added, and the cells 
were incubated for an additional 4 h in a humidified incubator. 
A total of 200 µl dimethyl sulfoxide was added following 
discarding of the supernatant to dissolve the formazan. 
Optical density (OD)490 nm values were measured. The viability 
of the non‑treatment cells (control) was defined as 100%, and 
the viability of cells from all other groups was calculated 
separately from that of the control group.

5‑bromo‑2'‑deoxyuridine (BrdU) incorporation assay. DNA 
synthesis in proliferating cells was determined by measuring 
BrdU incorporation. BrdU assays were performed at 24 and 
48 h following transfection of A549 and SK‑MES‑1 cells 
with miR‑185 mimics or miR‑185 inhibitor. Subsequent 
to seeding the infected cells in 96‑well culture plates at a 
density of 2x103 cells/well, they were cultured for 24 or 48 h, 
and incubated with a final concentration of 10  µM BrdU 
(BD Pharmingen; BD Biosciences, San Jose, CA, USA) for 
between 2 and 24 h. When the incubation period ended the 
medium was removed, and the cells were fixed for 30 min at 
room temperature and incubated with peroxidase‑conjugated 
anti‑BrdU‑antibody (B8434, 1:1,000, Sigma‑Aldrich; Merck 
KGaA) for 60 min at room temperature. The cells were washed 
three times with PBS, incubated with peroxidase substrate 
(tetramethylbenzidine) for 30 min, and the absorbance was 
measured at 450 nm. Background BrdU immunofluorescence 
was determined in cells not exposed to BrdU and stained with 
the BrdU antibody.

In vitro invasion assays. Cells (5x105) were plated on the top 
side of polycarbonate Transwell filters coated with Matrigel 
(for Transwell matrix penetration assays) in the top chamber 
of the QCM 24‑well cell invasion assay plates (Cell Biolabs, 
Inc., San Diego, CA, USA). Cells were suspended in medium 
without serum, and medium supplemented with 20% serum 
was used as a chemoattractant in the bottom chamber. The 

cells were incubated at 37˚C for 48 h. The noninvasive cells 
in the top chambers were removed with cotton swabs. The 
invasive cells on the lower membrane surface were fixed in 
100% methanol for 10 min at 37˚C, air‑dried, stained with 
DAPI (Beyotime Institute of Biotechnology, Haimen, China) 
for 5 min at 37˚C and counted under an inverted microscope 
(IX81; Olympus Corporation, Tokyo, Japan) at a magnifica-
tion of x100. A total of three independent experiments were 
performed and the data are presented as the mean ± standard 
deviation.

Cell scratch test. The cells were harvested, and the cell 
concentration was adjusted to 5x105 cells/ml. Cell suspensions 
(100 µl) were plated in 96‑well plates coated with Matrigel 
and routinely cultured until the cell monolayer emerged. The 
cell scratch test was subsequently performed. The cells were 
cultured in RPMI‑1640 supplemented with 10 g/l bovine serum 
albumin (Sigma‑Aldrich; Merck KGaA) and 1% fetal bovine 
serum (FBS), and the scratch area was measured under an 
inverted microscope (IX81, Olympus Corporation) at a magni-
fication of x100. A total of 24 h subsequently, cell culture was 
continued for a further 24 h in RPMI‑1640 supplemented with 
10% FCS, and the relative distance of cell migration to the 
injury area was measured under the microscope.

