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RORJ suppresses the stemness of gastric cancer cells by
downregulating the activity of the Wnt signaling pathway
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Abstract. Gastric cancer (GC) is the third leading cause of
cancer-related mortality and the fifth most common type of
cancer worldwide. GC stem cells (GCSCs) have been reported
to be responsible for the malignant behavior of GC. However,
the key molecular mechanism controlling GCSC function
remains unclear. The present study aimed to investigate the
function of retinoic acid-related orphan receptor  (RORp) in
GC. The expression levels of RORf in GC cells and clinical GC
tissues were analyzed using western blotting, reverse transcrip-
tion-quantitative PCR (RT-qPCR) and immunohistochemistry.
The association between ROR expression levels and GCSC
markers was analyzed using Gene Set Enrichment Analysis,
and GeneChip was performed to identify differentially
expressed genes between control and RORB-overexpressing
GC cells. CCK-8 and flow cytometric assays were used to
evaluate the effect of RORf on cell viability and apoptosis,
respectively. The effect of RORf on the self-renewal capacity
of GCSCs was measured using a sphere formation assay, the
expression levels of induced pluripotent stem (iPS) factors and
epithelial-mesenchymal transition (EMT)-related factors were
measured by RT-qPCR and western blotting, and the tumori-
genic capacity was measured by an in vivo mouse model.
Finally, the impact of RORf on the Wnt signaling pathway was
determined using western blotting and a TOP/FOP flash assay.
The results revealed that the expression levels of RORP were
downregulated in GC tissues compared with para-carcinoma
tissues, and were inversely associated with the expression levels
of GCSC markers. The overexpression of RORp upregulated
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the expression levels of the pro-apoptotic gene, Bcl-2 like
protein 11, which subsequently inhibited the viability and
promoted the apoptosis of GC cells. In addition, RORf
decreased the sphere forming ability, and downregulated the
expression levels of iPS cell- and EMT-related factors. In vivo,
RORSp suppressed the tumorigenic capacity and stemness of
GC cells. Mechanistically, ROR was revealed to decrease the
activity of the Wnt/B-catenin signaling pathway in GCSCs. In
conclusion, the findings of the present study identified RORf
as a novel suppressor of GCSCs and highlighted the prospect
of RORp as a novel candidate target for stem cell-based GC
therapy.

Introduction

Gastric cancer (GC) is the fifth most common type of cancer
worldwide and the third leading cause of cancer-related
mortality, with approximately 951,600 cases and 723,100
GC-related deaths in 2012 (1). Common therapeutic strategies
for GC include surgical resection, chemotherapy, radiotherapy
and anti-angiogenic therapy (2). However, the efficacy of
current treatment regimens for GC are hindered by multiple
factors such as chemotherapy and radiotherapy resistance,
and tumor relapse (3). At present, cancer stem cells (CSCs)
are regarded as a crucial population contributing to the irre-
sponsiveness to GC treatment and the poor prognosis (4).
CSCs can initiate tumor formation, and promote self-renewal,
therapy resistance, metastasis and tumor recurrence (5,6). As a
result, it is of great importance to determine the key molecules
controlling the malignant properties of gastric CSCs (GCSCs).

GCSCs were first identified in 2007 by Yang et al (7).
CD44, CD24/CD44 and aldehyde dehydrogenase (ALDH)1
have been identified as GCSCs markers (8,9). Numerous
previous studies have revealed the therapeutic value of
targeting CSC markers for GC intervention; for example,
Gong et al (10) reported that leucine rich repeat containing
G protein-coupled receptor 5 (LGRS) antibody conjugates
induced cytotoxicity in GC cells overexpressing LGRS5. In
addition, all-trans retinoic acid treatment inhibited GC
progression in mouse xenograft models by downregu-
lating the expression levels of CD44 and ALDHI (11).
Recently, an increasing number of therapeutics targeting
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stemness-associated functions have been designed to
specifically eradicate GCSCs, including those that inhibit
stemness-associated genes, block self-renewal signaling path-
ways and microenvironment-based anti-GCSC therapies (12).
One of the most characterized pathways contributing to the
function of CSCs is the Wnt signaling pathway, and the aber-
rant activation of the Wnt signaling pathway has been revealed
to promote stem cell characteristics of CSCs and initiate the
epithelial-mesenchymal transition (EMT) process (13). Due
to the pivotal role of CSCs in tumor progression and metas-
tasis, an improved understanding of the regulatory elements
that control the malignant behaviors of GCSCs may lead to
the development of effective therapies for patients with GC.

