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1 | INTRODUCTION

Colorectal cancer (CRC) is the fourth most common cancer and one
of the most deadly human malignancies.1 In the last decade, the use
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Objectives: Chemoresistance development represents a major obstacle to the suc-
cessful treatment of colorectal cancer (CRC). The aim of this study was to elucidate the
mechanism by which miR-506 reverses oxaliplatin chemoresistance in CRC.
Methods: In this study, miR-506 levels were measured in 74 patients with colon cancer
via quantitative real-time polymerase chain reaction (qQRT-PCR) and in situ hybridization
(ISH). We subsequently analysed the relationship between miR-506 expression and CRC
patient survival via the Kaplan-Meier method. MTT assay demonstrated the fractional
survival rates and cell viability of HCT116-OxR, HCT116-OxR-miR-Ctrl and HCT116-
OxR-miR-506 cells treated with oxaliplatin at different concentrations. Cell proliferation
and apoptosis were assessed via flow cytometry (FCM) analysis and apoptosis assay.
MDR1 mRNA expression and P-gp protein expression were assessed via qRT-PCR and
Western blotting (WB) respectively. Immunofluorescence (IF) staining demonstrated
P-gp expression in HCT116-OxR and HCT116-OxR-miR-506 cells. gRT-PCR and WB
were used to detect Wnt/p-catenin pathway activity after miR-506 overexpression.
Results: In the present study, in ISH and gRT-PCR results demonstrated that miR-506 is
weakly expressed in chemoresistant CRC tissues. The low miR-506 expression group
exhibited lower 5-year OS and lower 5-year RFS than the high miR-506 expression
group. miR-506 overexpression inhibited cell growth and increased oxaliplatin-induced
cell apoptosis in HCT116-OxR cells, as shown via FCM and apoptosis assay. We subse-
quently noted low MDR1/P-gp expression in HCT116-OxR-miR-506 cells via qRT-PCR,
WB and IF. Lastly, we demonstrated low MDR1/P-gp expression in HCT116-OxR-
miR-506 cells via inhibition of the Wnt/p-catenin by WB, MTT and FCM analysis.
Conclusion: Taken together, the findings of our study demonstrate that miR-506 over-
expression in HCT116-OxR cells enhances oxaliplatin sensitivity by inhibiting MDR1/
P-gp expression via down-regulation of the Wnt/p-catenin pathway and thus provide
a rationale for the development of miRNA-based strategies to reverse oxaliplatin re-

sistance in CRC cells.

of chemotherapeutic agents has significantly increased the survival of
patients with advanced CRC. Although vital progress has been made
with respect to diagnostic methods, surgical techniques and chemo-
therapies, resistance to conventional therapies is frequently observed
in patients with stage Ill and IV CRC.
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The poor patient prognoses associated with CRC are partially due

to resistance to existing therapies; however, our understanding of
the mechanisms underlying therapy resistance, as well as the num-
ber of available therapeutic options, remains limited. This study found
that chemotherapy effectiveness is often limited by abnormal drug
resistance-related protein expression. Common drug resistance pro-
teins include glutathione-s-transferase (GST), lung resistance-related
protein (LRP), multi-drug resistance-associated protein 1 (MRP1) and
permeability-glycoprotein (P—gp).2 Overexpression of these proteins
results in acquired and/or intrinsic drug resistance in many tumours.
However, thus far, the complex mechanisms underlying the effects
exerted by these proteins have not been fully elucidated. MicroRNAs
(miRNAs) are a class of small, single-stranded, non-coding RNA mole-
cules of 19-24 nucleotides in length®* and have been reported to play
an important role in drug resistance in both haematopoietic and solid
tumours,””” including CRC.512 Zhou'® reported that miR-203 induces
oxaliplatin resistance in CRC cells by negatively regulating ATM kinase.
Wan'* demonstrated that ectopic miR-320 expression resulted in the
inhibition of HCT-116 cell proliferation and invasion and in hyper-
sensitivity to 5-Fu and oxaliplatin. miR-506 is a component of an X
chromosome-linked miRNA cluster that has been reported to function
both as an oncogene and as a suppressor of tumour progression.15 In
our previous study, we confirmed that the miR-506-EZH2 axis mod-
ulates CRC invasion and metastasis by inhibiting the Wnt/B-catenin
signalling pathway.*® However, little work has been performed regard-
ing the relationship between miR-506 and oxaliplatin resistance in
chemoresistant CRC cells.

