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Abstract. Non-small-cell lung cancer (NSCLC) is the leading 
type of cancer worldwide and sex determining region Y-box 
2 (SOX2) has been implicated as an oncogene in various 
types of cancer. In the present study, SOX2 was positively 
associated with NSCLC stage and lymph node metastasis. 
Wound healing and Transwell assays demonstrated that 
knockdown of SOX2 inhibited A549 and H1299 cell migration. 
Furthermore, it was identified that knockdown of SOX2 
inhibited epithelial-to-mesenchymal transition of NSCLC 
cells, which was demonstrated by increased expression of 
epithelial-cadherin and decreased expression of vimentin, zinc 
finger protein SNAI1 and zinc finger protein SNAI2. It was 
then demonstrated that SOX2 may be targeted by microRNA 
(miR)-590-5p, which indicated a potential therapeutic strategy 
for NSCLC focusing on the miR-590-5p/SOX2 axis.

Introduction

SOX family proteins are a group of transcriptional factors 
that recognize and bind DNA via the high-mobility group 
domain (1). Sex determining region Y-box 2 (SOX2) is located 
on chromosome 3q26.3 and belongs to the SOXB1 group (2-4). 
An increasing number of studies have implicated SOX2 in the 
tumorigenesis of gastric, lung and breast cancer (5,6).

 Lung cancer, which includes non-small-cell lung cancer 
(NSCLC) and small-cell lung cancer, is one of the most 
common causes of cancer-associated mortality worldwide, 
among which NSCLC accounts for ~85%. Currently, NSCLC 
is a non-curable disease with marked genetic complexity (1). 

A fluorescence in situ hybridization analysis performed in 447 
resected NSCLC tissue samples indicated that amplification of 
SOX2 was positively associated with increased copy number 
of the FGFR1 and PI3KCA genes (1). SOX2 has been demon-
strated to promote cellular proliferation via evading apoptotic 
signals in NSCLC (7,8). However, the role of SOX2 in the 
metastasis and epithelial-to-mesenchymal transition (EMT) 
regulation of NSCLC remains poorly understood.

MicroRNAs (miRNAs) comprise a large family of regula-
tory RNAs that may repress expression of target mRNAs in 
a sequence‑specific manner. miRNAs participate in diverse 
biological processes, including cell development, differentia-
tion, proliferation and apoptosis. In addition, aberrant miRNA 
expression patterns have been identified in a number of types of 
human cancer, including lung cancer. According to a previous 
study, the expression of miR‑590‑5p significantly suppressed 
the proliferation, migration and invasion of NSCLC cells (9), 
and bioinformatics analysis using TargetScan also demon-
strated that SOX2 is targeted by miRNA-590-5p (10). The aim 
of the present study was to investigate the role of SOX2 in 
the regulation of NSCLC metastasis and EMT, and determine 
whether miR-590-5p is a regulator of SOX2 in NSCLC.

Materials and methods

Patients and specimens. Between June 2014 and March 2016, 
33 paraffin‑embedded tumor specimens and adjacent normal 
specimens from patients with NSCLC were collected from The 
Second Affiliated Hospital of Zhejiang University (Zhejiang, 
China). The patients were aged between 32-60 years old with 
a median age of 48 years; the cohort contained 25 females and 
8 males. The specimens were definitively diagnosed by experi-
enced pathologists. The pathological Tumor-Node-Metastasis 
classification stage was determined by the 2009 staging system 
of the Union for International Cancer Control (11). Patients 
were separated into high or low expression groups based on 
the median expression value of mRNA for miR-590-5p (cut-off 
value, 0.036) or SOX2 (cut-off value, 0.0469). Written informed 
consent was obtained from all patients regarding the use of their 
tissues for research purposes. All the procedures were performed 
in accordance with the guidelines of the Ethics Committee of 
The Second Affiliated Hospital of Zhejiang University.
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Computational target prediction. For the identification of 
miR-590-5p targets, TargetScan release 7.2 (http://www.
targetscan.org/vert_72/) was used with the default parameters.

Plasmids. The SOX2 over-expression plasmid (SOX2-OE), 
SOX2 3'untranslated region (UTR) and SOX2 3'UTR-mut 
were purchased from GenePharma (Shanghai, China). Briefly, 
the SOX2 cDNA was inserted into the pcDNA3.1 vector (cat. 
no. 20011; Addgene, Inc.), which harbors a FLAG epitope 
sequence to generate the SOX2-OE plasmid. The complete 
SOX2 3'UTR was inserted into the pmirGLO Dual-luciferase 
plasmid (Promega Corporation) to generate the SOX2 3'UTR 
plasmid. To generate SOX2 3'UTR-mut plasmid, the predicted 
miR-590-5p binding site in the SOX2 3'UTR was mutated 
(mut) and inserted into the pmirGLO plasmid to generate 
SOX2 3'UTR-mut plasmid.

