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miR-501-3p promotes colorectal cancer progression
via activation of Wnt/f-catenin signaling

FANGXIONG WU'!, TONGCHAO XING2, XIAOPENG GAO® and FENGRUI LIU*

1Department of Gastroenterology, First Affiliated Hospital of Xi'an Medical College, Xi'an,
Shaanxi 710077; General Surgery, The Fourth People's Hospital of Shaanxi Province, Xi'an, Shaanxi 710000;
3Second Department of General Surgery, Xi'an Central Hospital, Xi'an, Shaanxi 710003; 4Emergency Department,
First Affiliated Hospital of Xi'an Medical College, Xi'an, Shaanxi 710077, P.R. China

Received February 26, 2019; Accepted June 21, 2019

DOI: 10.3892/1j0.2019.4852

Abstract. Aberrant activation of Wnt/B-catenin signaling
is observed in >90% of colorectal cancer cases. microRNAs
(miRNAGs) regulate the expression of key genes in Wnt/f3-catenin
signaling. As aresult,abnormal expression of miRNAs regulates
the activation of Wnt/f-catenin signaling in several types of
cancer. In the current study, it was demonstrated that miR-501-3p
was overexpressed in colorectal tumor tissues compared to
the adjacent normal tissues. Downregulation of miR-501-3p
inhibited cell proliferation and sphere formation, while it
induced cell cycle arrest at the G1 phase in colorectal cancer
cells. Bioinformatics analysis results predicted that adenomatous
polyposis coli (APC), a negative regulator of Wnt/B-catenin
signaling, was a potential target gene of miR-501-3p. Inhibition
of miR-501-3p increased APC expression in colorectal cancer
cells. Additionally, B-catenin was destabilized following
miR-501-3p inhibition; immunofluorescence analysis revealed
that B-catenin translocated from nucleus to cytoplasm. In
addition, cyclin D1 and c-Myc, two well-characterized target
genes of Wnt/f-catenin signaling, were downregulated
following miR-501-3p inhibition. Transfection of APC small
interfering RNA re-activated (-catenin and stimulated the
expression of cyclin D1 and c-Myc. Furthermore, silencing
of APC reversed the miR-501-3p inhibitor-induced cell cycle
disruption, and the inhibition of cell proliferation and sphere
formation in colorectal cancer cells. In conclusion, the
present study identified miR-501-3p as a novel regulator of
Wnt/B-catenin signaling in colorectal cancer cells via targeting
APC, suggesting that miR-501-3p may act as a novel oncogenic
miRNA in colorectal cancer.
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Introduction

Colorectal cancer (CRC) is the fourth most commonly diag-
nosed cancer type worldwide, with estimated 1.1 million new
cases and 551,000 deaths in 2018 (1). Despite the observation
that the incidence of CRC has been gradually decreased and
integrated therapy has greatly improved the prognosis of
patients with CRC in the recent years, the overall survival of
patients with CRC remains poor, and the five-year survival
is ~60% (2,3). Therefore, there is an urgent need to develop
innovative detection and therapeutic approaches for patients
with CRC.

B-catenin-dependent Wnt signaling, also known as
canonical Wnt signaling, has a pivotal role in mediating cancer
cell proliferation, metastasis and stemness maintenance (4-6).
Upon activation, such as following Wnt ligand binding,
B-catenin, the major effector of Wnt/p-catenin signaling,
translocates into the nucleus of cells to form a complex with
co-regulators of transcription factors, thus promoting the
transcription of multiple oncogenes (7). Overactivation of
Wnt/f3-catenin signaling has been observed in several types
of cancer, including CRC (8). Activation of Wnt/p-catenin
signaling is essential for the initiation of colorectal cancer,
as well as promotes chemoradiotherapy resistance (9,10). The
activity of Wnt/B-catenin signaling is tightly controlled by
several positive and negative regulators (11). Adenomatous
polyposis coli (APC) is one of the well-studied negative
regulators of Wnt/p3-catenin signaling (12). A APC truncating
mutation has been observed in a large proportion of patients
with CRC (13), suggesting that Wnt/p-catenin signaling may
be a promising target for the treatment of patients with CRC.
Altered expression of non-coding RNA and transcription
factors also contributes to the downregulation of APC in
cancer cells (14,15).