Retinoic acid-related orphan receptor § (RORf) is a member
of the orphan nuclear receptor family (14). RORf was origi-
nally considered to be expressed solely in the central nervous
system (CNS), mainly in the regions modulating the circadian
rhythm (15). However, RORf has since been demonstrated to
be expressed in other regions of the body, including bone tissue,
pancreatic cancer tissue and colorectal cancer tissue (16,17).
Risinger et al reported that the expression levels of ROR[ were
upregulated in women with endometrial cancer compared with
healthy women (18). However, despite the reported expressional
changes of RORp, the pathological significance of RORp
remains largely unknown. Therefore, the present study aimed
to investigate the expression levels and function of RORf in
GC, and identified RORJ as a novel suppressor of GCSCs.
These findings may help to propose a valuable target for the
stem cell-based therapy of GC in the future.

Materials and methods

Patient studies. A total of 32 patients with GC at the
General Surgery Department of Sir Run Run Shaw Hospital
(Hangzhou, China) were selected from January 2019 to
December 2019. There were 18 males and 14 females
with an age range of 34-76 years (average age 61.5 years
old). The fresh operative GC tissues and corresponding
para-cancerous tissues were collected. The pathological
stage was determined according to the American Joint
Committee on Cancer (AJCC) and the International Union
against Cancer (UICC) seventh edition TNM staging
system (19). The inclusion criteria were as follows: i) radical
gastrectomy or palliative surgery for GC and pathological
diagnosis was GC; ii) preoperative radiotherapy, and
chemotherapy were not performed; iii) complete clinico-
pathological data were available. The exclusion criteria
were as follows: i) gastric cancer recurrence or residual
gastric cancer; ii) combined with organ dysfunction or other
tumors. All patients provided written informed consent prior
to participation and the present study was approved by the
Institutional Review Board from Sir Run Run Shaw Hospital
(approval no. 20210429-30).

Cell culture. GC cell lines, AGS and MKN45, were purchased
from The Cell Bank of Type Culture Collection of the Chinese
Academy of Sciences. AGS cells were cultured in DMEM
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% FBS (Thermo Fisher Scientific, Inc.), while MKN45 cells
were cultured in RPMI-1640 medium (Gibco; Thermo Fisher

Scientific, Inc.) supplemented with 10% FBS. All GC cells
were incubated at 37°C and 5% CO,. GCSCs were cultured
from GC cells at a density of 1x10° cells/ml in serum-free
medium. EGF (20 g/1; Invitrogen; Thermo Fisher Scientific,
Inc.), bFGF (20 g/l; Invitrogen; Thermo Fisher Scientific,
Inc.), B27 (2%; Invitrogen; Thermo Fisher Scientific, Inc.),
BSA (0.4%; Roche Diagnostics), insulin (4 mg/l; Invitrogen;
Thermo Fisher Scientific, Inc.) and gentamicin (200 IU/ml;,
Sangon Biotech, Co., Ltd.) were added to DMEM/F-12 (Gibco;
Thermo Fisher Scientific, Inc.) in 4-well low adhesion culture
plates in an incubator at 37°C with 5% CO, for 7-10 days.

Screening and identification of stable RORf-overexpression
GC cells. The RORP gene coding sequence from
RORp/pReceiver plasmid (GeneCopoeia, Inc.) was inserted
into pEGFP-C1 vector at the BamHI site and identified by
DNA sequencing (Sangon Biotech Co., Ltd.). GC cells were
seeded into 6-well plates at a density of 1x10° cells/well
at 37°C with 5% CO, for 24 h. RORB/pEGFP-C1 (4 ug/ul)
and pEGFP-CI vector (4 pg/ul) were transfected into GC
cells using Lipofectamine® 3000 reagent (Invitrogen; Thermo
Fisher Scientific, Inc.). After 2 days, the cells were cultured in
the presence of 500 pg/ml G418 (Invitrogen; Thermo Fisher
Scientific, Inc.) for 2 weeks to obtain stably transfected GC
cells. ROR-overexpression GC cells were further verified by
western blotting.

Screening stable RORB-knockdown GC cells. GC cells were
transfected with 4 pg/ul RORB-short hairpin (shRNA) and
4 ug/ul control shRNA (both from Santa Cruz Biotechnology,
Inc.) using Lipofectamine® 3000 reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) for 2 days and then the cells were
screened with puromycin (5 pg/ml) for 14 days to obtain the
stable ROR(-knockdown cells further verified by western
blotting.

Nuclear/cytosolic fractionation. Ice-precooled CER I (200 pl)
was added to GC cells and the cells were incubated on ice for
10 min after vortex oscillation for 15 sec using nuclear and
cytoplasmic extraction reagents (NE-PER) (Pierce; Thermo
Fisher Scientific, Inc.). Ice-precooled CER 1II (11 pl) was added
and incubated, then swirled and shaken for 5 sec, and incubated
on ice for 1 min. The supernatant (cytoplasm) was transferred
to a clean ice-precooled centrifuge tube for preservation on ice.
The sediment was suspended with ice-precooled NER 100 yul,
incubated on ice for 10 min, and vortex oscillated 4 times for
15 sec. After centrifugation at 16,000 x g for 10 min at 4°C, the
supernatant was transferred to a clean ice-precooled centrifuge
tube (cell nucleus), and then western blotting was performed.