miR-506 has been identified as a tumour suppressor in CRC; how-
ever, the role of miR-506 in CRC chemoresistance has not been fully
studied. In this study, we confirmed that miR-506 is down-regulated
in chemoresistant CRC cancer tissues, which is associated with a poor
prognosis. We also found that miR-506 inhibited MDR1/P-gp expres-
sion via down-regulation of the Wnt/f-catenin pathway to reverse
oxaliplatin resistance in HCT116-OxR cells. These results enhanced
our understanding of the molecular mechanisms underlying CRC drug
resistance and indicated that miR-506 may be a therapeutic target in
chemoresistant CRC.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

All patients agreed to participate in the study and provided written
informed consent. This study was approved by the ethics board of the
Third XiangYa Hospital of Central South University and complied with
the Declaration of Helsinki.

2.2 | Patient samples

The study enrolled 74 patients with confirmed advanced CRC, includ-
ing patients diagnosed with stage IV CRC through colonoscopy and
magnetic resonance or computed tomography (CT) scan before chem-
otherapy. Patients ranged from 36-80 years of age and underwent

neoadjuvant chemotherapy (XELOX [capecitabine + oxaliplatin] or
mFolFox6 [5-FU, leucovorin, oxaliplatin]) prior to surgery between
2008 and 2010 at the Department of Gastrointestinal Surgery of the
Third Xiangya Hospital of Central South University. Chemotherapy re-
sponses were evaluated using the tumour regression grade (TRG) sys-
tem.Y” Patients were divided into two groups based on their response
to chemotherapy. The non-responder (NR) group included TRG1 and
TRG2 patients, and the responder (R) group included TRG3 and TRG4
patients. The effects of clinicopathological characteristics, such as age,
gender, tumour size, depth of invasion, tumour differentiation, lymph
node invasion, TNM stage, metastasis and chemotherapy resistance,
on chemotherapy responsiveness were also assessed. Tumours were
classified and graded based on the TNM classification advocated by

the International Union Against Cancer.

2.3 | Cell culture

The human CRC HCT-116 cells used in this study were purchased
from American Type Culture Collection. HCT-116 cellsand HCT116-
OxR cells were cultured in RPMI 1640 medium (Gibco Industries,
Inc. Carlsbad, CA, USA), and the medium was supplemented with
10% foetal bovine serum, 100 U/mL penicillin G and 100 pg/mL
streptomycin. Oxaliplatin-resistant HCT-116 cell (HCT116-OxR)
was established by our laboratory. Briefly, 20 ng/mL of oxaliplatin
was used in the beginning to induce drug resistance of HCT-116 cell
line, and thereafter, the concentration of oxaliplatin was increased
in gradient. About 7 months later, the cells could stably grow in
20 pg/mL of oxaliplatin, which was named HCT116-OxR cell line.
The HCT116-OxR cells were seeded in the medium additionally
contained 5 pg/mL oxaliplatin, so as to maintain the drug-resistant
phenotype. Both cell lines were incubated in 5% CO, at 37°C in
100% humidity.

2.4 | Insitu hybridization analysis

In situ hybridization (ISH) analysis was performed according to a previ-
ously described method.'® Antisense oligonucleotide probes for miR-
506 (Exigon Inc., Woburn, MA, USA) were used for ISH.

2.5 | Immunofluorescence staining

For immunofluorescence (IF), cells were seeded on cover slips in
24-well plates overnight and then fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 10 minutes, washed twice with
PBS, and then permeabilized with 0.1% Triton X-100 in PBS for
10 minutes. Fixed cells were pre-incubated in PBS containing 5%
BSA for 30 minutes at room temperature. The cells were stained with
primary antibody (anti-P-gp monoclonal antibody, 1:200 dilutions)
for 1 hour at room temperature, followed by incubation with sec-
ondary antibody conjugated with FITC. DAPI (0.1 pg/mL) was added
to the secondary antibody mixture to visualize nuclei. Fluorescence
images were collected and analysed using an inverted fluorescence
microscope.
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2.6 | Cell cycle analysis

At 48 hours after transfection, the cells were harvested, washed with
PBS solution and fixed in 70% ethanol overnight at 4°C. After fixation,
the cells were washed twice with PBS before incubation in propidium
iodide (PI)/RNase A solution (5 ug/mL Pl and 100 mg/mL RNase A)
at room temperature in the dark for 30 minutes. Stained cells were
analysed using a FACSCalibur flow cytometer (Becton-Dickinson, San

Jose, CA, USA), and the analysis was completed within 30 minutes.