microRNAs(miRNAs)aresmall,non-codingRNA molecules
which were first discovered in Caenorhabditis elegans (16).
Mechanistically, miRNAs function via base-pairing with
sequences on the 3'-untranslated region (3'-UTR) of target
gene mRNAs (17). Dysregulation of miRNAs leads to aberrant
expression of target genes, resulting in the disruption of
signaling networks in cells. Accumulating evidence suggests
that miRNAs are involved in almost all physiological and
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pathological conditions (18,19). In CRC, multiple miRNAs
have been identified as oncogenes or tumor suppressors via
regulating key genes in oncogenic signaling pathways (20).
For example, miR-144 was reported as a regulator of cell
proliferation and rapamycin sensitivity in CRC through directly
targeting mTOR (21). miRNA microarray analysis of normal,
adenoma and carcinoma tissues discovered several dysregulated
miRNAs (22), however, their roles have not been studied yet.
Through bioinformatic analysis, miR-501-3p was discovered
as a differentially expressed miRNA in CRC. miR-501-3p has
been previously confirmed as an oncogenic miRNA in cervical
cancer and hepatocellular carcinoma (23,24). However, the role
of miR-501-3p in CRC remains unknown.

The current study focused on the role of this differentially
expressed miRNA, miR-501-3p, in CRC cells. Reverse
transcription-quantitative PCR (RT-qPCR) suggested that
miR-501-3p was overexpressed in tumor tissues of patients
with CRC. In addition, downregulation of miR-501-3p
inhibited cell proliferation, cell cycle progression and sphere
formation in CRC cells. Furthermore, miR-501-3p regulated
CRC progression via targeting APC to activate Wnt/f3-catenin
signaling.

Materials and methods

Patient samples. A total of 30 patients with CRC who
underwent surgical resection at the Fourth People's Hospital
of Shanxi from September 2015 to January 2018 were
included in the present study. None of the patients received
chemotherapy or radiotherapy prior to surgery. Written
consents were provided by all participants and all patients
agreed to the use of their tissue samples in the current study.
The experiments were performed under the supervision of the
Ethics Committee of the Fourth People's Hospital of Shanxi.
There were 19 males and 11 females, aged 35-68 years.
Exclusion criteria were as follows: Patients with a history of
other malignancies or other serious active diseases recently;
and patients with drug hepatitis, alcoholic liver disease or
autoimmune liver disease. The normal and tumor tissues
were immediately stored at -80°C, until use for the following
experiments.

Cell culture. CRC cell lines HCT116, Caco2, LOVO, HT29
and the fetal colon epithelial cell line FHC were purchased
from the Cell Center in Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences (Shanghai, China).
All cells were cultured in DMEM (Invitrogen; Thermo
Fisher Scientific, Inc.) supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin
(Sigma-Aldrich; Merck KGaA) in a 95% humid incubator with
5% CO,.

RNA extraction and RT-gPCR. Total RNA was extracted
from tissues and cells using TRIzol reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) following the manufacturer's
protocol. The concentration of RNA was determined using a
NanoDrop 2000 (Thermo Fisher Scientific, Inc.). RNA was
reverse transcribed into cDNA using SMART MMLYV Reverse
Transcriptase (Takara Bio, Inc.). qPCR was performed
on a CFX96 Real-Time PCR Detection System (Bio-Rad
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Laboratories, Inc.) with TB Green Premix Ex Taq (Takara
Bio, Inc.). The qPCR conditions were as follows: Predenature
at 98°C for 30 sec, followed by 35 cycles of denature at 98°C
for 5 sec and elongation and annealing at 60°C for 30 sec.
GAPDH and U6 were used as internal controls for mRNA
and miRNA, respectively. Relative gene expression was
calculated using the 2"22%4 method (25). The primer sequences
were as follows: APC, forward 5'-AAGCATGAAACCGGC
TCACAT-3' and reverse 5'-CATTCGTGTAGTTGAACCCTG
A-3"; B-catenin, forward 5'-ATGGACAGTATGCAATGACTC
G-3' and reverse 5-TAGCAGACACCATCTGAGGAGA-3';
cyclin D1, forward 5-GCTGCGAAGTGGAAACCATC-3'
and reverse 5'-CCTCCTTCTGCACACATTTGAA-3"; c-Myc,
forward 5'-GGCTCCTGGCAAAAGGTCA-3' and reverse
5'-CTGCGTAGTTGTGCTGATGT-3'; GAPDH, forward
5'-GGAGCGAGATCCCTCCAAAAT-3" and reverse 5'-GGC
TGTTGTCATACTTCTCATGG-3'; stem-loop primer, 5'-CTC
AACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAGA
ATC-3'; miR-501-3p, forward 5'-GCCGAGAATGCACCC
GGGCA-3' and reverse 5'-CTCAACTGGTGTCGTGGA-3';
U6, forward 5'-CTCGCTTCGGCAGCAC-3' and reverse
5'-AACGCTTCACGAATTTGCG-3.