Sphere formation assay. RORB-overexpression and
RORp-knockdown GC cells and control cells were digested
and cultured in 24-well plates at a density of 200 cells/well
in serum-free medium incubated at 37°C with 5% CO, for
7 days. The medium was replaced every 3-4 days. Following
the incubation, the spheres were counted manually using a
light microscope with a magnification of x20.

CCK-8 assay. ROR-overexpression and RORf-knockdown
cells and control cells were seeded into 96-well plates at a
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density of 1x10* at 37°C with 5% CO, for 24 h. Following
incubation, 10 ul CCK-8 reagent (Abcam) was added/well and
incubated for 4 h. Subsequently, the absorbance value was
measured with a microplate reader at a wavelength of 460 nm.

Flow cytometric analysis of apoptosis. ROR[3-overexpression
GC cells and control cells were trypsinized, and 1x10%/ml cells
were collected by centrifugation (300 x g, 5 min at 4°C). Cells
were washed with PBS twice and incubated in 500 ul binding
buffer, 5 ul Annexin V-EGFP and 10 ul propidium iodide
at room temperature in the dark for 15 min using Annexin
V-FITC/PI Apoptosis Detection Kit (Beyotime Institute of
Biotechnology) according to the manufacturer's instructions.
Apoptotic cells were visualized and quantified using FACSAria
(BD Biosciences) with FlowJo software (version 7.6.1; Tree
Star, Inc.).

Nude mouse xenograft model. All animal experiments were
approved by the Institutional Animal Care and Use Committee
of Zhejiang University (Hangzhou, China) and complied with
the Animal Welfare Act (20). BALB/c nude mice (30 females;
4 weeks old; body mass 17-20 g) were purchased from
Shanghai Laboratory Animal Center. The mice were bred at
the Laboratory Animal Research Center at Sir Run Run Shaw
Hospital in a barrier environment, specific pathogen-free (SPF)
grade, with humidity approximately 30 to 50% at 22°C. In addi-
tion, water and food was provided ad libitum. A total of 0.2 ml
ROR-overexpression GC cells and control cells (at the density
of 1x10°, 5x10° and 1x10°) were subcutaneously inoculated into
the backs of nude mice. There were five mice in each group.
Tumor growth was observed weekly, and rats were sacrificed
by cervical spinal cord transection after 4 weeks, and the tumor
body was measured and analyzed. The tumor volumes were
assessed according to the diameters of the tumors.

Immunohistochemistry (IHC). All GC tissue specimens were
fixed with 10% neutral formaldehyde solution for 4-6 h at
room temperature, and were routinely dehydrated, waxed and
wrapped. Then, the tissues were cut into 3-pm sections. The
tissue sections were baked at 60°C overnight. Then, the tissue
sections were subsequently deparaffinized by the following
method: After baking, the tissue slices were immersed in
xylene at room temperature twice for 10 min each. Then they
were immersed in 100% ethanol for 5 min. Next, the tissue
sections were rehydrated in 100, 85 and 70% ethanol at room
temperature for 2 min respectively. Finally, the slices were
incubated at 90°C in deionized water for 30 min. Subsequently,
the slices were boiled in citric acid buffer solution and main-
tained at a low heat for 30 min. The sections were then sealed
with 5% BSA (Sangon Biotech Co., Ltd.) in a wet box at 37°C
for 30 min and air-dried. The sections were then incubated
in a wet box at 4°C overnight with an anti-RORf antibody
(cat. no. NBP1-82532; 1:300; Novus Biologicals, LLC).
Following the primary antibody incubation, the sections were
rinsed thrice with PBS for 5 min and incubated with 50 pl of an
HRP-conjugated secondary goat anti-rabbit antibody (product
code ab6721; 1:1,000; Epitomics; Abcam) at room temperature
for 20 min. Then the sections were rinsed thrice with PBS for
3 min. The slides were observed under a light microscope with
a magnification of x100.

Wound healing assay. MKN45 and AGS cells were plated
into 96-well plates and incubated overnight. Approximately
1x10* cells in each well were serum-starved overnight, and then
the head of the pipette tip was used to produce a scratch in the
cell monolayer. The cells were then washed with PBS 3 times
to remove the unattached cells and subsequently incubated in
fresh culture medium without FBS for indicated time-points
at 37°C. Images of the wound were captured at 0, 12 and 24 h
using a light microscope (magnification, x20). The percentage
of migration area was calculated using ImageJ software (1.52v;
National Institutes of Health).