2.7 | Apoptosis analysis

Cell apoptosis analysis was performed using a Phycoerythrin (PE)-
AnnexinV Apoptosis Detection Kit (BD PharMingen, San Jose, CA,
USA). For cell apoptosis analysis, cells were seeded in six-well plates
at a density of 8 x 10° per well. Twenty-four hours after transfection,
oxaliplatin was added at a final concentration of 5 pg/mL. Forty-eight
hours after oxaliplatin treatment, adherent HCT116-OxR cells in the
suspension were harvested and labelled with AnnexinV for 15 minutes
in the dark. Then, 50 pg/mL Pl was added to each sample before the
apoptotic cell distribution was analysed via flow cytometry (FCM) (BD
LSRII, San Jose, CA, USA). The experiments were repeated three times.

2.8 | MTT assay and drug sensitivity assay

HCT116-OxR, HCT116-OxR-miR-ctrl and HCT116-OxR-miR-506 CRC
cells were seeded in 96-well plates at a density of 3000/well in 100 pL
of medium and incubated overnight to allow attachment. The next day,
100 pL of a stock solution of oxaliplatin was added to the cell suspen-
sion at a 2X final concentration. After incubation for 72 hours at 37°C,
40 uL of MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide; 3 mg/mL) was added to each well, and the cells were incu-
bated for an additional 24 hours. After the supernatant was removed,
the formazan precipitates in the cells were dissolved in 150 pL of di-
methyl sulfoxide. Absorbance was measured with a microplate reader
at a wavelength of 570 nm. The chemosensitivity of oxaliplatin was
expressed as IC50 (concentration inducing 50% cytotoxicity). After
transfection, the HCT116-OxR, HCT116-OxR-miR-506 and HCT116-
OxR-miR-506-SB-216763 cells were seeded into 96-well plates, and
oxaliplatin was added at the following concentrations: 6.25, 12.5, 25,
50 and 100 pg/mL. The concentration of SB-216763 is 5 pmol/L.*
Cell viability was measured via MTT assay.

2.9 | Western blot

Total proteins were harvested from cultured cells or fresh frozen tis-
sues and lysed by ice-cold lysis buffer. Proteins were separated via 6%
SDS-polyacrylamide gel electrophoresis and then transferred to polyvi-
nylidene difluoride membranes. The membranes were blocked with 5%
non-fat milk in PBS for 1 hour at room temperature and then immuno-
blotted with the following primary antibodies: rabbit-anti-human P-gp,
MRP1, LRP, GST (1:1000; Affinity biosciences Inc, OH, USA) and B-
actin (1:800; Affinity biosciences Inc, OH, USA), followed by incubation

Proliferation:

with horseradish peroxidase-conjugated secondary antibodies (1:5000;
Bioworld Technology, Inc, NanJing, China) for 1.5 hours at room tem-
perature. Reactive bands were visualized using an enhanced chemi-
luminescence system. Band intensity was quantified using an image
analysis system (Quantity One v4.62, Bio-Rad Laboratories Co., Ltd.
Hercules, CA, United States). The experiment was repeated three times.

2.10 | Quantitative RT-PCR

Total RNA was extracted from cells or tissues using TRIzol (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s protocol. For ma-
ture miR-506 detection, total RNA was polyadenylated using poly(A)
polymerase (Ambion, Austin, TX, USA), as described previously.
Reverse transcription was performed using poly(A)-tailed total RNA,
a reverse transcription primer and ImPro-ll Reverse Transcriptase
(Promega, Madison, WI, USA), according to the manufacturer’s in-
structions. Quantitative real-time PCR (qRT-PCR) was performed as
described in the instructions provided with the Fast Start Universal
SYBR Green Master Mix (Rox) (Roche Diagnostics GmbH, Mannheim,
Germany). U6 was used as an internal control; other specific primers

were purchased from Invitrogen.