Protein extraction and western blotting. Primary antibodies
against APC (cat. no. 2504; 1:1,000), 3-catenin (cat. no. 8480;
1:1,000), phosphorylated (p-) pf-catenin (cat. no. 9561;
1:1,000), cyclin DI (cat. no. 2978; 1:1,000) and c-Myc
(cat. no. 9402; 1:1,000) were purchased from Cell Signaling
Technology, Inc. The antibodies targeting histone H1 (HI;
cat. no. ab71594; 1:10,000) and GAPDH (cat. no. ab8245;
1:5,000) were purchased from Abcam. Horseradish peroxi-
dase-conjugated mouse (cat. no. SA00001-1; 1:10,000) and
rabbit (cat. no. SA00001-2; 1:10,000) secondary antibodies
were products of ProteinTech Group, Inc. Protein lysates
were prepared with RIPA lysis buffer (Thermo Fisher
Scientific, Inc.) following the manufacturer's protocol. The
concentration of lysates was determined with BCA Protein
Assay kit (Thermo Fisher Scientific, Inc.). A total of 20 ug
lysate sample was loaded in each well of 8% SDS gels and
separated by electrophoresis. The proteins were transferred
to PVDF membranes and incubated with 5% non-fat milk
for 30 min at room temperature. Afterwards, the membrane
was incubated with primary antibody and secondary anti-
body for 1 h at room temperature. The blots were developed
with enhanced chemiluminescence ECL Western Blotting
Substrate (Thermo Fisher Scientific, Inc.). The relative
protein expression was analyzed with Image J software
version 1.51J8 (National Institutes of Health).

Transfection of miR-501-3p mimic and inhibitor. miR-501-3p
mimic (5'-AAUCCUUUGUCCCUGGGUGAGA-3"),
miR-negative control (NC) mimic (5'-UCACAACCUCCU
AGAAAGAGUAGA-3"), miR-501-3p inhibitor (5'-UCU
CACCCAGGGACAAAGGAUU-3") and miR-NC inhibitor
(5'-CAGUACUUUUGUGUAGUACAA-3") were synthesized
and purchased from Shanghai GenePharma Co., Ltd. For
transfection, 50 nM miR-501-3p mimic or miR-NC mimic
or miR-501-3p inhibitor or miR-NC inhibitor was transfected
into the indicated cells using Lipofectamine 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.) following the manufacturer's
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protocol. At 48 h post-transfection, the cultured cells were
harvested for subsequent experiments.

Cell proliferation assay. To determine the cell proliferation
ability, a Cell Counting Kit-8 (CCK-8; Dojindo Molecular
Technologies, Inc.) was used. Briefly, the cells were seeded
in 6-well plates and transfected with miR-501-3p inhibitor or
miR-NC inhibitor or miR-NC inhibitor + APC small interfering
(si)RNA. On the next day, the cells were harvested and re-seeded
in 96-well plates at a concentration of 10,000 cells per well.
Thereafter, 10 ul CCKS solution was added for 2 h into each
well at 0, 24, 48, 72 h post-cell adhesion. The medium was
then transferred into new 96-well plates and the absorbance of
each well was determined using a microplate reader.

Cell cycle assay. At 48 h post-transfection, the cells were
fixed in 75% ethanol at -20°C overnight. On the next day, the
cells were washed in cold PBS and stained with propidium
iodide (Invitrogen; Thermo Fisher Scientific, Inc.) for 30 min
at room temperature. Finally, the cells were analyzed using
a FACSCalibur flow cytometer (BD Biosciences) and FlowJo
software version 10.4 (FlowJo LLC).

