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MicroRNA-301a targets WNT1 to suppress cell proliferation
and migration and enhance radiosensitivity
in esophageal cancer cells
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Abstract. Esophageal cancer (EC) is one of the leading causes
of death among malignancies. Radiotherapy for esophageal
squamous cell carcinoma (ESCC) patients is limited by resis-
tance to ionizing radiation (IR). An increasing body of evidence
has demonstrated that aberrant expression of microRNA-301a
(miR-301a) contributes to cancer progression and sensitivity
to radiation. The aim of the present study was to investigate
the exact functions and potential mechanisms of miR-301a
in ESCC radioresistance. Initially, the miR-301a-transfected
radioresistant ESCC cells KYSE-150R exhibited a decreased
proliferation rate, and enhanced radiosensitivity and migra-
tion, whereas downregulation of miR-301a in radiosensitive
KYSE-150 cells produced the opposite results. miR-301a
regulates WNT1 expression at both the mRNA and protein
levels. Furthermore, dual-luciferase reporter assays revealed
that WNT1 was a target gene of miR-301a. In addition, the
expression of miR-301a markedly affected the expression
of Wnt/B-catenin-related proteins such as B-catenin and
cyclin DI1. Finally, overexpression of miR-301a inhibited
epithelial-mesenchymal transition (EMT) conversion by
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directly targeting Snail and vimentin in radioresistant-ESCC
cell lines; however, no inhibitory effects were exerted on
Twist. Collectively, these results indicated that miR-301a
increased the radiosensitivity and inhibited the migration
of radioresistant-ESCC cells by targeting WNTI, thereby
inactivating the Wnt/f-catenin signaling pathway and EMT
reversal. Thus, miR-301a may be a potential therapeutic target
for the treatment of EC radioresistance.

Introduction

Esophageal cancer (EC) is the eighth most commonly diag-
nosed cancer and the sixth leading cause of cancer-associated
mortality worldwide (1). Radiation therapy (RT) is a key part
of multimodality EC therapy (2,3). Radiotherapy resistance
often leads to subsequent recurrence and metastasis (4,5).

MicroRNAs (miRNAs/miRs) are a family of endogenous
non-coding RNAs comprised of 18-25 nucleotides in length
that function to regulate the stability of target genes by directly
binding to the 3' untranslated region (3' UTR) (6,7). An
increasing body of evidence has demonstrated that miRNAs
can act as tumor promoters or suppressors to regulate various
basic cellular functions (8-10). Furthermore, some studies
have revealed that miRNAs directly affect radioresistance by
regulating specific pathways (11), including the repair of DNA
double strand breaks (12), cell cycle checkpoint activation (13),
apoptosis (14) and autophagy (15). For example, Lin28-let7
regulates the radiosensitivity of human cancers through
activated KRAS signaling (16).

miR-301a, located on chromosome 17q22-17q23, is an
important miRNA that has been studied in a variety of tumor
types (17). miR-301a expression is upregulated in several types
of cancer including pancreatic (18), prostate cancer (19) and
malignant melanoma (20); it also acts as a candidate oncogene
by promoting tumor proliferation and invasion. Recently,
a previous study demonstrated that miR-301a promoted
radioresistance in prostate cancer cells by downregulating
N-myc downstream-regulated gene 2 (NDRG2) (21). However,
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the mechanism underlying the role of miR-301a in EC
radioresistance remains unclear.

In our previous study, we used a human miRNA micro-
array to detect the differential expression of miRNAs,
comparing the human radioresistant esophageal squamous cell
carcinoma (ESCC) line KYSE-150R and the parental cell line
KYSE-150 (22). Based on the predicted genes and pathways
of the miRNA target, the expression of miR-301a was signifi-
cantly downregulated in KYSE-150R cells and it was thought
to play an important role in regulating the radiosensitivity of
ESCC cells. In the present study, we confirmed the effect of
miR-301a on cell proliferation, epithelial-mesenchymal transi-
tion (EMT) and radiosensitivity in ESCC cells. It was revealed
that miR-301a suppressed cell proliferation and migration, and
enhanced radiosensitivity in ESCC cells by directly targeting
WNTI.