Cell culture and transfection. The lung cancer A549 and 
H1299 cell lines (American Type Culture Collection) were 
cultured in RPMI-1640 medium (Life Technologies; Thermo 
Fisher Scientific, Inc.) containing 10% FBS (Hyclone; GE 
Healthcare), 100 U/ml penicillin and 100 U/ml streptomycin. 
The cells were cultured in an incubator with 5% CO2 at 37˚C. 
According to the manufacturer's instructions, cells were seeded 
in 12-well plates for 24 h and then transfected with 100 pmol 
short interfering (si)RNAs and 10 nM miR mimics with 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) for 48 h. The SOX2 siRNA sequence was 5'-ACC TCC 
GGG ACA TGA TCA GCA-3' (Shanghai GenePharma Co., 
Ltd.). Scrambled siRNA (siRNA NC; 5'-TTC TCC GAA CGT 
GTC ACGT-3'; Shanghai GenePharma Co., Ltd.) was used as a 
negative control. miR-590-5p mimic (5'-GAG CUU AUU CAU 
AAA AUG CAG-3') and miRNA NC (5'-GUC CAG UGA AUU 
CCC AG-3') were obtained from Guangzhou RiboBio Co., Ltd.

Luciferase activity assay. A total of 1x105 A549 cells were 
seeded in 24-well plates for 24 h. Then the mixture of 1 µg 
SOX2 3'UTR or SOX2 3'UTR-mut, 0.1 µg of Renilla lucif-
erase plasmids (Promega Corporation) and 25 nM miR-590-5p 
mimic or miRNA NC were incubated with Lipofectamine 
2000 at room temperature for 15 min and added to each well. 
After 48 h, the cells were lysed and the luciferase activity was 
detected using the Dual Luciferase Reporter Assay System 
(Promega Corporation) on an LD400 luminometer (Beckman 
Coulter, Inc.). The firefly luciferase activity was normalized to 
the Renilla luciferase activity.

RNA extraction and reverse transcription quantitative poly‑
merase chain reaction (RT‑qPCR) assay. TRIzol® reagent 
(Thermo Fisher Scientific, Inc.) was used to extract total RNA, 
and the cDNA library was generated using a cDNA kit (Thermo 
Fisher Scientific, Inc.). According to the manufacturer's 
protocol, SYBR Green Master mix (Thermo Fisher Scientific) 
was used to perform RT-qPCR in triplicate with the following 
thermocycler conditions: Denaturation of DNA at 95˚C for 
5 min, followed by 40 cycles of amplification: 95˚C for 60 sec, 
55˚C for 60 sec and 72˚C for 60 sec. To analyze the relative 
expression of mRNAs or miRNA, the 2-ΔΔCq method (12) was 
used and normalized by GAPDH or U6 expression. The primer 
sequences were as follows: SOX2 forward, 5'-CTC GTG CAG 

TTC TAC TCG TCG-3'; SOX2 reverse, 5'-AGC TCT CGG TCA 
GGT CCT TT-3'; GAPDH forward, 5'-CTC CTC CTG TTC GAC 
AGT CAGC-3'; GAPDH reverse, 5'-CCC AAT ACG ACC AAA 
TCC GTT-3'.

Cell migration assay. To analyze the cell migration ability, a 
wound healing assay was performed. The transfected A549 and 
H1299 cells were plated into 12-well plates at a density of 5x104 
for 24 h, followed by creation of a wound in the cell monolayer 
using a sterile 100 µl micropipette tip, washed with PBS twice 
and then cultured in serum-free medium for an additional 
24 h. A phase-contrast inverted microscope (Olympus IX71; 
Olympus Corporation) at a magnification of x100 was used to 
measure and capture images of the wound width.