2.11 | miRNA transfection

The miRNA-506 mimic and negative control were obtained from
GenePharma (Shanghai, China). The sequence of the miR-506 mimic
was 5'-UAAGGCACCCUUCUGAGUAGA-3'. Cells (5x10° cells/2 mL/
well) were seeded in six-well plates at 60% confluence. After 48 hours,
the miRNA-506 mimic or the negative control was transfected into
the cells using Lipofectamine 2000 (Invitrogen) at a final concentra-

tion of 50 nmol/L, according to the manufacturer’s instructions.

2.12 | Statistical analysis

All values are expressed as the mean + standard deviation (SD). The
significance of the differences was determined via one-way ANOVA
or Student’s t-test. An y2 test was used to evaluate the relationship
between expression and patient clinicopathological characteristics.
The Kaplan-Meier method was employed for survival analysis, and the
differences in survival probability were estimated using the log-rank
test by Prism software (GraphPad Software 6). P<.05 was considered
statistically significant. Statistical analysis was performed using spss
version 20.0 (SPSS, Inc., Chicago, IL, USA).

3 | RESULTS

3.1 | miR-506 expression was down-regulated in
chemoresistant CRC cancer tissues and was correlated
with survival

To study the expression levels of miR-506 in chemotherapy-treated
CRC tissues, mature miR-506 was analysed in 31 NR CRC tissue sam-
ples and 43 R CRC tissue samples via qRT-PCR. The expression of
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miR-506 is no difference between the pre-chemotherapy and after showed that miR-506 expression was significantly down-regulated in
chemotherapy in the NR CRC tissue samples (Figure 1A). In the R NR CRC tissue samples compared to R CRC tissue samples (P<.05,
CRC tissue samples, the expression of miR-506 is higher in the pre- Figure 1D), and the gRT-PCR results indicated that miR-506 is down-
chemotherapy than after chemotherapy (Figure 1B). ISH analysis regulated in chemoresistant CRC (P<.05, Figure 1C). We further
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FIGURE 1 miR-506 expression was down-regulated in chemoresistant colorectal cancer (CRC) tissues and correlated with survival. A,

The relative expression levels of miR-506 were assessed via qRT-PCR between pre-chemotherapy (pNR CRC) and after chemotherapy in 31
non-responder colorectal cancer (NR CRC) tissues. B, The relative expression levels of miR-506 were assessed via gqRT-PCR between pre-
chemotherapy (pR CRC) and after chemotherapy in 43 responder colorectal cancer (R CRC) tissues. C, The relative expression levels of miR-506
were assessed via gRT-PCR in 43 R CRC tissues and 31 NR CRC tissues. D, Analysis of miR-506 expression in chemoresistant CRC cancer
tissues and non-chemoresistant CRC cancer tissues by in situ hybridization (ISH) (x400). E, Kaplan-Meier analysis revealed that the OS and RFS
rates of the high miR-506 expression group was higher than those of the low miR-506 expression group (*P<.05)
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analysed the relationship between the miR-506 expression levels and
the clinicopathological characteristics of CRC patients (Table 1). The
patients were stratified into two groups based on the median miR-506
expression levels; the miR-506 levels were negatively associated with
tumour size (P=.00015), lymph node invasion (P=.004), TNM stage
(P=.009), CEA (P=.010), CA199 (P=.018) and chemotherapy resist-
ant (P=.00041). We conducted 5-year follow-ups of these patients.
The 5-year overall survival (OS) rates and 5-year relapse-free survival
(RFS) rates was 30.80% and 13.51% in the low miR-506 expression
group and 67.04% and 59.33% in the high miR-506 expression group.
Kaplan-Meier analysis revealed that patients with low miR-506 ex-
pression were found to have significantly worse 5-year OS and 5-year
RFS rates (P<.05).

3.2 | Ectopic miR-506 expression enhanced
oxaliplatin sensitivity in chemoresistant CRC cells

HCT-116 and HCT116-OxR cells were treated with different concen-
trations of oxaliplatin (0-100 pg/mL) for 48 hours. The IC50 value of

TABLE 1 Relationship between miRNA-506 and
clinicopathological parameters in 74 colorectal cancer patients

miR-506
expression
All _
Variable cases High Low %2 P?
Ages (years)
<60 25 10 15 1.510 0.219
260 49 27 22
Gender
Male 57 25 32 3.742 0.053
Female 17 12 5
Lymph node invasion
N1 30 21 9 8.073 0.004
N2 44 16 28
TMN stage
11l 45 28 17 6.861 0.009
\% 29 9 20
CA-199
<37 30 20 10 5.606 0.018
237 44 17 27
CEA
<5 39 25 14 6.560 0.010
25 35 12 23
Tumour size
<5 30 23 7 14.351  <0.001
25 44 14 30
Chemotherapy resistant
NR 31 23 8 12.491  <0.001
R 43 14 29