Materials and methods

Cell culture. The human ESCC cell line KYSE-150 was
purchased from the American Type Culture Collection (ATCC;
Manassas, VA, USA). The radioresistant cell line KYSE-150R
was previously established at our department by gradient dose
irradiation treatment (22). KYSE-150 and KYSE-150R cells
were maintained in RPMI-1640 medium (Gibco; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) with 100 U/ml of
penicillin, 100 mg/ml of streptomycin and 10% fetal bovine
serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), in an
incubator at 37°C containing 5% CO,. The cell lines were
sub-cultured every 2 to 3 days following digestion at room
temperature with 1 ml 0.25% Trypsin-EDTA (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany). The viability was
reported as the percentage of the number of viable cells to
the total number of cells. The average viability over 95% was
determined by Trypan Blue staining, at 37°C in an incubator
containing 5% CO,.

Cell transfection. Cultured cells were transfected with
miR-301a mimic or inhibitor (Ambion; Thermo Fisher
Scientific, Inc.) using Lipofectamine 2000™ reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's instructions. Cells were transfected with 0, 5,
10 and 20 nM miR-301a mimic or inhibitor or negative control
(NC) for 48 h, unless indicated otherwise.

Transwell assay. After transfection with miR-301a mimic
or inhibitor, 5x10* cells were plated into the top chamber of
the insert (8 ym pore size; BD Biosciences, Franklin Lakes,
NJ, USA) in medium without serum. The lower chamber was
loaded with medium containing 10% FBS. The cells were
incubated for 12 h and the cells that had migrated to the
bottom of the membrane were fixed with methanol and stained
with crystal violet. The number of stained cells were counted
at least five random microscopic fields by a light microscope at
a magnification of x200 (Olympus Corp., Tokyo, Japan).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)
assay. Cells were seeded into a 96-well plate in triplicate at a
concentration of 4x10* cells/well. Cell growth was measured
by MTT bromide assay every 24 h from Day 1 to Day 6. Cells
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were incubated with 5 mg/ml MTT for 4 h, and subsequently
solubilized in dimethyl sulfoxide (DMSO) (100 ul/well). The
absorbance was measured at 570 nm using an ELISA reader.

Clonogenic assay.Cells in the exponential phase of growth were
plated in triplicate onto 6-well plates with ~1x10° cells/well.
These logarithmic growth cells were irradiated with doses of
0,2,4,6, 8, or 10 Gy using X-ray from a linear accelerator
(Varian 2300C/D; Varian Medical Systems, Salt Lake, UT,
USA) with an average dose rate of 100 cGy/min. Immediately
following irradiation, the cells were incubated for 10 days
at 37°C in 5% CO, to allow for colony formation and then
fixed with pure ethanol. Visible colonies consisting of at least
50 cells were stained with 0.5% crystal violet (Sigma-Aldrich;
Merck KGaA) and counted. The surviving fraction was then
estimated.

Dual-luciferase reporter assay. The wild-type (wt) or mutated
(mut) 3' UTR of WNTI, containing three binding sites of
miR-301a, were cloned into the luciferase vector pMIR
reporter. Cells were transfected with the WNT1 luciferase
reporter vector, Renilla luciferase vector (Promega Corp.,
Madison, WI, USA) and the miRNA mimic or inhibitor using
Lipofectamine 2000™ reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). After 48 h, the cells were harvested, lysed
and luciferase activity was assessed using the Dual-Luciferase
Reporter Assay system (Promega Corp.) according to the
manufacturer's protocol. Renilla luciferase was used for
normalization.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR). Total RNA was extracted using TRIzol reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Total RNA (1 ug) was reverse tran-
scribed to cDNA using the SuperScript II reverse transcription
kit (Thermo Fisher Scientific, Inc.). RT-qPCR was performed
using SYBR-Green Master Mix (Applied Biosystems; Thermo
Fisher Scientific, Inc.) and the ABI PRISM 7900 Sequence
Detection System (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The RT-qPCR thermocycling conditions were
as follows: 95°C for 10 min, followed by 40 cycles at 95°C for
15 sec and 60°C for 1 min. B-actin was used as an internal
control and the fold-changes of target genes were calculated
using the 2°24%4 method (23). Primer sequences of Wnt
pathway- and EMT-associated genes are presented in Table I.