Transwell invasion assay. To analyze the cell invasive ability, 
a Transwell assay was performed. The upper chamber was 
pre-coated with 1 mg/ml Matrigel (Growth Factor Reduced 
BD Matrigel™ Matrix; BD Biosciences) for 1 h in an incubator 
with 5% CO2 at 37˚C, followed by seeding cells (5x104) in the 
upper chamber with RPMI-1640 medium without FBS (8 µm 
pore size membrane; EMD Millipore). Complete medium 
(600 µl) was added to the lower chamber and the cells were 
incubated for 48 h. The non-invading cells in the top chamber 
were removed with a cotton swab, and the cells on the lower 
surface of the membrane were fixed with 4% formaldehyde 

Figure 1. Expression of SOX2 is associated with non-small-cell lung cancer 
clinicopathological characteristics including (A) pathological stage and 
(B) lymph node metastasis. SOX2, sex determining region Y-box 2.
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for 15 min at room temperature and stained with 0.1% crystal 
violet solution (both Sigma-Aldrich; Merck KGaA) for 20 min 
at room temperature. Images were captured using an IX71 
microscope and cells were counted at a magnification of x200.

Western blot analysis. Radioimmunoprecipitation assay 
lysis buffer was used to obtain the cell lysates, protein was 
quantified by a bicinchoninic acid protein assay (Pierce; 
Thermo Fisher Scientific, Inc.) and the protein expression 
was analyzed via standard western blot analysis. Briefly, 
equal amounts of protein (50 µg/lane) were subjected to 10% 
SDS-PAGE and subsequently transferred to polyvinylidene 
fluoride membrane (EMD Millipore). Following blocking with 
5% non-fat milk for 1.5 h at room temperature, the membrane 
was incubated with the primary antibodies [anti-SOX2 (cat. 
no. ab75485), anti-epithelial cadherin (E-cadherin; cat. no. 
ab15148), anti‑vimentin (cat. no. ab92547), anti‑zinc finger 
protein SNAI1 (Snail; cat. no. ab216347), anti-zinc finger 
protein SNAI2 (Slug; cat. no. ab106077) and anti-GAPDH 
(cat. no. ab9484; all 1:500; Abcam)] at 4˚C overnight, and then 
rinsed twice with PBS, followed by incubation with the horse-
radish peroxidase‑conjugated secondary anti‑rabbit antibody 
(cat. no. ab150077; 1:2,000; Abcam) for 1 h at room tempera-
ture. The membrane was subsequently incubated with an ECL 
Chemiluminescent Substrate kit (Thermo Fisher Scientific, 
Inc.) and exposed to X‑ray film. ImageJ version 1.41 software 
(National Institutes of Health, Bethesda, MD, USA) was used 
for the quantitative analysis of band densities.

Statistical analysis. All statistical analyses were performed 
using the GraphPad software 8 (GraphPad Software, Inc.). A 
t-test was used to compare data between two groups. For the 
comparison of multiple groups, a one-way analysis of variance 
followed by Tukey's post-hoc test was performed. P<0.05 was 
considered to indicate a statistically significant difference.

Results

SOX2 is upregulated in NSCLC tissues and is associated 
with pathological stage and lymph node metastasis. Of the 
33 NSCLC tissue samples at pathological stage I, 24 (72.73%) 
exhibited low expression of SOX2, while 16/31 (51.61%) 
stage II samples and 7/20 (35.00%) stage III cases exhibited low 
SOX2 expression rates (Fig. 1A). Changes in SOX2 expression 
were also significantly associated with lymph node metastasis. 
Of the 39 cases of NSCLC with lymph node metastasis, 21 
(53.85%) exhibited high expression of SOX2. By contrast, of 
the 45 cases without lymph node metastasis, only 11 (24.44%) 
exhibited high SOX2 expression (Fig. 1B).

Knockdown of SOX2 suppresses NSCLC cell migration. To 
examine the role of SOX2 in regulating NSCLC cell migration, 
wound healing and Transwell assays were performed. The SOX2 
mRNA expression was measured to evaluate the small interfering 
RNA (siRNA) knockdown efficiency in cancer cells, and the 
results are presented in Fig. 2A. The wound healing assay results 
revealed that, after 48 h, the wound in the SOX2 downregulated 

Figure 2. SOX2 promotes NSCLC cell migration. (A) The SOX2 mRNA expression was measured to evaluate the siRNA knockdown efficiency in A549 and 
H1299 cells. (B) Knockdown of SOX2 significantly inhibited the migration of A549 and H1299 cells. (C) Knockdown of SOX2 decreased the migratory ability of 
A549 and H1299 cells. *P<0.05. SOX2, sex determining region Y-box 2; NSCLC, non-small-cell lung cancer; siRNA, small interfering RNA; NC, negative control.
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group was markedly narrower compared with that in the nega-
tive control group (Fig. 2B). The Transwell assay demonstrated 
that, at 48 h after transfection with SOX2 siRNA, the number of 
migrated cells was decreased compared with that in the negative 
control group (Fig. 2C). These results demonstrated that knock-
down of SOX2 may suppress NSCLC cell migration.