Sphere formation assay. Briefly, after transfection, the cells
were harvested by trypsinization, and the cell suspensions
were washed with PBS three times. The cells were resuspended
with sphere condition media (DMEM/F12; Thermo Fisher
Scientific, Inc.) supplemented with B27 (Thermo Fisher
Scientific, Inc.) and recombinant epidermal growth factor
(20 ng/ml; PeproTech, Inc.) at a final concentration of
1,000 cells/ml. These cell suspensions (I ml) were seeded in
a 96-well ultra-low attachment plate (Corning Inc.). At day 7
of cell culture, the number of spheres (diameter >50 xm)
was counted in three random fields using an inverted light
microscope (magnification, x20).

Immunofluorescence. HCT116 cells were plated on a slide
glass in 96-well plates. Following transfection with miR-501-3p
inhibitor or miR-NC inhibitor in combination with control
siRNA or APC siRNA, HCT116 cells were fixed with 4%
formaldehyde for 1 h at room temperature, washed with PBS
containing 0.5% triton, and blocked with 5% bovine serum
(Sigma Aldrich; Merck KGaA) for 1 h at room temperature.
The cells were then incubated with B-catenin antibody
(cat. no. 8480; 1:100; Cell Signaling Technology, Inc.) at 4°C
overnight. On the next day, the cells were washed with PBS
and incubated with Alexa Fluor 488-conjugated secondary
antibody (cat. no. A-11034; 1:100,000; Thermo Fisher
Scientific, Inc.) at room temperature for 2 h. After washing
with PBS, Vectashield antifade mounting medium with DAPI
(Vector Laboratories, Inc.) was used. Cells were observed
and images were captured with a fluorescence microscope
(magnification, x40; Leica Microsystems GmbH).

Cycloheximide (CHX) chase assay. To detect the stability
of proteins, a CHX chase assay was performed. Following
transfection with miR-501-3p inhibitor or miR-NC inhibitor for
48 h, the cells were treated with CHX (10 pg/ul) for 0,2 or 4 h,
respectively. The cells were then harvested for western blotting,
as aforementioned.
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Table I. Association between miR-501-3p expression and
clinicopathological features of patients with colorectal cancer.

miR-501-3p
expression
Clinicopathological Number of High Low
features cases (n=15) (n=15) P-value
Age 1.000
>50 17 9 8
<50 13 6 7
Sex 0.427
Male 21 9 12
Female 9 6 3
Tumor size (mm) 0.272
>5 14 9 5
<5 16 6 10
TNM stage 0.008
I-11 12 2 10
II-1v 18 13 5

Extraction of nuclear and cytoplasmic protein. The
NE-PER™ Nuclear and Cytoplasmic Extraction Reagents kit
(Thermo Fisher Scientific, Inc.) was used to extract nuclear and
cytoplasmic proteins from cells, following the manufacturer's
protocol. H1 and GAPDH were used as controls for the nuclear
and cytoplasmic extracts, respectively.

Dual luciferase reporter assay. For construction of the
pGL3-APC 3'UTR-WT reporter plasmid, the 3'UTR sequence
of the APC gene containing the putative binding sites for
miR-501-3p was amplified from cDNA generated from
HCT116 cells and ligated into the pGL3 plasmid (Promega
Corporation) with T4 DNA ligase (New England Biolabs,
Inc.). Briefly, HCT116 cells were seeded in 24-well plates.
On the next day, miR-501-3p mimic or miR-NC mimic was
co-transfected with pGL3-APC 3'UTR-WT or pGL3-APC
3'UTR-Mut into HCT116 cells using Lipofectamine 3000
(Invitrogen; Thermo Fisher Scientific, Inc.). After 24 h, the
relative luciferase activity of HCT116 cells was determined
with a Dual Luciferase Reporter System Assay kit (Promega
Corporation) via normalization of the firefly luciferase activity
to Renilla luciferase activity.

Silencing of APC. APC siRNA (5-GGATCAGCCTATTGA
TTAT-3") and control siRNA (5'-TTCTCCGAACGTGTC
ACGT-3") were synthesized and purchased from Shanghai
GenePharma Co., Ltd. For silencing of APC, the cells were
transfected with 50 nM APC siRNA using Lipofectamine
RNAiMax (Invitrogen; Thermo Fisher Scientific, Inc.). At
48 h post-transfection, the cells were subjected to subsequent
experiments.