Western blot analysis. Proteins were extracted from cultured
cells using RIPA buffer (Thermo Fisher Scientific, Inc).
Protein concentration was determined using the BCA protein
assay kit (Thermo Fisher Scientific, Inc.). Lysates containing
100 pg of protein were mixed with loading buffer containing
5% p-mercaptoethanol. Extracted proteins were subjected
to 10% SDS-PAGE and transferred to PVDF membranes
(0.45 pum). The membranes were then incubated with 5%
non-fat dry milk in phosphate-buffered saline (PBS) for
1 h at room temperature to block non-specific binding sites.
Then, the membranes were incubated with primary anti-
bodies overnight at 4°C, followed by a secondary antibody
(1:20,000; anti-rabbit or anti-mouse IgG, HRP-linked anti-
body, cat. nos. 7071 and 7072, respectively; Cell Signaling
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Table I. Primer sequences of Wnt pathway- and EMT-associated genes.
Target gene Forward primer (5'-3") Reverse primer (5'-3")
WNT1 TAAGCAGGTTCGTGGAGGAG GGTTTCTGCTACGCTGCTG
E-cadherin GACCGGTGCAATCTTCAAA TTGACGCCGAGAGCTACAC
Twist TCCATTTTCTCCTTCTCTGGAA CCTTCTCGGTCTGGAGGAT
Vimentin GCAAAGATTCCACTTTGCGT GAAATTGCAGGAGGAGATGC
Snail TCTGAGTGGGTCTGGAGGTG CTCTAGGCCCTGGCTGCTAC
TCF4 CATAGGGAGTCCCATCTCCA GGACCAACTTCTTTGGCAAG
Cyclin D1 GGCGGATTGGAAATGAACTT TCCTCTCCAAAATGCCAGAG
[-actin AAAGACCTGTACGCCAACAC GTCATACTCCTGCTTGCTGAT

Technology, Inc.) incubation for 2 h at room temperature.
The protein bands were visualized with the SuperSignal West
Pico Chemiluminescent kit (Pierce; Thermo Fisher Scientific,
Inc.). The following primary antibodies were used: Cyclin D1
(1:1,000; cat. no. 2978), E-cadherin (1:1,000; cat. no. 3195),
B-catenin (1:1,000; cat. no. 8480) and Snail (1:1,000;
cat. no. 3879; all from CST Biological Reagents Co., Ltd.,
Shanghai, China), WNT1 (1:1,000; cat. no. ab15251; Abcam,
Cambridge, MA, USA) and vimentin (1:1,000; cat. no. 5741;
CST Biological Reagents Co., Ltd.) and Tubulin (1:4,000;
cat. no. T5168; Sigma-Aldrich; Merck KGaA).

Immunofluorescence staining. Cells were fixed with 4% form-
aldehyde, permeabilized with 0.5% Triton, and then incubated
with an E-cadherin (1:500) or vimentin (1:500) antibody
overnight. After washing with PBS, the cells were incubated
with Alexa Fluor 488-labeled secondary antibody (1,000-fold
dilution; cat. no. 34201; Invitrogen; Thermo Fisher Scientific,
Inc.) for 45 min. Cells were counterstained with DAPI to label
the nuclei. Images were captured with a Nikon fluorescent
microscope.

Statistical analysis. Data were expressed as the mean =+ stan-
dard deviation from at least three independent experiments.
Student's t-test was used to compare the differences between
two groups. All statistical analyses were performed using
SPSS 15.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

miR-301a inhibits cell proliferation and migration, and
increases radioresistant cell sensitivity to irradiation in
ESCC. The present study initially transfected KYSE-150R
cells with the miR-30la mimic in order to upregulate
miR-301a in vitro (P<0.01; Fig. 1A). The overexpression of
miR-301a in KYSE-150R cells decreased cell viability when
compared with cells transfected with NC mimic cells (P<0.05;
Fig. 1B). The results of the colony formation assays revealed
that overexpressing miR-301a significantly enhanced the
effects of radiotherapy in KYSE-150R cells (P<0.05; Fig. 1C).
Upregulation of miR-301a in KYSE-150R cells led to a 30-40%
reduction in the levels of migration when compared with the
NC-mimic cells (P<0.01; Fig. 1D).

Next, the present study suppressed the expression of
miR-301a in KYSE-150 cells via transfection with a miR-301a
inhibitor (P<0.05; Fig. 2A). The miR-301a inhibitor groups
exhibited enhanced cell proliferation when compared with the
NC inhibitor group (P<0.05; Fig. 2B). The KYSE-150 cells with
reduced miR-301a levels had a significantly greater survival
fraction when compared with the NC cells (P<0.05; Fig. 2C),
indicating that these cells had decreased radiosensitivity.
Anti-miR301a cells displayed significantly higher migration
potential, compared to the NC group (P<0.01; Fig. 2D).

miR-301a directly targets the coding region of WNTI.
Next the present study evaluated the potential targets of
miR-301a. Bioinformatics analysis was performed to identify
potential candidate targets of miR-301a using publicly avail-
able algorithms. As revealed in Fig. 3A, the 3' UTR WNTI1
contained the target sequence of miR-301a. Subsequently,
RT-qPCR and western blotting were employed to determine
the ability of miR-301a to regulate the expression of WNTI.
Overexpression of miR-301a markedly downregulated the
mRNA and protein levels of WNTI1 in KYSE-150R cells.
Conversely, inhibition of miR-301a markedly increased the
expression of WNTI at the mRNA and protein levels in the
KYSE-150 group (Fig. 3B and C).