Western blot analysis. The expression of SOX9, β‑catenin 
and c‑Myc in NSCLC cells was detected by immunoblotting. 
Cultured or transfected cells were lysed in radioimmunopre-
cipitation assay buffer (RIPA buffer, 89900, Thermo Fisher 
Scientific, Inc.) with 1% phenylmethylsulfonyl fluoride. Protein 
was extracted and protein concentration was determined 
according to bicinchoninic acid (BCA) protein quantification. 
Proteins (20 µg/lane) were loaded onto an 10% SDS‑PAGE 
minigel and subsequently transferred onto a polyvinylidene 
fluoride membrane. Membranes were incubated in 5% nonfat 
dry milk in PBS‑0.1% Tween for 1 h and then probed with 
the following antibodies at 4˚C overnight: anti‑SOX9 (1:1,000; 
cat. no. EPR14335‑78; Abcam, Cambridge, UK), anti‑β‑catenin 
(1:5,000; cat. no.  E247; Abcam), anti‑c‑Myc (1:10,000; 
cat. no. Y69; Abcam) and anti‑GAPDH (1:500; cat. no. 6C5; 
Abcam). The blots were subsequently incubated with horse-
radish peroxidase‑conjugated secondary antibody (1:5,000, 
cat. no.  ab6728, Abcam). Enhanced chemiluminescence 
substrate was used to visualize the signals (EMD Millipore, 
Billerica, MA, USA). Data were analyzed by optical densitom-
etry and ImageJ software (ImageJ bundled with 64‑bit Java, 
version 1.6.0_24; National Institutes of Health, Bethesda, 
MD, USA). GAPDH was used as an endogenous protein for 
normalization.

RNA immunoprecipitation. RNA immunoprecipitation assays 
were performed using the Imprint RNA Immunoprecipitation 
kit (Sigma‑Aldrich; Merck KGaA) with the protein argo-
naute‑2 (AGO2) antibody (1:50; cat. no. 2897; Cell Signaling 
Technology, Inc., Danvers, MA, USA) or IgG antibody (1:50, 
A6066, Sigma‑Aldrich; Merck KGaA). The AGO2 antibody 
was recovered using protein A/G beads. miR‑185 and SOX9 
RNA levels in the immunoprecipitates were measured by 
reverse transcription (RT)‑qPCR analysis according to the 
protocol described above.
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Luciferase reporter assay. A total of 5x105 A549 cells were 
seeded into a 24‑well plate. A wild‑type and mutated SOX9 
3'UTR (wt‑SOX9 3'UTR, and mut‑SOX9 3'UTR containing 
a 6‑bp mutation in the predicted binding site of miR‑185) 
luciferase reporter gene Renilla psiCHECK2 vector (Promega 
Corporation, Madison, WI, USA) was constructed. Following 
culturing overnight, cells were co‑transfected with the indicated 
vectors, and miR‑185 mimics and miR‑185 inhibitor, respec-
tively, by using Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.). Luciferase assays were performed 48 h following 
transfection using the Dual Luciferase Reporter Assay System 
(Promega Corporation). Renilla luciferase activity was normal-
ized to Firefly luciferase activity for each transfected well.

Statistical analysis. Data are presented as the mean ± standard 
deviation of three independent experiments and processed using 
SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA). 
Using the Student's paired t‑test, the expression of miR‑185 in 
NSCLC tissues and paired adjacent normal tissues was compared. 
The differences between groups were evaluated using one‑way 
analysis of variance followed by Turkey test. Kaplan‑Meier 
analysis and the log‑rank test were used to evaluate the effects of 
miR‑185 expression on overall survival. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Screening and verification of candidate miRNAs of SOX9. 
Online tools including miRWalk, miRanda, RNA22, 

starBase and Targetscan were used to screen out a number 
of candidate miRNAs which were associated with SOX9: 
miR‑105, miR‑138, miR‑15a, miR‑15b, miR‑19a, miR‑19b, 
miR‑206, miR‑30b, miR‑424, miR‑497 and miR‑185 (Fig. 1A). 
The miRNA mimics of the indicated candidate miRNAs 
were transfected into A549 cells to achieve ectopic miRNA 
expressions, as verified by qPCR assays (Fig.  1B). SOX9 
mRNA expression in response to ectopic miRNA expression 
was determined. The results demonstrated that SOX9 mRNA 
was downregulated by ectopic miRNA expression, and most 
markedly repressed by miR‑185 (reduced by 73.1%, meaning 
that SOX9 mRNA expression was reduced to 26.9% of that in 
the control group; Table I) (Fig. 1B), suggesting that miR‑185 
exerted the greatest inhibitory effect on SOX9 mRNA expres-
sion compared with the other candidate miRNAs. These data 
suggested that miR‑185 may negatively regulate SOX9 mRNA 
expression in NSCLC cells; therefore, miR‑185 was selected 
for use in further experiments.