Probability, P, from y test.

oxaliplatin was 9.18 and 70.01 pg/mL in the parental cell line HCT-
116 and in the HCT116-OxR cell line. The resistance index (RI), the
ratio of the IC50 of oxaliplatin in HCT116-OxR cells to that of the
parental HCT-116 cells, was 7.63 (Figure 2A). As the Rl value of
the cells was >3, the HCT116-OxR was considered to display chem-
oresistant characteristics. First, we compared miR-506 expression
levels in parental CRC HCT-116 cells and oxaliplatin-resistant CRC
HCT116-OxR cells. We confirmed the low expression levels of miR-
506 via qRT-PCR in the chemoresistant cell line compared with the
parental cell line (Figure 2B). To determine the potential role of miR-
506 in CRC chemoresistance, HCT116-OxR cells were infected with
miR-506 mimic to overexpress miR-506. Transfection efficiency was
confirmed via gRT-PCR (Figure 2C). Then, we examined the fractional
survival rates of HCT116-OxR (Blank), HCT116-OxR-miR-Ctrl (miR-
Ctrl) and HCT116-OxR-miR-506 (miR-506) cells, which were treated
with oxaliplatin at different concentrations, via MTT assay. The IC50
of oxaliplatin in HCT116-OxR-miR-Ctrl and HCT116-OxR-miR-506
cells was 41.54 and 14.75 pg/mL. The RI of oxaliplatin in HCT116-
OxR-miR-Ctrl cells and HCT116-OxR-miR-506 to that of the parental
HCT116 cells was 4.52 and 1.61, the HCT116-OxR-miR-ctrl was con-
sidered to display chemoresistant characteristics and HCT116-OxR-
miR-506 was considered as non-chemoresistant characteristics. The
results suggested that miR-506 overexpression resensitized HCT116-
OxR cells to oxaliplatin treatment, as evidenced by the leftward shift
of the growth inhibition curve (Figure 2D). The fractional survival
rates of the three groups were most significant at 5 pg/mL oxalipl-
atin. Decreased cancer cell proliferation is closely related to cell cycle
arrest. Thus, we performed FCM analyses to evaluate the effects of
miR-506 overexpression on the cell cycle under 5 pg/mL oxaliplatin
treatment. miR-506 significantly increased the number of cells in
G1 phase and elicited corresponding reductions in the percentages
of HCT116-OxR cells in S and G2 phase (Figure 2E), indicating that
miR-506 suppresses HCT116-OxR cell growth. Lastly, the ability of
miR-506 to induce apoptosis in HCT116-OxR cells was evaluated via
co-staining with AnnexinV and Pl. We found that miR-506 overex-
pression significantly enhanced 5 pg/mL oxaliplatin-induced apopto-
sis in HCT116-OxR cells compared with other two groups, resulting
in a decrease in the viable cell population (Figure 2F). Briefly, miR-506

up-regulation resensitized HCT116-OxR cells to oxaliplatin treatment.

3.3 | Correlation between resistance-related gene
expression and protein and miR-506 levels in HCT116-
OxR cells

To elucidate the mechanism underlying the miR-506-mediated rever-
sal of oxaliplatin resistance in CRC, the gene and relative protein ex-
pression levels of MDR1, LRP, GST and MRP1 in miR-506-transfected
HCT116-OxR cells were evaluated via qRT-PCR and Western blotting
(WB) (Figure 3A,B). MDR1/P-gp expression was lower in HCT116-
OxR-miR-506 cells than in HCT116-OxR and HCT116-OxR-Ctrl cells
(P<.05). A similar result was observed via IF staining (Figure 3C). These
findings indicate that miR-506 strengthens the sensitivity of HCT116-
OxR cells to oxaliplatin by inhibiting P-gp expression.
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FIGURE 2 The ectopic expression of miR-506 inhibited the proliferation of oxaliplatin-resistant colorectal cancer cells. A, The cell viability
of HCT116 and HCT116-OxR were treated with different concentrations of oxaliplatin for 48 h. B, miR-506 was down-regulated in HCT116-
OxR cells. C, miR-506 was up-regulated in HCT116-OxR cells via the transfection of a miR-506 mimic. After 48 h, the level of miR-506 was
detected via gRT-PCR. D, Overexpression of miR-506 significantly decreased the growth-inhibitory effect of oxaliplatin in HCT116-OxR

