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Mechanism of epithelial-mesenchymal transition
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Abstract. The aim of the present study was to investigate
whether miR-203 can inhibit transforming growth factor-f
(TGF-p)-induced epithelial-mesenchymal transition (EMT),
and the migration and invasion ability of non-small cell lung
cancer (NSCLC) cells by targeting SMAD?3. In the present
study, the expression levels of miR-203, SMAD3 mRNA
and protein in NSCLC tissues were examined, as well as
their corresponding paracancerous samples. The miR-203
mimics and miR-203 inhibitor were transfected into the H226
cell line. RT-qPCR was used to assess the expression levels
of E-cadherin, Snail, N-cadherin and vimentin mRNA, and
western blotting was performed to detect the expression levels
of p-SMAD2, SMAD2, p-SMAD3, SMAD3 and SMADA4.
The cell migration and invasion abilities were detected by
Transwell assays. The target site of SMAD3 was predicted
by the combined action between miR-203 and dual lucif-
erase. The results revealed that the RNA levels of miR-203,
compared with paracancerous tissues, were decreased in
NSCLC tissues, while SMAD3 mRNA and protein levels
were upregulated, and miR-203 inhibited SMAD3 expres-
sion. Induction of TGF-f led to decreased E-cadherin mRNA
levels, upregulation of Snail, N-cadherin and vimentin mRNA
levels (P<0.05), and significant increase in cell migration and
invasion, whereas transfection of miR-203 mimics reversed
the aforementioned results (P<0.05). Conversely, miR-203
inhibitor could further aggravate the aforementioned results
(P<0.05). Western blot results revealed that transfection of
miR-203 mimics significantly reduced the protein expres-
sion of SMAD3 and p-SMAD3 (P<0.05). Furthermore, the
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results of the Dual-Luciferase assay revealed that miR-203
inhibited SMAD3 expression by interacting with specific
regions of its 3'-UTR. Overall, a novel mechanism is revealed,
in which, miR-203 can inhibit SMAD3 by interacting with
specific regions of the 3'-UTR of SMAD3, thereby restraining
TGF-p-induced EMT progression and migration and invasion
of NSCLC cells.

Introduction

Malignant tumors are one of the most important causes of
death worldwide. In most countries, including China, lung
cancer has the highest morbidity and mortality and is still
increasing yearly. Smoking, diet, air pollution and genetic
factors are all related to the occurrence of lung cancer (1-3).
According to histopathology, lung cancer can be divided into
non-small cell lung cancer (NSCLC) and small-cell lung
cancer (SCLC), of which NSCLC accounts for ~85% of all lung
cancer (4). Despite the continuous improvement of medical
advancements, the diagnosis and treatment of NSCLC has not
progressed significantly over the past few decades, and the
overall 5-year survival rate remains at ~15% (5,6). Since there
are no specific clinical symptoms in the early stage of lung
cancer, most lung cancer patients are already in the advanced
stage at the time of diagnosis, which means that tumor cells
have already metastasized or have the characteristics of inva-
sion and metastasis (7). Therefore, identifying key factors
and elucidating their molecular mechanisms in invasion and
metastasis of NSCLC are particularly important for reducing
patient mortality and improving the quality of life of patients.

The invasion and metastasis of malignant tumors, is an
extremely complicated process coordinated by multiple steps
and factors. Studies have revealed that epithelial-mesenchymal
transition (EMT) plays an important role in lung cancer inva-
sion and metastasis, occurring in the early stage of lung cancer
invasion and metastasis (8). EMT refers to the biological
process by which polar epithelial cells are transformed into
mesenchymal cells under certain specific physiological or
pathological conditions. EMT is one of the most important
mechanisms for malignant tumor cells to acquire the ability
of migration and invasion, and plays a vital part in the occur-
rence and development of cancer (9). In the process of EMT,
the epithelial cells are less exposed to surrounding cells and
matrix, and cell adhesion is weakened. The epithelial cells



438

obtain the ability of higher migration, invasion, anti-apoptosis
and degradation of the extracellular matrix, exhibiting strong
mesenchymal characteristics and transforming into mesen-
chymal cells. In addition, the related gene expression profile of
the cells changes (10,11). The morphology of the cells changes
significantly after EMT. For example, the cells become narrow
and long, and form pseudopods. The intercellular gaps signifi-
cantly increase, and the cells become more mobile. EMT is
the result of the coordination of many factors, involving the
effects of transcription factors, microRNA regulation, the
TGF-signaling pathway as well as other chemical signaling
pathways.