Low miR‑185 expression in NSCLC is associated with poorer 
clinicopathological parameters and shorter overall survival. 
In order to investigate the functions of miR‑185 in NSCLC, 
the expression of miR‑185 was monitored in NSCLC tissues. 
In 42 paired NSCLC tissues and the corresponding adjacent 
tissues, the expression of miR‑185 was significantly decreased 
in NSCLC tissues compared with the corresponding normal 
tissues (Fig. 2A). In order to validate this result, RT‑qPCR 
analysis was performed in 42 pairs of NSCLC tissues and 
adjacent normal tissues. Compared with the corresponding 

Figure 1. Screening and verification of candidate miRNAs of SOX9. (A) Online tools including miRWalk, miRanda, RNA22, Targetscan and starBase were 
employed to screen for the candidate miRNAs associated with SOX9. The following miRNAs were screened out: miR‑105, miR‑138, miR‑15a, miR‑15b, 
miR‑19a, miR‑19b, miR‑206, miR‑30b, miR‑424, miR‑497 and miR‑185. Overexpression of the indicated miRNAs was achieved through transfection of 
miRNA mimics, compared with mimics‑NC. (B) The miRNA mimics of the indicated miRNAs were transfected into A549 cells to achieve ectopic miRNA 
expression, as verified using qPCR assays. SOX9 mRNA expression in response to the ectopic miRNA expression of the indicated miRNAs was determined 
using qPCR assays. The mean value of the expression of controls was adjusted to 1. The data are presented as mean ± standard deviation of three independent 
experiments. **P<0.01 vs. respective mimics‑NC group. NC, negative control; miRNA/miR, microRNA; SOX‑9, SRY‑box 9; qPCR, quantitative polymerase 
chain reaction.
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normal tissues, miR‑185 was demonstrated to be signifi-
cantly downregulated [>2‑fold (i.e. log2 (fold change)>1)] in 
18 NSCLC cases (42.86%; Fig. 2B). 42 pairs of NSCLC tissues 
were divided into two groups: A high miR‑185 expression 
group (above the median miR‑185 expression; n=21) and a low 
miR‑185 expression group (below the median miR‑185 expres-
sion; n=21). Decreased expression of miR‑185 in NSCLC was 
observed to be associated with increased tumor size (P=0.013) 
and more advanced tumor, node, metastasis (TNM) stage 
(P=0.030) as exhibited in Table II. In order to determine the 
potential association between miR‑185 expression and patient 
prognosis, Kaplan‑Meier analysis and the log‑rank test were 
used to evaluate the effects of miR‑185 expression on overall 
survival. The results indicated that patients with lower miR‑185 
expression had a significantly poorer prognosis compared with 
patients with higher miR‑185 expression (P=0.0288; Fig. 1C). 
In addition, the expression of miR‑185 was at a significantly 
lower level in the four human NSCLC cell lines, A549, H1299, 
H1650 and SK‑MES‑1, compared with the normal cell line, 
BEAS‑2B (Fig. 1D). Among the four cell lines, miR‑185 was 
expressed at lower levels in A549 and SK‑MES‑1 cell lines, 
which were thus chosen as further cell models. The above data 
suggested that miR‑185 was expressed at a decreased level 
in NSCLC tissues and cell lines, and its low expression was 
associated with larger tumor size, advanced TNM stage and a 
shorter overall survival. Low miR‑185 expression in NSCLC is 
associated with poorer prognosis; however, how miR‑185 may 
affect NSCLC remains unclear.