To further explore whether miR-301a could interact with
the 3' UTR of WNTI, the present study performed luciferase
reporter assays. As indicated in Fig. 3D, the miR-301a mimic
significantly inhibited luciferase activity in cells expressing
pMIR-WNTI1-wt 3' UTR. However, co-transfection with the
pMIR-WNTI1-mut plasmid and the miR-301a mimic did not
significantly alter the luciferase activity when compared with
the NC group (P>0.05). Collectively, these results demonstrated
that WNTI1 is directly targeted by miR-301a.

Comparisons between the expression of Wnt/f-catenin
signaling pathway-related genes and proteins among the
different groups. RT-qPCR and western blot analyses were
conducted to investigate whether miR-301a expression could
markedly affect the expression of Wnt/f-catenin-related
proteins. As revealed in Fig. 4A, miR-301a mimic-transfected
cells (at the greatest concentration of 20 nM) had significantly
lower mRNA expression of transcription factor 4 (TCF4)
and cyclin D1 when compared to the KYSE-150R control
groups. In miR-301a inhibitor-transfected cells, TCF4 and
cyclin D1 were significantly increased. Furthermore, the
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Figure 1. Upregulation of miR-301a in KYSE-150R cells inhibits cell proliferation and migration and increases cell sensitivity to irradiation. (A) miR-301a
was markedly upregulated in KYSE-150R cells transfected with the miR-301a mimic. (B) The proliferation rate of KYSE-150R cells overexpressing miR-301a
mimics was assessed by MTT assay. (C) A clonogenic survival assay was performed to determine the effect of miR-301a upregulation on the radiosensitivity
of KYSE-150R cells. (D) Cell Transwell assays were conducted to investigate the effect of miR-301a on the migration ability of KYSE-150R resistant cells.

“P<0.01. NC, negative control; OD, optical density; miR, microRNA.

protein expression of B-catenin and cyclin DI was reduced
in the miR-301a mimic-transfected group. However, the
miR-301a inhibitor-transfected group exhibited the opposite
results (P<0.05; Fig. 4B).

miR-301a affects EMT-related protein expression. Our
previous study demonstrated that EMT mediates radioresis-
tance in human ESCC cells (24). Therefore, in the present

study classic EMT biomarkers and transcription factors
were detected in the different cell groups. The results of the
RT-qPCR assay and western blotting revealed that the gene
and protein expression levels of E-cadherin in KYSE-150 cells
transfected with miR-301a inhibitors were decreased than those
observed in the NC groups, while E-cadherin expression in
the miR-301a-mimic groups was significantly increased when
compared with the NC groups (Fig. 5A and B). Furthermore,
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Figure 2. Downregulation of miR-301a enhances cell proliferation, decreases radiosensitivity and promotes cell migration in KYSE-150 cells. (A) miR-301a
was markedly downregulated in KYSE-150 cells transfected with the miR-301a inhibitor. (B) Cell proliferative ability was evaluated following transfection
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NC, negative control; OD, optical density; miR, microRNA.

expression of vimentin and Snail in the miR-301a-inhibitor
group was upregulated, whereas the expression of vimentin
and Snail was downregulated in the miR-301a-mimic group.
However, the regulation of miR-301a did not significantly
affect Twist expression (P=0.05; Fig. 5A and B).
Immunofluorescence analysis was conducted to confirm
the localization of vimentin and E-cadherin in the miR-301a
overexpression and knockout groups. Intense staining in the

cell membrane indicated that E-cadherin was shuttled to the
cell membrane in miR-301a-overexpressing cells, while less
staining in knockout miR-301a cells indicated that E-cadherin
was downregulated (Fig. 5C). Conversely the expression of
vimentin in the cell membrane of miR-301a mimic-transfected
cells was reduced. These results indicated that miR-301a
may be an upstream regulator of E-cadherin and vimentin
expression, and an inducer of EMT phenotypes.
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Discussion

Acquired radioresistance is considered to be an important
cause of treatment failure in EC patients. Our previous study
revealed that miR-301a was a candidate in the aberrant profile
of radiosensitive miRNAs and was associated with ESCC
radiosensitivity (22). However, there is limited research on
its function. In the present study, miR-301a was revealed to
regulate the radiosensitivity of ESCC by targeting WNTI.
The results indicated that miR-301a may be a new type of
radiosensitivity-related miRNA for future EC radioresistant
therapeutic strategies.