Transforming growth factor-f (TGF-f) is a multifunctional
cytokine that triggers diverse cellular processes including
tissue fibrosis, growth arrest and EMT (12). Previous studies
have revealed that TGF-f can promote EMT progression
by activating kinase-dependent signaling processes and is
currently the classical inducing factor for the induction of
EMT in lung cancer cells (10,13). The EMT process induced
by TGF-f3 can be expressed as changes in the expression of
some molecular markers, such as a loss of the epithelial
phenotype indicated by downregulation of E-cadherin and the
gain of the mesenchymal phenotype indicated by upregulation
of N-cadherin and vimentin (14). TGF-f inhibits epithelial
cell proliferation in the early stage of cancer, but promotes
tumor growth and metastasis in the later stage. Studies have
revealed that patients with higher TGF-f levels have a poor
prognosis (15). Therefore, it was hypothesized that inhibition
of TGF-p or its receptors can suppress the activation of the
EMT pathway, thereby impairing the ability of tumor cell
invasion and metastasis. TGF-f3 mainly exerts its biological
function through the SMAD protein family. Specifically,
binding of TGF-f to its receptor leads to phosphorylation of
SMAD?2/3, which binds to SMAD4 and enters the nucleus,
where the SMAD transcription complex regulates the expres-
sion of specific target genes (16,17). Previous studies have
reported that SMAD3 plays a key role in the occurrence and
development of various cancers (18,19), and that SMAD3 can
promote the invasion and metastasis of tumor cells through its
mediated EMT (20,21). Loss or lack of SMAD3 will impede
the EMT process and may alleviate epithelial deteriora-
tion (18,19). In addition, studies have revealed that silencing of
SMAD?3 can inhibit the migration and invasion of nasopharyn-
geal carcinoma cells (22), and the downregulated expression
of N-cadherin can also be detected (14); miR-140 inhibited the
migration and invasion of colorectal cancer cells by targeting
SMAD?3 (23). These data indicated that SMAD3 plays an
essential role in TGF-B-induced EMT progression, however,
in this process, the regulatory mechanisms of miRNA are still
unclear.

miRNAs are a class of endogenous non-coding RNA
with a wide distribution and a length of 19-25 nucleotides.
They mainly form partial complementary sequences by
binding to the 3'-UTR, 5'-UTR or coding region of a specific
target gene, thereby affecting the transcriptional stability
and post-transcriptional translation process of the target
gene (24). The expression of ~30-50% of protein-coding
genes in humans may be regulated by targeted miRNAs (25).
Therefore, miRNAs play an important role in the fine regu-
lation of a variety of biological processes, including cell
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proliferation, differentiation, apoptosis, migration and tumor
formation (26,27). In addition, miRNAs must also regulate
TGF-signaling by targeting the expression of key members in
the TGF- pathway (28), known as TGF-f3 pathway-associated
miRNAs. Several studies have revealed that miR-203 can
inhibit the cell invasion of NSCLC and nasopharyngeal carci-
noma, and is frequently downregulated in NSCLC (26,29,30).
Ding et al revealed that miR-203 plays an important role in
TGF-p-induced EMT progression and is downregulated
in highly metastatic breast cancer cells (9). These studies
indicated that miR-203 may regulate the process of EMT in
NSCLC by regulating the TGF-f signaling pathway, and the
mechanism of miR-203 in this process remains to be further
elucidated.

In the present study, miR-203 was transfected into NSCLC
cells to verify the hypothesis that SMAD3 is a target gene for
miR-203, and miR-203 regulates the hypothesis that SMAD3
inhibits TGF-B-induced EMT and tumor invasion and metas-
tasis. The present results clarified that miR-203 in NSCLC
cell line can suppress the expression of SMAD3, affect the
TGF-p-induced EMT process, inhibit the invasion and metas-
tasis of tumor cells, and provide a new experimental basis for
the diagnosis and treatment of NSCLC.