cells, as measured by MTT assay. E, The effect of miR-506 on the cell cycle distribution of HCT116-OxR was monitored via flow cytometry

at 5 pg/mL oxaliplatin concentration. The miR-506-overexpression HCT116-OxR cells were arrested at G1 phase of the cell cycle, resulting

in a corresponding reducing in the percentage of cells in S and G2/M phases. F, The proportion of annexin V-positive apoptotic cells was
evaluated by flow cytometry using annexin V allophycocyanin and propidium iodide staining of HCT116-OxR after transfection of a miR-506
mimic. HCT116-OxR cells were used as blank group and HCT116-OxR-miR-Ctrl cells were used as negative control. The data are shown as the
means + SD of three replicates (*P<.05)
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3.4 | miR-506 up-regulation in HCT116-OxR cells
inhibited MDR1/P-gp expression via the Wnt/p-
catenin pathway

Studies have revealed that the Wnt/B-catenin signalling pathway plays
an important role in cell proliferation, differentiation, invasion, migra-
tion and chemoresistance in many types of cancers. Our previous
study showed that miR-506 acts as a negative regulator of $-catenin
to inhibit the Wnt/p-catenin pathway. Shen?® and Zhang21 showed
that inhibition of Wnt/f-catenin signalling down-regulates P-gp and
reverses multi-drug resistance in cholangiocarcinoma and ovarian

cancer. Therefore, we speculated that miR-506 may play an important

AR A R S

role in the inhibition of MDR1/P-gp expression by down-regulating
Whnt/f-catenin signalling pathway activity. To validate this infer-
ence, we used gRT-PCR and WB to detect Wnt/p-catenin pathway
activity after miR-506 overexpression in HCT-116 and HCT116-OxR
cell. The expression level of MDR1, cyclinD1 and p-catenin were de-
creased in HCT-116 compared with HCT116-OxR, as demonstrated
by gRT-PCR and WB [S1]. And we detected low B-catenin expression
and low cyclinD1 expression in HCT116-OxR-miR-506 cells, indicat-
ing that the Wnt/p-catenin pathway was inhibited. Then, we added
the Wnt/p-catenin activator SB-216763 (5 pmol/L) and noted parallel
increases in B-catenin, cyclinD1 and P-gp expression in HCT116-OxR-
miR-506-SB-216763 cells (Figure 4A). Next, we noted that fractional
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FIGURE 3 miR-506 down-regulated MDR1/P-gp expression in HCT116-OxR. A, The mRNA level of MDR1 was decreased after transfection
with the miR-506 mimic of the relative chemoresistant genes as demonstrated by gRT-PCR. B, The protein level of MDR1 was decreased after
transfection with the miR-506 mimic of the relative chemoresistant proteins as demonstrated by Western blot. C, Expression of P-gp detected
by immunofluorescence staining. HCT116-OxR-miR-506 cells showed low levels of fluorescent staining of P-gp, whereas maximal staining of
P-gp was observed in HCT116-OxR cells, readily distinguished from background. Zoom: 200x. *P<.05)
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Proliferation
survival ratio was apparently lower in the HCT116-OxR-miR-506

group than in the other two groups under different oxaliplatin con-
centrations (Figure 4B). The IC50 of oxaliplatin in HCT116-OxR-
miR-506-SB216763 cells was 45.34 ug/mL. The Rl of oxaliplatin
in HCT116-OxR-miR-506-SB216763 cells to that of the parental
HCT-116 cells was 4.94. The HCT116-OxR-miR-506-SB216763 was
considered to display chemoresistant characteristics. In addition, we
detected changes in cell proliferation and apoptosis after activation
of the Wnt/p-catenin pathway. Cell proliferation and apoptosis were
significantly restored after activation of the Wnt/B-catenin pathway
(Figure 4C). Taken together, these data indicate that miR-506 up-
regulation decreases MDR1/P-gp expression in HCT116-OxR cells by
inhibiting the Wnt/f-catenin pathway to enhance the sensitivity of
human CRC cells to oxaliplatin.