miR-301a has been identified as a candidate oncogene
in different types of cancers. In colorectal cancer, ectopic

miR-301a expression was observed to promote migration
and invasion by downregulating transforming growth factor
B receptor (17). Nam et al (25) demonstrated that miR-301a
played an oncogenic role in prostate cancer by directly
targeting the p63 tumor suppressor. Kawano et al (26) demon-
strated that restoration of miR-301a downregulation decreased
ESC proliferation and tumorigenesis, and that the oncogenic
activity may involve the negative regulation of the target gene,
phosphatase and tensin homolog. In the present study, upregu-
lation of miR-301a in KYSE-150R cells was revealed to inhibit
cell proliferation and migration, and increase cell sensitivity to
irradiation. Furthermore, inhibition of miR-301a in KYSE-150
cells reduced cell sensitivity to irradiation. However, miR-301a
function in the present study was markedly different to that
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reported in previous studies. This may be due to the fact that
the different functions of miRNAs depend on the particular
type of cancer cell line used because of its particular genetic
background.

miRNAs exert their biological functions by binding with
the 3' UTR of their target genes. Wang et al (21) observed that
higher expression levels of miR-301a and miR-301b resulted in
elevated autophagy and increased radioresistance in LNCaP
cells by targeting NDRG2. The present study confirmed that
WNTI1 was a target of miR-301a based on the results of the
luciferase reporter assays. In agreement with this, the present
study also revealed that miR-301a overexpression signifi-
cantly inhibited WNT1 expression at both the protein and
mRNA levels, indicating that miR-301a suppressed ESCC cell
activities by targeting WNT1.

Numerous previous studies have focused on WNTI, a
major member of Wnt/B-catenin signaling, and have often
reported that it is altered in EC. The Wnt/B-catenin signaling
pathway plays a crucial role in EC biological processes,
including cell proliferation, apoptosis, and motility. Recently,
previous research has reported that aberrant activation of
canonical Wnt/B-catenin signaling after long-term exposure
to fractionated irradiation was associated with the develop-
ment of radioresistance in many types of human cancers. In
our pervious study, significantly upregulated expression levels
of WNTI, catenin 1 and cyclin DI were observed in the
radioresistant ESCC KYSE-150R cell line, indicating that the
Wnt/B-catenin signaling pathway was activated (24). As crucial
biological regulators, miRNAs inhibit targets of signaling
pathways and can promote or inhibit cancer progression in a
context- or target-dependent manner. (27). miR-185-3p regu-
lated nasopharyngeal carcinoma radioresistance by targeting
WNT2B (28). The present study revealed that B-catenin
and cyclin D1 may be key molecules in the Wnt/f3-catenin
signaling pathway, as their expression was altered when
miR-301a was upregulated. These studies provide the basis for
the future exploration of the potential mechanisms underlying
miR-301a functions and how WNTI is involved in EC radia-
tion resistance.

Notably, the present study demonstrated that miR-301a
not only enhanced radiosensitivity but also affected EMT
by changing vimentin and E-cadherin expression. EMT is
a vitally important biological process during which epithe-
lial cells lose their polarity and change to a mesenchymal
phenotype (29). Numerous studies have demonstrated that
EMT plays an important role in cancer malignant behaviors,
including radiation resistance (30), drug resistance (31) and
cancer stem cells (32). The epithelial marker E-cadherin and
the mesenchymal marker vimentin are often used as markers
of EMT during metastatic progression. Our previous study
reported that the ESCC cell line KYSE-150R presented with
typical morphological changes of the EMT phenotype with
significantly decreased E-cadherin and increased vimentin
expression. The results of the present study revealed that
miR-301a and WNT1 affected the expression of EMT-related
biomolecules, indicating that miR-301a and WNT1 may induce
EC radioresistance through EMT.

However, there are some limitations in our study. For
example, we only used one radioresistant cell line to conduct
the study. In vivo models will be set up to define the roles of
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miR-301a in EC radioresistance in further research. In conclu-
sion, upregulation of miR-301a inactivated the Wnt/B-catenin
signaling pathway by targeting WNT1, leading to increased
radiosensitivity and reduced migration of cancer cells. In
addition, targeting this novel miR-301a/Wnt/B-catenin axis
may be a promising strategy for the future treatment of EC
radioresistance.
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