Materials and methods

Human tissue samples. Fresh NSCLC tissue samples from
10 patients (32-61 years old) and their corresponding para-
cancerous samples were collected in the study (n=10). The
patients were diagnosed with NSCLC based on pathology and
did not receive any chemotherapy and/or radiotherapy before
surgery. There were 6 males and 4 females with an average age
of 48.70+11.25 years. All of the specimens were examined and
evaluated by two independent pathologists. Clinicopathological
data were collected from the patient medical records and
are presented in Table I. All patients provided their written
informed consent and ethics approval was obtained from the
Ethics Committees of the First Affiliated Hospital of Wenzhou
Medical University (2017063).

Cell lines and cell cultures. Human NSCLC cell line H226
cells (Institute of Cell Sciences, Chinese Academy of Sciences)
were cultured in modified RPMI-1640 medium (Hyclone,
GE Healthcare Life Sciences), supplemented with 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.)
and a mixture of antibiotics (penicillin, Sigma-Aldrich;
streptomycin, Invitrogen), and the cells were incubated in a
humidified 5% CO, incubator at 37°C.

Real time-gPCR (RT-gPCR). RNA, according to the manu-
facturer's protocol, was extracted from the cells using the
RNAiso Plus kit (Thermo Fisher Scientific, Inc.). Synthesis
of cDNA with reverse transcriptase was performed using
the M-MLV First Strand kit (Invitrogen; Thermo Fisher
Scientific, Inc.). The primer sequences used for RT-qPCR
were as follows: miR-203-F, ACACTCCAGCTGGGAGTG
GTTCTTAACAGTTC and miR-203-R, TGGTGTCGTGGA
GTCG; SMAD3-F, TGGACGCAGGTTCTCCAAAC and
SMAD3-R, CCGGCTCGCAGTAGGTAAC; SMAD2-F,
ATCTTGCCATTCACTCCGCC and SMAD2-R, CTGTTC
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TCCACCACCTGCTC; E-cadherin-F, ATTTTTCCCTCG
ACACCCGAT and E-cadherin-R, TCCCAGGCGTAGACC
AAGA; N-cadherin-F, TGCGGTACAGTGTAACTGGG and
N-cadherin-R, GAAACCGGGCTATCTGCTCG; vimentin-F,
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Table I. Clinicopathological characteristics of the NSCLC
patients.

AGTCCACTGAGTACCGGAGAC and vimentin-R, CATTTC
ACGCATCTGGCGTTC; Snail-F, ACTGCAACAAGGAAT
ACCTCAG and Snail-R, GCACTGGTACTTCTTGACATC
TG; U6-F, CTCGCTTCGGCAGCACA and U6-R, AACGCT
TCACGAATTTGCGT; GAPDH-F, CTGGGCTACACTGAG
CACC and GAPDH-R, AAGTGGTCGTTGAGGGCAATG.
The cycling parameters (31) were as follows: One cycle at 94°C
for 5 min, 35 cycles of a denaturing step at 94°C for 30 sec, an
annealing step at 55°C for 30 sec, an extension step at 72°C for
1 min and, lastly, one cycle of an additional extension at 72°C
for 10 min. PCR products were analyzed by 3% (w/v) agarose
gel electrophoresis. All reactions were carried out in tripli-
cate using SYBR-Green on the ABI StepOnePlus Real-time
PCR instrument (Applied Biosystems; Thermo Fisher
Scientific, Inc.), using standard cycling parameters. Standard
SYBR-Green PCR conditions were used, with an annealing
temperature at 59°C and 40 cycles. The 2244 method (32) was
used to calculate the relative expression of miR-203, SMAD3,
SMAD?2, E-cadherin, N-cadherin, vimentin and Snail mRNA.
As an internal control, mRNAs of U6 and GAPDH were
measured under the same reaction conditions. All samples
were tested in triplicate.

Immunohistochemistry. The paraffin-embedded tissue pieces
were cut into 4-um-thick sections, mounted on the slides
and heated. The sections were dewaxed in xylene, and rehy-
drated in a gradient of ethanol through a series of alcohol
gradient solutions. Digestion with 3 mol/l urea for 30 min was
performed to expose target antigens in the tissue. After antigen
addition to the citrate solution, the sections were treated with
3% H,0, solution for 10 min, light was avoided, and then the
sections were treated with 5% bovine serum albumin (BSA)
for 30 min. The sections were then incubated with the mono-
clonal rabbit anti-human Smad3 antibody (dilution 1:100;
product code ab40854; Abcam), placed in a refrigerator at 4°C
overnight, and reacted for 45 min in a 37°C water temperature
chamber the next day. Visualization of antibody binding was
performed using DAB staining. The nuclei were stained with
hematoxylin for 90 sec, then soaked in hydrochloric acid
alcohol differentiation solution for 7 sec, and the gelatin was
sealed after dehydration. The results of immunostaining were
independently assessed by two pathologists.