Functions of miR‑185 in the regulation of non‑small cell 
lung cancer cell proliferation. Since the association between 
miR‑185 and poorer prognosis in patients with NSCLC was 
demonstrated, a series of functional assays was performed 
to evaluate the functions of miR‑185 in the regulation of 
NSCLC cell proliferation. A549 and SK‑MES‑1 cells were 
transfected with miR‑185 mimics or miR‑185 inhibitor to 
achieve ectopic miR‑185 expression or miR‑185 inhibition, as 
verified using qPCR assays (Fig. 3A). The cell viability and 

DNA synthesis capability of miR‑185 mimics‑ or miR‑185 
inhibitor‑transfected A549 and SK‑MES‑1 cells were deter-
mined using MTT and BrdU assays. The results demonstrated 
that the cell viability and DNA synthesis capability of NSCLC 
cells were significantly downregulated by ectopic miR‑185 
expression, and promoted by miR‑185 inhibition (Fig. 3B‑E). 

Table I. Inhibitory efficiency of miRNAs to SOX9.

	 miRNA mimics
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
miRNA	 Mimics‑NC, normalized	 Mean	 Standard deviation	 N	 P‑value	 Inhibitory efficiency (%)

hsa‑miR‑105‑5p	 1	 0.355	 0.060	 3	 0.108	 64.5
hsa‑miR‑138‑5p	 1	 0.361	 0.056	 3	 0.082	 63.9
hsa‑miR‑15a‑5p	 1	 0.404	 0.120	 3	 0.138	 59.6
hsa‑miR‑15b‑5p	 1	 0.331	 0.012	 3	 0.062	 66.9
hsa‑miR‑185‑5p	 1	 0.269	 0.040	 3	 N/A	 73.1
hsa‑miR‑19a‑3p	 1	 0.354	 0.063	 3	 0.120	 64.6
hsa‑miR‑19b‑3p	 1	 0.378	 0.042	 3	 0.031a	 62.2
hsa‑miR‑206	 1	 0.362	 0.025	 3	 0.027a	 63.8
hsa‑miR‑30b‑5p	 1	 0.400	 0.141	 3	 0.197	 60.0
hsa‑miR‑424‑5p	 1	 0.354	 0.064	 3	 0.123	 64.6
hsa‑miR‑497‑5p	 1	 0.482	 0.036	 3	 0.002b	 51.8

aP<0.05, bP<0.01 vs. mir‑185‑5p. SOX9, SRY‑box 9; miRNA/miR, microRNA; NC, negative control.

Table II. Correlation between miR‑185 expression and clini-
copathological features in patients with non‑small cell lung 
cancer.

	 miR‑185
	 expression
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Parameter	 Group	 High	 Low	 P‑value

Age, years	 <50	 12	 13	 0.753
	 ≥50	 9	 8	
Sex	 Female	 6	 7	 0.739
	 Male	 15	 14	
Tumor size, cm	 <3	 14	 6	 0.013a

	 ≥3	 7	 15	
Histology	 Adenoma	 11	 14	 0.346
	 Squamous 	 10	 7	
Differentiation	 Moderate‑poor 	 8	 13	 0.123
	 Well 	 13	 8	
TNM stage 	 I + II	 13	 6	 0.030a

	 III + IV	 8	 15	
Lymph node metastasis
	 Absence	 11	 7	 0.212
	 Presence	 10	 14

aP<0.05 vs. low miR‑185 expression. TNM, tumor, node metastasis; 
miR, microRNA.
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These data indicated that miR‑185 was able to negatively 
regulate the cell proliferation of NSCLC cells.