4 | DISCUSSION

Therapeutic resistance is a major challenge in effective cancer treat-
ment. Oxaliplatin resistance is currently one of the major obstacles
in CRC chemotherapy. Although great progress has been made in
cancer therapy, most clinically effective chemotherapy inducers are

ineffective due to the complexity of the mechanisms underlying
chemotherapy resistance. CRC cells develop resistance to oxaliplatin
through reduced cellular uptake, impaired DNA adduct formation,
DNA repair gene alternations and transporter modifications. MDR1
overexpression has rendered many currently available chemothera-
peutic agents ineffective. In clinical situations, MDR1 overexpression
often results in P-gp overexpression in tumour cell membranes. This
protein, encoded by MDR1, is the most important membrane trans-
porter for preventing intracellular accumulation of anti-cancer drugs.
Many agents that modulate the function of P-gp have been identi-
fied, including calcium channel blockers, calmodulin antagonists, ste-
roidal agents, protein kinase C inhibitors, immunosuppressive drugs,
antibiotics and surfactants.?? Improving chemosensitivity by target-
ing P-gp has been extensively used as a strategy for cancer therapy.
A few studies have used oxaliplatin-resistant CRC cells as a model.
Montazami?® used SW480-OxR colon cancer cells as a model to dem-
onstrate that siRNA-mediated silencing of MDR1 can reverse oxalipl-
atin resistance. In this study, we used HCT116-OxR CRC cells treated
with oxaliplatin. Our results showed that reducing P-gp expression in
HCT116-OxR CRC cells resulted in loss of the chemoresistant pheno-
type in HCT116-OxR CRC cells, which we confirmed at both the RNA
and protein levels using RT-PCR and WB. Aberrant miRNA expression
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catenin pathway. A, The protein levels

of P-gp, cyclinD1 and B-catenin were
decreased after transfection with the miR-
506 mimic and then the P-gp, cyclinD1 and
B-catenin in HCT116-OxR-miR-506 cells
were increased after SB-216763 treatment
for 6 h, as demonstrated by Western blot.
B, Overexpression of miR-506 significantly
decreased the growth-inhibitory effect

of oxaliplatin in HCT116-OxR cells,

while GSK-3p inhibitor (SB-216763)
increased the growth-inhibitory effect

of oxaliplatin in HCT116-OxR-miR-506
cells as measured by MTT assay. C, The
effect of miR-506 and SB-216763 on the
cell cycle distribution of HCT116-OxR
was monitored via flow cytometry. The
HCT116-OxR-miR-506-SB-216763 cells
which arrested at G1 phase of the cell
cycle were less than the HCT116-OxR-
miR-506 cells. The data are shown as the
means + SD of three replicates (*P<.05)
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has recently been implicated in the development of chemoresistance
in CRC; however, the molecular mechanisms underlying the regulation
of MDR1/P-gp by miRNA have not been elucidated.

Several reports have partially described the mechanisms by
which miR-506 enhances or reduces drug resistance. Liu?*?° found
that miR-506 augments chemotherapy responses through RAD51
regulation in serous ovarian cancers. Tong12 reported that miR-506
overexpression in HCPT-resistant colon cancer SW1116/HCPT cells
confers resistance to HCPT by inhibiting PPAR« expression. However,
the mechanisms underlying the direct involvement of miR-506 in
chemoresistance regulation have not been extensively investigated,
especially in chemoresistant CRC. Thus, we sought to determine the
potential mechanisms underlying the relationship between miR-506
expression and chemoresistance-related gene and protein expression
in HCT116-OxR CRC cells via WB and gRT-PCR. miR-506 expression
was significantly low in HCT116-OxR cells, while MDR1/P-gp expres-
sion was very high. miR-506 treatment increased the sensitivity of
HCT116-OxR cells to oxaliplatin. Moreover, HCT116-OxR cell popula-
tions transfected with miR-506 mimics after oxaliplatin treatment ex-
hibited higher percentages of oxaliplatin-induced apoptosis than cell
populations transfected with miR-Ctrl and NC vectors. We also found
that miR-506 effectively reduced MDR1/P-gp expression, resulting
in loss of the chemoresistant phenotype in HCT116-OxR CRC cells.
These findings demonstrated that miR-506 reverses chemoresistance
by down-regulating MDR1/P-gp expression.