Statistical analysis. All experiments were repeated at least
three times. Data were analyzed with GraphPad Prism 5.0
(GraphPad Software, Inc.) and presented as mean + SD. The
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Figure 1. Overexpression of miR-501-3p in colorectal cancer tissues and cell lines. (A) Analysis of expression data in GSE115513 revealed that miR-501-3p
was overexpressed in colon adenoma and colon carcinoma compared with colon normal mucosa. (B) Analysis of expression data in GSE115513 revealed that
miR-501-3p was overexpressed in rectal adenoma and rectal carcinoma compared with rectal normal mucosa. (C) RT-qPCR analysis revealed that miR-501-3p
was overexpressed in tumor tissues compared to normal tissues from 30 patients with colorectal cancer. (D) RT-qPCR analysis revealed that miR-501-3p was
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overexpressed in colorectal cancer cell lines (HCT116, LOVO, Caco2, HT29) compared with the epithelial colorectal cell line FHC. “P<0.01 and *"P<0.001,
with comparisons indicated by lines. miR, microRNA; RT-qPCR, reverse transcription-quantitative PCR; n.s., not significant.

correlation between miR-501-3p and APC expression levels
was analyzed by Pearson's correlation analysis. The patients
were divided into high and low expression groups according
to the median expression value of miR-501-3p, and Chi-square
test was used to compare the pathological data from the
collected samples. Two groups were compared with Student's
t-test. Three groups were analyzed with one-way ANOVA
followed by Newman-Keuls test. P<0.05 was considered to
indicate a statistically significant difference.

Results

miR-501-3p is upregulated in CRC tissues and cells. To
investigate the potential role of miR-501-3p in CRC, the
expression levels of miR-501-3p in colon normal mucosa,
colon adenoma, colon carcinoma, rectal normal mucosa,
rectal adenoma and rectal carcinoma were analyzed from
a GEO dataset (GSE115513) (22). The results indicated that
miR-501-3p levels were elevated in adenoma and carcinoma
compared with normal tissues (Fig. 1A and B). To confirm
this observation, RT-qPCR was used to detect the miR-501-3p
expression levels in 30 pairs of normal and tumor tissues from

patients with CRC collected for the present study. The results
demonstrated that miR-501-3p was significantly overexpressed
in tumor tissues compared to normal tissues (Fig. 1C).
Additionally, high expression of miR-501-3p was associated
with increased TNM stage (III/IV) in patients with CRC
(Table I). In vitro, miR-501-3p was significantly overexpressed
in CRC cell lines (HCT116, LOVO, Caco2 and HT29)
compared with a colon epithelial cell line FHC (Fig. 1D).
These data suggested that miR-501-3p might be involved in
the progression of CRC.

Downregulation of miR-501-3p inhibits CRC cell proliferation
and stemness. To explore the function of miR-501-3p in
CRC, CRC cells were transfected in vitro with a miR-501-3p
inhibitor. Transfection of mR-501-3p inhibitor effectively
decreased the miR-501-3p expression levels in HCT116 and
Caco?2 cells (Fig. 2A). The cell proliferation assay indicated
that miR-501-3p inhibitor significantly suppressed cell
proliferation in both HCT116 and Caco2 cells (Fig. 2B and C).
Uncontrolled cell cycle progression leads to fast cell
proliferation in cancer cells. Results from flow cytometry
analysis revealed that downregulation of miR-501-3p induced
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Figure 2. miR-501-3p regulates colorectal cancer cell proliferation, cell cycle progression and sphere formation. (A) Transfection with miR-501-3p inhibitor
decreased miR-501-3p expression levels in HCT116 and Caco?2 cells. (B) The cell proliferation ability was inhibited following miR-501-3p downregulation in
HCT116 cells. (C) The cell proliferation ability was inhibited following miR-501-3p downregulation in Caco2 cells. (D) Representative images of cell cycle
distribution analysis in HCT116 and Caco2 cells transfected with miR-NC inhibitor or miR-501-3p inhibitor. (E) Quantification of cell cycle distribution
analysis revealed that miR-501-3p downregulation accumulated cells in the G1 phase.
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Figure 2. Continued. (F) Representative images of sphere formation in HCT116 and Caco?2 cells transfected with miR-NC inhibitor or miR-501-3p inhibitor.
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Caco? cells. "P<0.01 and ““P<0.001, with comparisons indicated by lines. miR, microRNA; NC, negative control.