The THC score was based on staining intensity and
percentage of positive cells, as follows: The intensity score
was 0 (no staining), 1 (weak staining), 2 (moderate staining)
and 3 (strong staining); the proportion score was 0 (<5% posi-
tive cells), 1 (6-25% positive cells), 2 (26-50% positive cells),
3 (51-75% positive cells) and 4 (>75% positive cells). The
final staining fraction was obtained by multiplying strength
and proportion fraction: 0 (negative), + (1-4), ++ (5-8) and
+++ (9-12). For statistical analysis, negative or positive final
staining scores were combined into the low-expression group,
while ++ or +++ final staining scores were combined into the
high-expression group.

All the tissue points on the tissue chip were positively
scored with the same criteria, specifically, the product of the

Characteristics Total (10, %)
Sex

Male 6 (60.0)

Female 4 (40.0)
Age (years)

<40 4 (40.0)

=40 6 (60.0)
Histologic type

ADC 6 (60.0)

SQCC 4 (40.0)
Lymph node metastasis

Yes 3(30.0)

No 7 (70.0)
TNM stage

I-I 7 (70.0)

I-1v 3(30.0)

NSCLC, non-small cell lung cancer; ADC, adenocarcinoma; SQCC,
squamous cell carcinoma.

staining intensity of the target cells and the percentage of posi-
tive cells. Positive cells were distinguished from background
or non-specific staining. The staining intensity was scored
according to the staining characteristics of the target cells: 0
for non-staining, 1 for light yellow, 2 for brownish yellow and
3 for brown.

Western blot analysis. Protein markers used in western blot
analysis were as follows: p-SMAD?2 (cat. no. ARG55037),
SMAD?2 (cat. no. ARG54942), p-SMAD3 (cat. no. ARG51797),
SMAD?3 (cat. no. ARG53570), SMAD4 (cat. no. ARG54741,
all from arigo Biolaboratories) and GAPDH (product code
ab8245; Abcam). After H226 cells were treated with ice-cold
RIPA buffer (Beyotime Institute of Biotechnology, Inc.), the
supernatant was collected by centrifugation at 14000 x g. The
concentration of protein was determined by the BCA method.
The total protein concentration of the extracted sample was
adjusted to 2 ug/ml. Total protein (20 pg), was transferred to the
polyvinylidene fluoride (PVDF) membrane by 10% SDS-PAGE
gel electrophoresis, and was blocked with 5% non-fat milk for
1 h at room temperature, and then incubated overnight at 4°C
after treatment with a primary antibody (SMAD2, 1:1,000;
SMAD3, 1:1,000; SMAD4, 1:1,000; p-SMAD2, 1:1,000;
p-SMAD3, 1:1,000; GAPDH, 1:10,000). After washing
away the excess primary antibody, TBST was used to dilute
the corresponding HRP-labeled secondary antibody, so that
the PVDF membrane could be immersed in the secondary
antibody incubation solution (goat anti-mouse IgG-HRP,
cat. no. sc-2058, dilution 1:3,000; goat anti-rabbit IgG-HRP,
cat. no. sc-2301, dilution 1:3,000; Santa Cruz Biotechnology,
Inc.), and incubation followed for 2 h at 37°C on a shaking table.
Next, the PVDF membrane was washed 5-6 times with TBST,
and the color was developed by ECL chemiluminescence
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(Beyotime Institute of Biotechnology). The gel images were
obtained with an Alpha Gel imager (Alpha Innotech Co.), and
absorbance analysis was performed using Quantity One v4.62
software (Bio-Rad Laboratories). The expression level of the
target protein was expressed by the absorbance ratio between
its absorbance and the corresponding GAPDH. The experi-
ment was repeated 3 times.