Effects of miR‑185 on NSCLC cell invasion and migration. 
The results of the present study demonstrated that miR‑185 

Figure 2. Low miR‑185 expression in NSCLC is associated with poorer clinicopathological parameters and shorter overall survival. (A) miR‑185 expression 
in 42 pairs of NSCLC tissues was determined using qPCR assays, compared with the adjacent tissues. (B) The expression of miR‑185 in 42 pairs of NSCLC 
tissues and their corresponding adjacent non‑tumorous tissues was analyzed. The expression level of miR‑185 was determined by qPCR and normalized to 
U6. Fold changes were analyzed using the 2‑ΔΔCq method. (C) Kaplan‑Meier overall survival curves for 42 patients with NSCLC classified according to relative 
miR‑185 expression level. (D) miR‑185 expression in NSCLC cell lines A549, H1299, H1650 and SK‑MES‑1, and normal cell line BEAS‑2B using qPCR 
assays. The data are presented as the mean ± standard deviation of three independent experiments. *P<0.05, **P<0.01 vs. BEAS‑2B. miR, microRNA; qPCR, 
quantitative polymerase chain reaction; NSCLC, non‑small cell lung cancer.

Figure 3. Functions of miR‑185 in the regulation of non‑small cell lung cancer cell proliferation. (A) A549 and SK‑MES‑1 cells were transfected with miR‑185 
mimics or miR‑185 inhibitor to achieve ectopic miR‑185 expression or miR‑185 inhibition, as verified using quantitative polymerase chain reaction assays. The 
cell viability of (B) A549 and (C) SK‑MES‑1 cells was determined using MTT assays. The DNA synthesis capability of (D) A549 and (E) SK‑MES‑1 cells 
was determined using 5‑bromo‑2'‑deoxyuridine assays. The data are presented as the mean ± standard deviation of three independent experiments. *P<0.05, 
**P<0.01 vs. respective mimics‑NC group. NC, negative control; miR, microRNA; OD, optical density.
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was able to negatively regulate NSCLC cell proliferation; in 
addition, the effects of miR‑185 on NSCLC cell invasion and 
migration were investigated. Using a Transwell assay and a 
cell scratch test, the cell invasion and migration capabilities 
of miR‑185 mimics‑ or miR‑185 inhibitor‑transfected NSCLC 
cells were determined. The results demonstrated that ectopic 
miR‑185 significantly suppressed the cell invasion and migra-
tion capability of A549 and SK‑MES‑1 cells, whereas miR‑185 
inhibition promoted the indicated capability (Fig. 4). These 
data suggested that, in addition to cell proliferation, miR‑185 
may be involved in inhibiting NSCLC cell invasion and 
migration.

miR‑185 inversely regulates SOX9 expression through direct 
binding to the 3'UTR of SOX9. As mentioned above, SOX9 has 
been reported to act as an oncogene in NSCLC, and may be 
regulated by a number of miRNAs. The present study further 

investigated whether miR‑185 may regulate NSCLC cell 
proliferation, invasion and migration via regulation of SOX9. 
A wild‑type and mutated SOX9 3'UTR (wt‑SOX9 3'UTR and 
mut‑SOX9 3'UTR, containing a 6‑bp mutation in the predicted 
binding site of miR‑185) luciferase reporter gene vector was 
constructed (Fig. 5A). A549 cells were co‑transfected with the 
indicated vectors, and miR‑185 mimics and miR‑185 inhibitor, 
respectively. The luciferase activity was determined using dual 
luciferase assays. The results demonstrated that the luciferase 
activity of the wild‑type vectors was significantly suppressed 
by miR‑185 mimics and amplified by miR‑185 inhibitor; 
following mutation in the predicted binding site of miR‑185, 
the luciferase activity alterations were abolished (Fig. 5B).

To further confirm the interaction between miR‑185 and 
the SOX9 3'UTR, RNA immunoprecipitation assays were 
performed. AGO2 promotes target mRNA degradation or 
inhibits its protein translation; it has been regarded as the 