an accumulation of cells in the G1 phase in HCT116 and
Caco2 cells (Fig. 2D and E), suggesting that miR-501-3p might
regulate cell proliferation via cell cycle control. Cancer stem
cells are cancer cells that exhibit strong self-renewing ability
and are associated with cancer initiation and drug resistance.
The sphere formation assay revealed that downregulation
of miR-501-3p significantly reduced the number of spheres
formed by HCT116 and Caco2 cells (Fig. 2F and G), indicating
that miR-501-3p could maintain the stemness of CRC cells.

APC is a direct target gene of miR-501-3p in CRC cells.
miRNAs function via directly binding to the 3'UTR of target
mRNAs to downregulate their expression. Using TargetScan
software (26), several mRNAs were predicted to be potential
target genes of miR-501-3p. Among them, the 3'UTR of
APC, a well-known negative regulator of Wnt/B-catenin
signaling, was found to harbor a complementary binding
site for miR-501-3p (Fig. 3B). To further investigate whether
APC is a direct target of miR-501-3p, mimics transfection
and a dual luciferase assay were employed. First, the efficacy
of miR-501-3p overexpression by mimic transfection was
confirmed (Fig. 3A). In the dual luciferase reporter assay,
overexpression of miR-501-3p significantly reduced the relative
luciferase activity in HCT116 cells transfected with APC
3'UTR, but not the mutant APC 3'UTR (Fig. 3C). In addition,
inhibition of miR-501-3p significantly increased the APC
mRNA expression levels in HCT116 and Caco2 cells (Fig. 3D).
Western blot analysis revealed that miR-501-3p inhibition also
significantly increased the APC protein expression levels in
these two cell lines (Fig. 3E and F). Of note, using RT-qPCR
to examine the mRNA expression levels of APC, a strong
negative correlation was observed between miR-501-3p and
APC mRNA expression in tumor and normal tissues from the
30 patients with CRC (Fig. 3G).

miR-501-3p inhibition downregulates [3-catenin expression via
targeting APC in CRC cells. Consistent with the upregulation of
APC, miR-501-3p inhibition significantly decreased [3-catenin
protein expression levels and increased p-fB-catenin levels, in

both HCT116 and Caco2 cells (Fig. 4A and B). APC promotes
the degradation of (3-catenin protein via forming a complex
with glycogen synthase kinase 3f and other proteins to
phosphorylate 3-catenin (28). In a CHX chase assay, inhibition
of miR-501-3p significantly destabilized the -catenin protein
in HCT116 cells (Fig. 4C and D). RT-qPCR results indicated
that the mRNA expression levels of f-catenin were not
altered following miR-501-3p inhibition (Fig. 4E), suggesting
that miR-501-3p regulated the stability of the p-catenin
protein rather than its gene transcription. The subcellular
localization of B-catenin is tightly controlled by APC and
associated with its transcriptional activity (28). To investigate
whether APC was involved in the regulation of f-catenin by
miR-501-3p, APC siRNA was transfected into HCT116 cells
to downregulate APC expression (Fig. SA and B). While the
miR-501-3p inhibitor increased the APC protein expression
levels, APC silencing by siRNA decreased the APC protein
expression levels in HCT116 cells (Fig. 5C and D). To explore
whether miR-501-3p regulated [-catenin cellular localization,
cytoplasmic and nuclear protein extracts were separately
prepared. Western blotting demonstrated that transfection
with the miR-501-3p inhibitor significantly increased the
proportion of (3-catenin in the cytoplasm and decreased the
proportion of B-catenin in the nucleus, compared with the
cells transfected with the negative control (Fig. 5SE and F). By
contrast, APC silencing reversed the translocation of 3-catenin
in HCT116 cells (Fig. 5E and F), suggesting the inactivation of
Wnt/B-catenin signaling. The translocation of (3-catenin from
the nucleus to the cytoplasm following miR-501-3p inhibition
was further confirmed by immunofluorescence (Fig. 5G);
APC silencing reversed this effect (Fig. 5G). These results
indicated that miR-501-3p regulated Wnt/B-catenin signaling
via targeting APC in CRC cells.