Cell transfection. H226 cells were seeded at 2x10° cells/well in
6-wellplatesandtransfectedwithmiR-203mimics,miR-203inhib-
itors, and scrambled controls (miR-NC) (Shanghai GenePharma
CO., Ltd.) using Invitrogen™ Lipofectamine™ 2000 (Thermo
Fisher Scientific, Inc.). The sequences of these miRNAs were:
miR-203 mimics, 5-"TGCTTTGGCCACTGACTGTCC-3';
miR-203 inhibitors, 5-~ACGAAAC CGGTGACTGACAGG-3,
miR-NC, 5“-TCGCCACATGATCGCCTAAGT-3'. The expres-
sion levels of all transfected genes were confirmed with RT-PCR.
Cells were transfected with appropriate miRNA, siRNA oligo-
nucleotides and plasmids using Lipofectamine 2000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) following the manu-
facturer's instructions. The medium was replenished 6 h after
transfection.

Transwell assays. For the invasion assay, the upper Transwell
chamber (Corning, Inc.) was coated with 50 ml of 20 mg/ml
Matrigel for filtering. The invasive chamber (Corning, Inc.)
with an 8-ym pore polycarbonate membrane was pretreated
for 2 h in serum-free DMEM (Gibco; Thermo Fisher
Scientific, Inc.) medium at 37°C, 5% CO,. After the removal
of the medium, 0.25% trypsin-digested monolayer cells were
added in an amount of 1 ml/25 cm? of surface area. The cells
were resuspended and 100-200 ul were used for counting
after pouring out the excess trypsin. The passaged cells were
digested with 0.25% trypsin, washed with PBS, and added to
the culture solution to prepare a suspension of the cells to be
tested, and cell density was counted and calculated. H226 cells
were plated into 6-well plates, and transfected with miR-NC,
miR-203 mimics, and miR-203 inhibitors 12 h later. After 12 h
of transfection, the cells in the 6-well plate were re-plated into
the Transwell chamber with 1.5x10* cells/well. After transfec-
tion for 18 h, the cells in the upper chamber were replaced after
the cells were attached, and the cells were treated with TGF
(10 ng/ml). Cell status was observed after treatment with TGF
for 48 h, cell samples were collected, and cells on the lower
surface of the chamber were fixed with 4% paraformaldehyde
for 30 min. After washing 3 times with PBS, the samples
were stained with crystal violet (0.5 mM) dye for 30 min, and
observed and photographed under the microscope. For the
migration assay, a procedure similar to invasion assay was
performed using the migration chamber without Matrigel.

Dual luciferase assay. When the cell density in the cell culture
flask reached 70-80%, the H226 cells were digested with
trypsin. Cells were collected by centrifugation at 40 x g, and
then the cells were placed in the 24-well plate to make the
density reach ~60% after resuspended. After mixture, the cells
continued to be cultured in an incubator at 37°C. Plasmid trans-
fection was performed using the TurboFect™ transfection kit
(Fermentas, Inc.), and fresh medium was replaced 12 h after
transfection. After 72 h of transfection, the cells were washed
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twice with PBS, and 250 pl of 1X PLB lysis buffer (Thermo
Fisher Scientific, Inc.) was then added to each well. LAR II
reagent (100 pl) and lysate (20 pul) were added into a 96-well
plate, and then 100 ul of Stop & Glo substrate (Promega Corp.)
was added within 10 sec to measure the luciferase activity.
After exporting the data, the results were analyzed and plotted
using GraphPad Prism 5 software (GraphPad Software, Inc.).

Statistical analysis. Statistical analysis was conducted by
SPSS 17.0 (SPSS, Inc.) statistical software. Measured data
were compared using t-tests. The count data were analyzed by
Chi-square test. The rank-sum test was employed to compare
the clinical grade data sets. The course of disease and score
were statistically expressed as the mean + standard deviation.
Student's t-test analysis was used for comparison between
groups. P<0.05 was considered to indicate a statistically
significant difference.