Figure 4. Effects of miR‑185 on non‑small cell lung cancer cell invasion and migration. A549 and SK‑MES‑1 cells were transfected with miR‑185 mimics or 
miR‑185 inhibitor to achieve ectopic miR‑185 expression or miR‑185 inhibition. The cell invasion capability of A549 and SK‑MES‑1 cells was determined 
using Transwell assays. (A) Representative images and (B) statistical analysis are presented. The cell migration capability of A549 and SK‑MES‑1 cells was 
determined using a cell scratch test. (C) Representative images and (D) statistical analysis are presented. The data are presented as the mean ± standard 
deviation of three independent experiments. *P<0.05, **P<0.01 vs. respective mimics‑NC group. NC, negative control; miR, microRNA.
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core component of the RNA‑induced silencing complex 
(RISC) (22). RNA immunoprecipitation was performed in the 
present study with the AGO2 antibody, to investigate whether 
miR‑185 may regulate SOX9 expression via the RNA interfer-
ence (RNAi) pathway. As exhibited by western blot analysis, 
AGO2 protein was precipitated from the cellular extract of 
A549 and SK‑MES‑1 cells (Fig. 5C). In the RNA extracted 
from the precipitated AGO2 protein, it was possible to detect 
the miR‑185 and SOX9 3'UTR with a 4‑fold enrichment 
compared with IgG (Fig. 5D), indicating that miR‑185 and 
the SOX9 3'UTR existed in RISC. These data indicated that 
miR‑185 may regulate SOX9 expression via the RNAi pathway.

Downstream Wnt signaling of SOX9 is involved in the 
miR‑185 regulation of NSCLC cell proliferation, invasion and 
migration. SOX9 has been reported to activate Wnt signaling, 
which is essential for the maintenance of cell prolifera-
tion (23), to exert its oncogenic function in a number of types 
of cancer  (23,24). The present study investigated whether 
Wnt signaling was involved in the miR‑185/SOX9 regulation 
of NSCLC cell proliferation, invasion and migration. A549 
and SK‑MES‑1 cells were transfected with miR‑185 mimics 
or miR‑185 inhibitor; the protein levels of SOX9, β‑catenin 
and c‑Myc were determined using western blot analysis. The 
results demonstrated that the protein levels of SOX9, β‑catenin 

and c‑Myc were significantly reduced by ectopic miR‑185 
expression, and increased by miR‑185 inhibition (Fig. 6A 
and B), indicating that miR‑185 may inhibit SOX9 expression 
to suppress NSCLC cell proliferation, invasion and migration.

The mRNA expression of SOX9, β‑catenin and c‑Myc was 
additionally evaluated in NSCLC tissues and normal tissues. 
The results demonstrated that, in NSCLC tissues, SOX9, 
β‑catenin and c‑Myc mRNA was significantly upregulated 
compared with normal tissues (Fig. 6C‑E). Additionally, an 
inverse correlation was observed between miR‑185, and SOX9, 
β‑catenin and c‑Myc, respectively, by performing Spearman's 
rank correlation analysis (Fig.  6F‑H). These data further 
indicated that rescuing miR‑185 expression, thus inhibiting 
SOX9 and its downstream Wnt signaling, may be a promising 
strategy for the treatment of NSCLC.

Discussion

The present study identified miR‑185 to be a novel candidate 
miRNA which was able to inversely regulate SOX9 expression 
in NSCLC. miR‑185 was markedly downregulated in NSCLC 
cancer tissues and cell lines, compared with corresponding 
non‑cancer tissues and a normal cell line. Patients with NSCLC 
exhibiting low miR‑185 expression had a significantly poorer 
prognosis, compared with those with high expression. Ectopic 