Knockdown of SOX2 suppresses EMT in NSCLC cells. As 
knockdown of SOX2 may decrease cell migration, it was 
hypothesized that SOX2 may affect EMT. Compared with 
the negative control (siRNA NC), it was observed that the 
expression of the epithelial marker E-cadherin was markedly 
upregulated and that of the mesenchymal marker vimentin was 
downregulated in A549 cells transfected with SOX2 siRNA 
(Fig. 3). The 2 EMT-associated genes, Snail and Slug, were 
additionally assessed by western blot analysis, and the results 
demonstrated that knockdown of SOX2 decreased Snail and 
Slug expression. These results indicate that knockdown of 
SOX2 may suppress EMT in NSCLC cells.

miR‑590‑5p targets SOX2 and suppresses EMT in NSCLC 
cells. In order to explore the factors that may regulate SOX2 
expression, TargetScan software was used to identify miRNAs 
targeting SOX2. The bioinformatics analysis demonstrated 
that SOX2 may be targeted by miR-590-5p (Fig. 4A). 
RT-qPCR data indicated that miR-590-5p mimics markedly 
increased its expression by 2.8-fold (Fig. 4B). To confirm 
whether miR-590-5p directly targeted SOX2, a 3'-untranslated 
region (UTR) luciferase reporter assay was performed. The 
results revealed that miR-590-5p mimics repressed the lucif-
erase activity of the wild-type SOX2 3'UTR, but not that of 
the mutated SOX2 3'UTR (Fig. 4C). To additionally confirm 
these results, A549 cells were transfected with the miR-590-5p 
mimics and their negative control. The results of RT-qPCR 
and western blot analysis demonstrated that miR-590-5p 
mimics markedly decreased the mRNA and protein levels of 
SOX2 (Fig. 4D and E).

To determine the expression pattern of miR-590-5p in 
patients with NSCLC, the expression of miR-590-5p was 
measured in 33 NSCLC tissue specimens. The results revealed 
that, among the cases at pathological stage I, 75.65% exhib-
ited high expression of miR-590-5p, 61.31% of pathological 
stage II and 31.63% of pathological stage III cases exhibited 
high miR-590-5p expression (Fig. 5A). Changes in miR-590-5p 
expression were also significantly associated with lymph node 
metastasis. Among the 39 cases of NSCLC without lymph node 
metastasis, 69.75% exhibited high expression of miR-590-5p. 
By contrast, of the 45 cases without lymph node metastasis, 
only 37.63% exhibited high miR-590-5p expression (Fig. 5B).

The effect of miR-590-5p on cell migration and 
EMT-associated protein expression was also investigated in the 
present study. The results demonstrated that, compared with the 
negative control (miRNA NC), the expression of the epithelial 
marker E-cadherin was markedly upregulated and that of the 
mesenchymal marker vimentin was downregulated in A549 
cells transfected with miR-590-5p mimics, whereas restoring 
SOX2 expression reversed these effects (Fig. 5C and D).

Discussion

SOX2 has been demonstrated to be an oncogene regulating 
the transcription of downstream target genes. It has also been 
revealed that the alteration of SOX2 expression may affect the 
progression and prognosis of multiple tumors via regulating 
various cell signaling pathways. SOX2 enhances tumor growth 
via the RAC-alpha serine/threonine-protein kinase signaling 
pathway in esophageal squamous cell carcinoma (13); in 
hepatocellular cancer, SOX2 enhances cell invasion through 
activating Slug (14), whereas in lung cancer, cell apoptosis may 
be inhibited by SOX2 through the mitogen-activated protein 
kinase 4/survivin signaling pathway (15). In addition, SOX2 
is involved in the epidermal growth factor receptor, Bcl-2 like 
1 and Wnt signaling pathways. The emerging role of SOX2 in 
cell proliferation and survival and its crosstalk with oncogenic 