Results

Expression of miR-203 and SMAD3 in human NSCLC tissues.
To elucidate the expression levels of miR-203 and SMAD3 in
non-small cell lung cancer tissues, ~10 fresh NSCLC tissue
samples and their corresponding paracancerous samples were
collected, total RNA was extracted, and the expression levels of
miR-203 and SMAD3 mRNA were detected by RT-PCR. The
results revealed that miR-203 RNA levels were decreased in
human NSCLC tissues compared with paracancerous tissues,
while SMAD3 mRNA levels were upregulated (Fig. 1A and B).
Tissue paraffin-embedded sections were used to detect the expres-
sion of SMAD?3 protein by immunohistochemistry, according to
the cell positive ratio, the score was 0 for ~0-5%, 1 for ~6-25%,
2 for ~26-50%, 3 for ~51-75%, and 4 for >75% (Fig. 1C and D).
Collectively, these findings indicated that the SMAD3 protein
was highly expressed in cancer tissues (P<0.001).

miR-203 affects the expression of SMAD3 in NSCLC cell lines.
To determine that miR-203 affected the expression of SMAD3
in NSCLC cells, miR-203 mimics were transfected into H226
cells, and the transfection efficiency of miR-203 and the expres-
sion of SMAD3 and SMAD2 mRNA were then detected by
RT-PCR. The results indicated that miR-203 mRNA expression
was significantly increased (P<0.05) (Fig. 2A), while the mRNA
expression of SMAD3 and SMAD?2 was significantly decreased
(P<0.05) (Fig. 2B and D). In addition, the western blotting assay
confirmed that the protein expression of SMAD3 and SMAD2
was also significantly reduced (Fig. 2C and E), consistent with
the aforementioned results. These results demonstrated that
miR-203 inhibited the expression of SMAD3 and SMAD?2.

Effect of miR-203 on the TGF--induced EMT process. In
order to clarify the role of miR-203 in TGF-B-induced EMT,
miR-203 mimics and miR-203 inhibitor were synthesized
according to miR-203 sequence, and then they were transiently
transfected into the H226 cell line, respectively. In addition,
the random mimics fragment miR-NC was also synthesized
as a control. The RT-PCR results revealed that the miR-203
mRNA expression was significantly increased after the
miR-203 mimics were transfected (P<0.001) (Fig. 3B), while
it was significantly decreased after the miR-203 inhibitor was
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transfected (P<0.01) (Fig. 3C). The experimental groups were
divided into a control group, TGF-f group, TGF-p+miR-NC
group, TGF-f+miR-203 mimics group, and TGF-B+miR-203
inhibitor group. The changes in cell morphology of H226 cells
induced by TGF-f} were first identified, and it was revealed that
the intercellular gap was significantly increased. When cells
were transfected with miR-203 mimics, the intercellular gap
was significantly reduced. After the inhibition of miR-203, the
intercellular space was significantly larger compared with the
TGF-p+miR-NC group (Fig. 3A). RT-PCR was used to detect
the mRNA expression of several related factors during EMT.
The results revealed that the mRNA expression of the epithelial

marker E-cadherin was decreased after TGF-f3 induction, while
the expression of mesenchymal markers Snail, N-cadherin and
vimentin was upregulated, indicating significant differences
(P<0.05). However, transfection of miR-203 mimics signifi-
cantly reversed the aforementioned effects. Compared with the
TGF-B+miR-NC group, the mRNA levels of E-cadherin in the
TGF-f+miR-203 mimics group was significantly increased
(P<0.05), whereas the mRNA levels of Snail N-cadherin and
vimentin were significantly decreased (P<0.05). Conversely,
after the transfection of miR-203 inhibitor, the mRNA level
of E-cadherin in the TGF-B+miR-203 inhibitor group was
significantly decreased (P<0.05), while the mRNA levels of
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Snail, N-cadherin and vimentin were significantly increased
(P<0.05) (Fig. 3D-G). Western blotting was used to detect the
expression of p-SMAD2, SMAD2, p-SMAD3, SMAD3 and
SMAD4 in the TGF-f3 pathway under different TGF-f stimula-
tion conditions. These results indicated that in the presence of

TGF-, the protein expression of SMAD3 and p-SMAD3 were
significantly reduced after transfection with miR-203 mimics
compared with the TGF--miR-NC group (P<0.05). Notably,
after transfection with miR-203 inhibitor, there was no signifi-
cant difference in SMAD3, while p-SMAD?3 expression was
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Figure 4. (A) Transwell cell migration assay. (B) ImageJ quantified the relative number of migrating cells. (C) Transwell cell invasion assay. (D) ImageJ quanti-
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Figure 5. (A) The binding site of miR-203 to SMAD. (B) Dual luciferase assay for the fluorescence activity of the luciferase plasmid of SMAD 3'-UTR."P<0.05,

compared with the miR-NC group.

significantly upregulated compared with the TGF-3-miR-NC
group (P<0.05) (Fig. 3H and I). Collectively, these findings
indicated that miR-203 may inhibit TGF-f-induced EMT
progression by blocking SMAD3 phosphorylation.