The mechanism underlying the miR-506-mediated reversal of
oxaliplatin chemoresistance is complex and remains unknown. miR-
506 may mediate MDR1 down-regulation by regulating drug efflux,
altering cell proliferation and survival or inhibiting DNA damage. In
this study, we addressed the potential relationship between Wnt/p-
catenin signalling and intrinsic responsiveness to chemotherapy in
HCT116-OxR cells. As with tumorigenesis, the current evidence sug-
gests that abnormal Whnt signalling contributes to chemoresistance

in cancer via multiple mechanisms. Flahaut?®

demonstrated p-catenin
transcriptional activity in chemoresistant cells via the expression of
several well-recognized Wnt/p-catenin target genes, including cy-
clin-D1 and IGF2, in neuroblastoma cells. In addition, a growing body
of evidence suggests that unregulated p-catenin activity may play a
significant role in the development of resistance to traditional cyto-
toxic chemotherapeutic agents. Perhaps more importantly, several
of these studies demonstrated reversal of resistance following inhi-
bition or silencing of canonical Wnt signalling. Yang?’ demonstrated
that B-catenin signalling inhibition leads to decreased numbers of
OV6(+) cells and reverses cisplatin chemoresistance in hepatocellu-
lar carcinoma. In our study, Wnt signalling activity was up-regulated
in HCT116-OxR cells, as was the expression and localization of f-
catenin. HCT-116 cell resistance to oxaliplatin was reversed by miR-
506 via inhibition of B-catenin, as shown via WB and qRT-PCR. Some
of the key downstream proteins and genes that are activated by
the binding of B-catenin to transcriptional factors of the canonical
pathway include c-MYC (MYC), cyclin D1 (CCND1), survivin (BIRC5),
Axin2 (AXIN2) and matrix metalloproteinases. It was reported that
Whnt/p-catenin signalling plays an important role in the induction of
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MDR1/P-gp expression.?! Shen?® revealed that inhibition of Wnt/
B-catenin signalling down-regulates MDR1/P-gp expression and
reverses multi-drug resistance in cholangiocarcinoma. Yamada®® sug-
gested that MDR1 is a target gene of the TCF4/p-catenin complex.
Down-regulation of Wnt/f-catenin signalling repressed MDR1/P-gp
expression, inducing apoptosis in multifarious human cancer cells
and validating the function of the Wnt/p-catenin signalling pathway
in CRC.22?? The Wnt/p-catenin signalling pathway is altered in more
than 90% of patients with CRC®® which makes it a particularly at-
tractive therapeutic target. Hence, disruption of the Wnt/p-catenin
signalling pathway may represent an opportunity for improved CRC
chemoprevention and therapy. Several miRNAs are regarded as reg-
ulators and regulate Wnt/p-catenin signalling pathway activity.3134
However, the mechanism by which miR-506 reverses oxaliplatin che-
moresistance in CRC has not yet been elucidated. Our previous study
indicated that the miR-506-EZH2 may suppress tumour proliferation
and metastasis by inhibiting the Wnt/p-catenin pathway. Consistent
with these findings, the results of this study showed that miR-506,
Whnt/f-catenin signalling and MDR1/P-gp expression constitute a
regulatory circuit that may be disrupted in HCT116-OxR CRC cells.
Whnt signalling is up-regulated in HCT116-OxR cells, as is the ex-
pression and localization of p-catenin. We clearly demonstrated that
miR-506 overexpression resulted in MDR1 down-regulation at the
protein level, as well as down-regulation of the downstream genes
of the Wnt/p-catenin signalling pathway. SB-216763 is a GSK-3p in-
hibitor that can activate the Wnt/p-catenin signalling pathway and
increase intracellular $-catenin expression.35 In addition, SB-216763,
an activator of the Wnt/f-catenin signalling pathway, repressed
HCT116-OxR-miR-506 cell drug susceptibility in parallel with P-gp
up-regulation. Therefore, we concluded that miR-506 restoration
may represent a valuable therapeutic strategy because of its inhibi-
tion of MDR1/P-gp expression via Wnt/p-catenin signalling pathway
down-regulation in CRC.

In summary, we have demonstrated a novel miRNA-mediated reg-
ulatory mechanism by which miR-506 reverses MDR1/P-gp-mediated
chemoresistance by repressing the Wnt/p-catenin signalling pathway
through p-catenin down-regulation. Our present study has provided
strong evidence that miR-506 up-regulation may represent a promis-

ing chemosensitization strategy for the treatment of CRC.
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