Figure 3. Knockdown of SOX2 inhibits epithelial-to-mesenchymal transition in NSCLC cells. (A) Densitometric analysis of western blot analysis data of 
E-cadherin, vimentin, Snail and Slug expression. (B) Representative western blot analysis gel performed in A549 cells transfected with SOX2 siRNA. *P<0.05. 
SOX2, sex determining region Y‑box 2; NSCLC, non‑small‑cell lung cancer; E‑cadherin, epithelial cadherin; Snail, zinc finger protein SNAI1; Slug, zinc 
finger protein SNAI2; siRNA, small interfering RNA; NC, negative control.
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Figure 4. SOX2 is a target of miR‑590‑5p. (A) Bioinformatics analysis predicted a miR‑590‑5p seed region in the 3' UTR of SOX2. (B) Transfection effi-
ciency of miR-590-5p mimics detected by RT-qPCR. (C) Effect of miR-590-5p mimics on the luciferase activity of SOX2-3' UTR and SOX2-3' UTR-mut. 
(D) RT-qPCR analysis of SOX2 mRNA in A549 cells transfected with miR-590-5p mimics. (E and F) Western blot analysis of SOX2 protein expression in 
A549 cells transfected with miR-590-5p mimics. *P<0.05. SOX2, sex determining region Y-box 2; UTR, untranslated region; mut, mutant; RT-qPCR, reverse 
transcription quantitative polymerase chain reaction; miR, microRNA; NC, negative control; hsa, Homo sapiens.
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signaling was previously described in lung cancer (16-18). In 
the present study, the expression of SOX2 was evaluated in 
NSCLC tissues. The specimens were collected from patients 
with stage I-III NSCLC, and the SOX2 mRNA expression in the 
tissues was measured using RT-qPCR. The results revealed that 
an increased level of SOX2 expression was markedly associ-
ated with a more advanced pathological stage and lymph node 
metastasis. Due to the limitation of clinical specimen collection, 
the sample size of the present study was not very large. In the 
future, more specimens must be collected to validate the results.

 EMT enhances tumor cell migration and invasion ability, 
eventually promoting the dissemination of tumor cells to 
various parts of the body (19). The process involves down-
regulation of E-cadherin and upregulation of vimentin, Snail 
and Slug expression (20). Functional associations have been 
established between the SOX protein family and key effectors 
of EMT occurring in the context of carcinogenesis and embry-
onic development. In the present study, it was observed that the 
knockdown of SOX2 increased the expression of the epithelial 
marker E-cadherin, while the mesenchymal markers vimentin, 
Snail and Slug and their associated genes were downregulated, 
indicating that SOX2 may promote EMT in NSCLC.

 miR-590-5p appears to exhibit different functions in 
various types of cancer. In cervical cancer cells, miR-590-5p 
was demonstrated to facilitate cell growth due to its close 
homology with the major capsid protein L1 (21). However, 
miR-590-5p has the opposite function in glioblastoma multi-
forme cells (22), suggesting that the role of miR-590-5p is 
context-dependent. A recent study demonstrated that ectopic 
expression of miR‑590‑5p significantly suppressed the prolif-
eration, migration and invasion of NSCLC cells (9). Evidence 
has demonstrated that miRNAs may regulate multiple cellular 
functions, including EMT, through modulating the expres-
sion of their target genes in NSCLC. Using bioinformatics 
analysis, SOX2 was targeted by miR-590-5p, and the 3'UTR 
luciferase assay confirmed that SOX2 expression is regulated 
by miR-590-5p. It was also observed that the expression of 
the epithelial marker E-cadherin was markedly upregulated 
and that of the mesenchymal marker vimentin downregulated 
in A549 cells transfected with miR-590-5p mimics, whereas 
restoring SOX2 expression reversed these effects. The results 
of the present study suggested that the miR-590-5p/SOX2 axis 
may serve as an EMT regulator in NSCLC, which may be 
useful as a target for NSCLC treatment.

Figure 5. Expression of miR-590-5p in NSCLC tissues and effect of miR-590-5p on cell migration and epithelial-to-mesenchymal transition-associated protein 
expression. (A) The expression of miR‑590‑5p was significantly associated with pathological stage in 33 patients. (B) The expression of miR‑590‑5p was 
associated with lymph node metastasis in NSCLC. (C and D) Densitometric analysis of western blot analysis data of E-cadherin, vimentin, Snail and Slug 
expression. (D) Representative western blot analysis gel performed in A549 cells transfected with miRNA NC, miR-590-5p mimics, miR-590-5p mimics + 
SOX2 overexpression. *P<0.05. SOX2, sex determining region Y-box 2; NSCLC, non-small-cell lung cancer; miRNA/miR, microRNA; OE, overexpression; 
E‑cadherin, epithelial cadherin; Snail, zinc finger protein SNAI1; Slug, zinc finger protein SNAI2; NC, negative control.
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