Figure 5. miR‑185 inversely regulates SOX9 expression through direct binding to the 3'UTR of SOX9. (A) Wt‑SOX9 3'UTR and mut‑SOX9 3'UTR, containing 
a 6‑bp mutation in the predicted binding site of miR‑185, luciferase reporter gene vectors were constructed. A549 cells were co‑transfected with the indicated 
vectors and miR‑185 mimics and miR‑185 inhibitor, respectively. (B) Luciferase assays were performed to determine the luciferase activity 48 h following 
transfection using a dual luciferase reporter assay system. **P<0.01 vs. mimics‑NC. The association between miR‑185/SOX9 and AGO2 was determined. A549 
cellular lysates were used for RNA immunoprecipitation with an AGO2 antibody. Detection of AGO2 and IgG using (C) western blotting, and detection of 
miR‑185 or SOX9 using (D) reverse transcription‑quantitative polymerase chain reaction analysis. All data of SOX9 expression were normalized to GAPDH 
mRNA expression levels. miR‑185 expression data was normalized to U6 small RNA expression. The data are presented as the mean ± standard deviation of 
three independent experiments. **P<0.01 vs. respective IgG group. NC, negative control; SOX9, SRY‑box 9; UTR, untranslated region; mut, mutated; wt, wild 
type; miR, microRNA; IgG, immunoglobulin G; AGO2, protein argonaute‑2.
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miR‑185 expression in NSCLC cells significantly suppressed 
cell proliferation, invasion and migration. In addition, via 
direct binding to the 3'UTR of SOX9, miR‑185 inversely 
regulated the downstream Wnt signaling‑associated factors, 
β‑catenin and c‑Myc. SOX9, β‑catenin and c‑Myc mRNA 
expression was upregulated in NSCLC tissues, and inversely 
correlated with miR‑185 expression, further indicating that 
rescuing miR‑185 expression, thereby inhibiting SOX9 and 
downstream Wnt signaling, may be a promising strategy for 
the treatment of NSCLC.

It was previously reported that human NSCLC is associ-
ated with upregulation of SOX9 expression. As a well‑studied 
oncogenic factor, SOX9 mRNA and protein is upregulated in 
all stages of human NSCLC, and this upregulation has been 
reported to promote NSCLC progression by promoting cell 
proliferation, invasion and migration (18,25,26). According to 
previous studies, a large number of miRNAs have been identi-
fied to function as either tumor suppressor genes or oncogenes 
in NSCLC, through regulation of target genes (15). Identifying 

novel miRNAs and the corresponding targets is essential for 
the diagnosis, prevention and treatment of NSCLC, which may 
provide a promising therapeutic opportunity for this disease. In 
the present study, a series of online tools was used to elucidate 
novel candidate miRNAs which may regulate SOX9 expression 
in NSCLC tissues and cell lines. As exhibited by Venn diagram, 
a total of eleven candidate miRNAs were predicted to possess 
possible binding sites for SOX9. As mentioned above, miR‑592 
and miR‑124 have been reported to be associated with lung 
cancer in previous studies (18,27,28); however, these miRNAs 
did not appear in the prediction results in the present study. The 
reason for this may be the different strategies used by different 
online tools, and the candidate miRNAs in the present study 
were selected based on the results of cross‑matching of the 
selected online tools. Among the 11 screened‑out candidate 
miRNAs, miR‑185 suppressed SOX9 expression the most 
strongly. Previously, miR‑185 has been reported to act as a 
tumor suppressor in gastric cancer (29,30), breast cancer (31) 
and NSCLC  (32,33). In order to further investigate the 

Figure 6. Downstream Wnt signaling of SOX9 is involved in the miR‑185 regulation of NSCLC cell proliferation, invasion and migration. A549 and SK‑MES‑1 
cells were transfected with miR‑185 mimics or miR‑185 inhibitor; the protein levels of SOX9, β‑catenin and c‑Myc in A549 and SK‑MES‑1 cells were deter-
mined using (A) western blotting and (B) densitometric analysis. The data are presented as the mean ± standard deviation of three independent experiments. 
*P<0.05, **P<0.01 vs. respective mimics‑NC group. The mRNA expression of (C) SOX9, (D) β‑catenin and (E) c‑Myc in NSCLC tissues and adjacent normal 
tissues was determined using quantitative polymerase chain reaction analysis. The correlation between miR‑185 and (F) SOX9, (G) β‑catenin and (H) c‑Myc, 
respectively, was analyzed by Spearman's rank correlation analysis. SOX9, SRY‑box 9; miR, microRNA; c‑Myc, c‑Myc proto‑oncogene protein; NC, negative 
control; NSCLC, non‑small cell lung cancer.
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functional roles and mechanism of miR‑185 in NSCLC, a series 
of functional assays was employed.