miR-501-3p regulates Wnt/f3-catenin signaling-related gene
expression via targeting APC in CRC cells. Wnt/B-catenin
signaling directly activates several key genes which are
involved in cell proliferation, cell cycle and stemness to
control cancer progression (29). In HCT116 and Caco2 cells,
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cancer. Pearson correlation analysis was applied to examine the correlation between miR-501-3p and APC expression levels in the 30 pairs of tumors and
normal tissues. "P<0.05, “P<0.01 and “"P<0.001, with comparisons indicated by lines. miR, microRNA; APC, adenomatous polyposis coli; UTR, untranslated
region; NC, negative control; Mut, mutant.



678

A HCT116 Caco?

O, — .— B-catenin

A — A —— AP DH
P SR ) catenin
T D S — DD

miR-NC miR-501-3p miR-NC miR-501-3p
inhibitor  inhibitor inhibitor  inhibitor

C
D ———
A A e oo

CHX Oh 2h 4 h Oh 2h 4h
miR-NC inhibitor miR-501-3p inhibitor

B-catenin

E 1.5 - @ iR-NC inhibitor
[ miR-501-3p inhibitor
NS NS
c c
£ % 104 L T
ik}
g
@ ©
£ 3
S Z 54
i
€ E
0.0 T T
HCT116 Caco2

WU et al: miR-501-3p IS INVOLVED IN COLORECTAL CANCER PROGRESSION

B W miR-NC inhibitor [ miR-501-3p inhibitor

44 HCT116 Caco2
%
cc 34 l
c % *
@
5 8 -
?a
Cat 1
0% 2
Z c
=3 * Hekk
© © — —
o -II I 'l 1
0- T T T T
(-catenin p-f-catenin  B-catenin p-f-catenin
D . . "I
—e— MiR-NC inhibitor
o 1.01 —=— miR-501-3p inhibitor
o
=
'
g
S 0.5
(==}
2
= Hoxk
s
0'0 L] L] L] L] 1

Figure 4. miR-501-3p stabilizes the f-catenin protein in colorectal cancer cells. (A) Downregulation of miR-501-3p decreased the f-catenin total protein
expression levels and increased the p-f-catenin protein expression levels in HCT116 and Caco?2 cells. (B) Quantification of f-catenin and p-f-catenin protein
expression levels in A. (C) The CHX chase assay suggested that downregulation of miR-501-3p led to an increase of 3-catenin degradation in HCT116 cells.
(D) Analysis of B-catenin protein degradation in HCT116 cells transfected with miR-NC inhibitor or miR-501-3p inhibitor. (E) Reverse transcription-quantita-
tive qPCR analysis revealed that miR-501-3p downregulation had no effect on f-catenin mRNA expression levels in HCT116 and Caco? cells. "P<0.05, “P<0.01

and ""P<0.001, with comparisons indicated by lines. miR, microRNA; p-, phosphorylated; CHX, cycloheximide; NC, negative control; n.s., not significant.

transfection with miR-501-3p inhibitor significantly decreased
the mRNA expression levels of cyclinD1 and c-Myc, two
Wnt/B-catenin pathway target genes; this effect was effectively
reversed by APC silencing (Fig. 6A and B). In addition, the
protein expression levels of cyclinD1 and c-Myc were also
reduced with miR-501-3p inhibition, which was again reversed
following APC silencing (Fig. 6C-F).

APC is pivotal for miR-501-3p-mediated CRC cell
proliferation and stemness. Next, the present study aimed
to confirm whether APC was critical for the function of
miR-501-3p in CRC cells. Analysis of cell cycle phase distri-
bution revealed that an accumulation of cells in the G1 phase
induced by the miR-501-3p inhibitor was also rescued after
APC silencing (Fig. 7A and B). In addition, transfection with
the miR-501-3p inhibitor induced a significant decrease of
sphere formation ability, which was recovered following APC
silencing (Fig. 7C and D). Furthermore, the cell proliferation

assay suggested that APC silencing reversed the miR-501-3p
inhibitor-induced cell growth arrest in HCT116 cells (Fig. 7E).
The present results demonstrated that miR-501-3p regulated
CRC cell proliferation and stemness via regulation of APC
expression.