Effect of miR-203 on the migration and invasion of NSCLC
cells. To investigate the effect of miR-203 on the migration
and invasion of NSCLC cells, Transwell cell migration and
invasion assays were performed and the results were quantified
using ImageJ software to count the relative number of cells. As
revealed in Fig. 4, under the induction of TGF-f, the migration

and invasion abilities of the cells were significantly enhanced,
while the migration and invasion abilities of H226 cells were
significantly decreased after overexpression of miR-203
(P<0.05). In contrast, the migration and invasion abilities in the
miR-203 inhibitor group were significantly increased (P<0.05).

miR-203 inhibits SMAD3 expression by targeting specific
sites of SMAD 3'-UTR. To determine whether miR-203
directly binds to SMAD, the luciferase plasmid of SMAD
3'-UTR was synthesized, and co-transfected NSCLC cells
with miR-203. As revealed in Fig. 5, miR-203 significantly
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suppressed the fluorescence activity of the luciferase plasmid
of SMAD 3'-UTR in H226 cells (P<0.05). When the expres-
sion of miR-203 was inhibited, however, the fluorescence
activity of the luciferase plasmid of SMAD 3'-UTR was
significantly increased (P<0.05). Overall, these findings
indicated that the inhibitory effect of miR-203 on SMAD3
expression was exerted by interaction with a specific region
of its 3'-UTR.

Discussion

In the present study, the regulatory mechanism of miR-203
on SMAD3 in TGF-B-induced EMT in NSCLC and cell
migration and invasion abilities were investigated. The results
revealed that miR-203 inhibited SMAD3 by interacting with
specific regions of the 3'-UTR of SMAD3, thereby inhibiting
TGF-p-induced EMT progression and migration and invasion
of NSCLC cells.

EMT occurs early in the process of epithelial-derived
tumor metastasis (9), which involves changes in cell pheno-
type, the cytoskeleton, and some protein expression, and
ultimately leads to the ability of tumor cells to migrate and
invade. Previous studies have revealed that EMT is not only
associated with tumor migration and invasion, but is also
related with resistance of NSCLC (33,34). For advanced
lung cancer cases, ionizing radiation is one of the main
treatment methods. However, EMT promotes radioactive
fibrosis and related metastasis after radiotherapy (35-37), and
plays an important role in tumor development and follow-up
treatment. Downregulated expression of epithelial marker
E-cadherin and upregulated expression of mesenchymal
markers N-cadherin, vimentin and Snail are the main
molecular biological markers of EMT (38,39). As an essential
factor in the induction of EMT, TGF-f3 plays an important
role in promoting the migration and invasion of NSCLC cells.
Many studies have revealed that TGF-f is highly expressed
in many types of tumors (40,41), and its signaling pathway
can induce the progression of EMT (21,42-44). As a signifi-
cant mediator of the TGF-f3 pathway in tumor cells, SMAD3
plays different roles in the development and progression of
cancer by regulating different transcriptional reactions,
depending on the type of tumor cells and the clinical stage
of cancer (15). Studies have suggested that SMAD3 plays a
key role in promoting EMT (45,46), and downregulation of
SMAD3 or downregulation of its activated form p-SMAD3
significantly inhibited the TGF-pB-mediated EMT and slowed
the progression of pulmonary fibrosis (47). Yang et al (14)
also revealed that TGF-B/SMAD?3 can directly transcribe
and activate the expression of N-cadherin, thereby promoting
the EMT process of NSCLC cells. In the present study, after
TGF-f induced H226 cells, p-SMAD?3 protein expression was
significantly increased, the mRNA levels of E-cadherin were
decreased, Snail, N-cadherin and vimentin mRNA expres-
sion was upregulated, and these changes were statistically
significant. In addition, the migration and invasion abilities
of the cells were significantly enhanced. The aforementioned
results indicated that TGF- promoted SMAD?3 activation,
thereby stimulating the occurrence of EMT and enhancing
the migration and invasion abilities of tumor cells, which was
consistent with previous studies.