miR‑185 expression has been reported to be downregulated 
in breast cancer tissues and cell lines (31). Low expression 
levels of miR‑185 were associated with lymph node metas-
tasis, clinical stage, overall survival and relapse‑free survival 
in triple‑negative breast cancer (34). Consistent with these 
studies, decreased miR‑185 expression in NSCLC tissues 
was observed in the present study. The potential association 
between miR‑185 expression and clinicopathological features 
in patients with NSCLC was additionally evaluated. Decreased 
expression of miR‑185 was correlated with larger tumor size, 
advanced TNM stage and shorter overall survival of patients 
with NSCLC. In order to investigate how miR‑185 may affect 
NSCLC progression, the roles of miR‑185 in regulation 
of NSCLC cell proliferation, invasion and migration were 
additionally investigated. Through transfection with miR‑185 
mimics or miR‑185 inhibitor into A549 and SK‑MES‑1 
cells, ectopic miR‑185 expression or miR‑185 inhibition was 
achieved. The cell proliferation, invasion and migration capa-
bilities of NSCLC cells were subsequently evaluated. Ectopic 
miR‑185 expression significantly suppressed NSCLC cell 
proliferation, invasion and migration; by contrast, miR‑185 
inhibition promoted NSCLC cell proliferation, invasion and 
migration. Notably, among the clinicopathological features 
analyzed, low miR‑185 expression was not correlated with 
lymph node metastasis. It was hypothesized that miR‑185 
may affect the migration capability of NSCLC cells, 
although it may not be an independent risk factor of lymph 
node metastasis, which requires further investigation in future 
studies.

miRNAs have been identified to function as either tumor 
suppressor genes or oncogenes in NSCLC by regulating the 
expression of target genes (15). miR‑185 serves as a tumor 
suppressor by inducing cell cycle arrest in NSCLC cell 
lines (32); additionally, miR‑185 reportedly targets RAC‑α 
serine/threonine protein kinase  (33) or multidrug resis-
tance‑associated protein 1 to suppress NSCLC or modulate the 
chemosensitivity of human NSCLC to cisplatin (35). Notably, 
a number of miRNAs, including miR‑124 (19), miR‑206 (26) 
and miR‑32  (25), are involved in the regulation of SOX9 
activity in lung cancer. Given the essential role of SOX9 
in NSCLC, and that miR‑185 possesses a potential binding 
site for SOX9, luciferase reporter gene and RNA immuno-
precipitation assays were used to confirm that hypothesis 
that SOX9 was a direct target of miR‑185. The results of the 
present study indicated that miR‑185 may suppress NSCLC 
cell proliferation, invasion and migration by directly targeting 
SOX9. Previously, SOX9 has been reported to activate Wnt 
signaling to promote cancer progression  (24,36‑38). The 
present study additionally investigated whether Wnt signaling 
may be involved in the chemoresistance of lung cancer cells. 
As verified by western blot analysis, the protein levels of 
SOX9, β‑catenin and c‑Myc were significantly reduced by 
ectopic miR‑185 expression and promoted by miR‑185 inhi-
bition, indicating the involvement of Wnt signaling in the 
miR‑185‑mediated regulation of NSCLC cell proliferation, 
invasion and migration.

In conclusion, it was observed in the present study that the 
mRNA expression levels of SOX9, β‑catenin and c‑Myc in 

NSCLC tissues were significantly downregulated compared 
with normal tissues. In addition, miR‑185 expression was 
inversely correlated with SOX9, β‑catenin and c‑Myc, respec-
tively, in NSCLC tissues, indicating that rescuing miR‑185 
expression in NSCLC, thereby inhibiting SOX9 expression 
and downstream Wnt signaling, leading to suppression of 
NSCLC cell proliferation, invasion and migration, may be a 
promising strategy for the treatment of NSCLC.
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