Discussion

Accumulating evidence has suggested that miRNAs are
involved in the initiation and development of cancer (30).
Several miRNAs have been discovered as differentially
expressed between tumor and normal tissues, or serum from
healthy volunteers and from patients with cancer (31-33).
Several have been experimentally validated as oncogenes or
tumor suppressors via targeting key genes that are involved
in cancer progression (34,35). Compared with normal
colonic mucosa, miR-501-3p is one of the most significantly
upregulated miRNAs in colorectal carcinomas, as reported
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by Slattery et al (22). The current study further confirmed
the upregulation of miR-501-3p in CRC tumors and cell lines
compared with normal. Notably, the present results demon-
strated that miR-501-3p promoted CRC cell proliferation and
stemness viatargeting APC to activate Wnt/p3-catenin signaling.

miR-501-3p is involved in carcinogenesis and Alzheimer's
disease(23,36).Incervical cancerand hepatocellularcarcinoma,
miR-501-3p is overexpressed in tumor tissues compared with
normal tissues, and promotes cell proliferation, migration and
invasion via targeting CYLD lysine 63 deubiquitinase (23,24).
The present study demonstrated that downregulation of
miR-501-3p inhibited CRC cell proliferation, cell cycle
progression and sphere formation in CRC cells. The results of
functional assays suggested that miR-501-3p might accelerate
cell cycle progression to promote cell proliferation; in addition,
they emphasized a role of miR-501-3p in mediating cancer cell
stemness for the first time. Cancer stem cells are pivotal for
tumor initiation and drug resistance (37,38); therefore, it would

be interesting to examine the potential role of miR-501-3p in
regulating drug sensitivity in the future. Overall, in agreement
with previous studies, the present data support an oncogenic
role of miR-510-3p in CRC.

Among several oncogenic signaling pathways, the
Whnt/pB-catenin signaling pathway is the most well-char-
acterized driver of CRC (13). Several negative regulators
of the Wnt/B-catenin signaling pathway, such as APC and
axin 1/2, are frequently mutated, resulting in loss of func-
tion in CRC (39). In addition, almost all the key components
of Wnt/B-catenin signaling are reported to be regulated by
miRNAs in CRC. For example, miR-7 targets the transcrip-
tion factor YY1 to inactivate Wnt/B-catenin signaling and
to inhibit CRC cell proliferation (40). miR-23b inhibits
CRC cell proliferation via targeting Frizzled class receptor
7, a receptor of Wnt/B-catenin signaling (41). By contrast,
miR-135a/b targets APC to promote CRC progression (42).
Several miRNAs, such as miR-3607, have been shown
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to target APC in other types of cancer (43). In the present
study, it was predicted and confirmed that APC was a target
gene of miR-501-3p in CRC cells. Inhibition of miR-501-3p
resulted in downregulation of f-catenin protein expression,
as well as its translocation from the nucleus to the cytoplasm,
inactivating Wnt/B-catenin signaling in CRC cells. As target
genes of Wnt/f-catenin signaling, CyclinD1 and c-Myc are

major regulators of the GO/GI cell cycle checkpoint and
stemness (44,45). The present data showing that cyclinD1
and c-Myc were downregulated following miR-501-3p
inhibition, suggested that miR-501-3p might regulate cell
proliferation, cell cycle and sphere formation via APC. In
addition, it was demonstrated that the inhibition of cell
proliferation, cell cycle and sphere formation induced by
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miR-501-3p downregulation were reversed by APC silencing.
The current data revealed miR-501-3p as a novel regulator of
Wnt/p-catenin signaling in CRC.

In conclusion, the present results demonstrated that
miR-501-3p promoted the proliferation and stemness of CRC
cells through targeting APC and activating Wnt/B-catenin

signaling. These findings enrich the current understanding
on the molecular mechanism of miR-501-3p function and
the activity of Wnt/p-catenin signaling in CRC, which may
facilitate the research and development of novel treatment
approaches. However, the association between miR-501-3p
and the prognosis of patients with CRC was not included in
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the current study; further studies will be needed to assess the
prognostic potential of miR-501-3p.
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