HUANG et al: MECHANISM OF miR-203 INHIBITION OF EPITHELIAL-MESENCHYMAL TRANSITION

More than 500 miRNAs have been identified through
current research, and miRNAs can participate in the regula-
tion of various biological processes, including proliferation,
differentiation, and apoptosis (48,49). Evidence has demon-
strated that miRNAs regulate cancer metastasis by targeting
different key proteins (50). During regulation, the target gene
is silenced or degraded mainly by binding to the 3-UTR region
of the target gene mRNA (51,52). The miR-203 gene sequence
is located on chromosome 14q32.33 and encodes ~12%
of the miRNA known to humans, and has been revealed to
express abnormalities in many types of tumors (53). Zhou et al
revealed that miR-203 could directly target the LIN28B gene
to enhance the biosynthesis of the tumor suppressor let-7 in
lung cancer and exert its anticancer effect (54). Wang et al
revealed that miR-203 inhibited the expression of SRC as well
as the proliferation and migration of lung cancer cells and
promoted apoptosis of lung cancer cells (30). The signaling
pathway between TGF-3 and the transcription factor SNAI2
was revealed to inhibit the expression of miR-203 and promote
EMT and tumor metastasis (9). The aforementioned studies
have revealed that the miR-203 regulatory mechanism and
target genes are diverse, suggesting that it may play a role
in multiple signaling pathways and target genes. Notably,
further identification and clarification of the target genes of
miR-203 are particularly important for understanding the
entire regulatory network of miR-203 and then carrying out
targeted intervention. The 3'-UTR region of SMAD?3 has a
complementary pairing region with miR-203, indicating that
SMAD3 may be a target gene for miR-203. Therefore, the
luciferase plasmid of SMAD 3'-UTR was synthesized and
NSCLC cells were co-transfected with miR-203. The results
revealed that miR-203 significantly inhibited its fluorescence
activity, and the fluorescence activity of the luciferase plasmid
was significantly increased after inhibition of the expression
of miR-203. In addition, studies have revealed that miR-203
can inhibit the migration of lung cancer cells by directly
targeting PKCa (26). Chen et al also demonstrated that
miR-203 inhibits the migration and invasion of NSCLC cells
by targeting Bmil (29). In the present study, it was revealed
that miR-203 significantly inhibited TGF-f-induced EMT
and protein expression of SMAD3 and p-SMAD3, and the
migration and invasion abilities of NSCLC H226 cells were
significantly attenuated (P<0.05). Conversely, after inhibition
of miR-203, the EMT process was further aggravated, and the
expression of p-SMAD3 was significantly upregulated, and
the migration and invasion abilities of the H226 cell line was
significantly enhanced (P<0.05). These results indicated that
miR-203 targeted the 3'-UTR region of SMAD3 and blocked
SMAD3 phosphorylation to inhibit TGF-f-induced EMT
progression as well as migration and invasion of NSCLC cells.

In NSCLC tissues, it was revealed that miR-203 was
significantly downregulated, while SMAD3 mRNA and
protein expression were significantly upregulated, which
confirmed that miR-203 played a tumor suppressor role in
the development of NSCLC, clinically. Additionally, the
possibility that other miRNAs may affect the expression of
SMAD?3 cannot be excluded. Yang et al revealed that miR-136
can target SMAD3, thereby inhibiting the migration and inva-
sion of lung adenocarcinoma cells, accompanied by increased
epithelial marker expression and decreased mesenchymal
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marker expression (55). In a recent study on pancreatic ductal
adenocarcinoma, it was reported that miR-323-3p could also
target the inhibition of SMAD3 expression, thereby inhibiting
the invasion and metastasis of cancer cells (56). These findings
demonstrated that SMAD?3 plays an important role in tumor
EMT and migration and invasion (19). In addition to exploring
the effects of miR-203 and SMAD3, the present study also
investigated the mechanism of action between miR-203 and
EMT marker molecules induced by TGF-f, which has not
been reported previously.

Considering the important role of EMT in tumorigenesis
and subsequent treatment, the present study demonstrated that
miR-203 candirectly target SMAD3 and inhibit TGF-B-induced
migration and invasion of EMT and NSCLC cells, providing
a theoretical basis for the development of new drugs for tumor
invasion and metastasis. Moreover, the present study also
offered insights into targeted treatment strategies to solve
problems related to lung cancer resistance.
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