F-actin polymerization experiment. AGC cells grown
on cover-slips inside a petri dish were transfected with
RORp/pReceiver plasmid and control and were incubated
at 37°C for 2 days using Lipofectamine® 3000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). The cells were
washed once with PBS. Then, the cells were incubated with
3-4% formaldehyde in PBS at room temperature for 30 min.
The staining solution was aspirated carefully and the fixed cells
were washed 2-3 times in PBS. Conjugate working solution
1X Phalloidin-iFluor™ 488 (AAT Bioquest, Inc.) was added to
the fixed cells. Subsequently, the cells were incubated at room
temperature for 60 min. DAPI staining solution (BIOSS) was
then added and the cells were incubated at room temperature
for 5 min. The cells were rinsed gently 2-3 times with PBS
to remove excess phalloidin conjugate. Mounting medium
was added and sealed. The cells were observed at a magni-
fication of x400 under a fluorescence microscope (Olympus
Corporation) with an FITC filter set.

Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA from GC cells was extracted using RNeasy
Mini Kit (cat. no. 74104; Qiagen GmbH) and then reverse
transcribed into cDNA using PrimeScript RT reagent kit
(cat. no. RRO37A; Takara Bio, Inc.) according to the manu-
facturer's protocol. RT-qPCR was performed using Premix Ex
Taq (cat. no. RR420A; Takara Bio, Inc.). The thermocycling
conditions were as follows: Initial denaturation at 95°C for
5 min; annealing and elongation at 95°C for 30 sec, 95°C
for 5 sec, 60°C for 34 sec for 40 cycles; and final extension
at 60°C for 10 min. The sequences of the primer pairs used
were: Oct4 forward, 5-GTGGAGGAAGCTGACAACAA-3,
reverse, 5'-AACAAATTCTCCAGGTTGCC-3' and probe,
5'-Fam-TCTCTTTCGGGCCTGCACGA-3'Tamra; Sox2
forward, 5'-AATGCCTTCATGGTGTGG-3, reverse, 5'-CTT
CTCCGTCTCCGACAAA-3', and probe, 5'Fam-AGTTTC
CACTCGGCGCCCAG-3'Tamra; KLF4 forward, 5'-GGCACT
ACCGTAAACACACG-3', reverse, 5'-CTGGCAGTGTGG
GTCATATC-3', and probe, 5Fam-CAGGTCGGACCACCT
CGCCT-3'Tamra; CD44 forward, 5 "TGGCAACAGATGGCA
TGAGG-3, reverse, 5'-CCTTGCATTGGATGGCTGGT-3'
and probe, 5'Fam-AACAGGGACAGCTGCAGCCTCAGC
T-3'Tamra; ALDH1 forward, 5'-GCTGGCGACAATGGA
GTCAA-3', reverse, 5“-TGTACGGCCCTGGATCTTGT-3'
and probe, 5'Fam-ACATTGCGCTACTGTGCAGGTTGG
GCT-3' Tamra; Slug forward, 5'-TCACTGTGTGGACTA
CCGCT-3!, reverse, 5'“TCGCCCCAAAGATGAGGAGT-3'
and probe, 5Fam-ATTCCACGCCCAGCTACCCAATGG
CCT-3'Tamra; Twist forward, 5'-CCCTCGGACAAGCTG
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AGCAA-3', reverse, 5"TCGCTCTGGAGGACCTGGTA-3'
and probe, 5Fam-ATTCAGACCCTCAAGCTGGCGGCC
A-3'Tamra; vimentin forward, 5'-CAATGAGTCCCTGGA
ACGCC-3', reverse, 5-GGTGACGAGCCATTTCCTCC-3'
and probe, 5'Fam-ACCAAGACACTATTGGCCGCCTGC
AGG-3'Tamra; GAPDH forward, 5'-ATCATCCCTGCCT CT
ACTGG-3, reverse, 5'-GTCAGGTCCACCACTGACAC-3'
and probe, 5'Fam-ACCTTGCCCACAGCCTTGGC-3'Tamra;
The relative mRNA expression levels were calculated using
2-44C4 method (21).

Western blotting. Cells were lysed using RIPA Lysis Buffer
(Beyotime Institute of Biotechnology). The protein concentra-
tions were determined using the bicinchoninic acid (BCA)
assay. Proteins were separated via 12% SDS-PAGE and
blocked with 5% bovine serum albumin at 4°C overnight. A
total of 20 ml of 12% separation gel was prepared, and the 5%
stacking gel was added on top of the separation gel. In total,
20-40 ul protein samples with 5 ul protein marker were added
to the corresponding lanes. Then the protein samples were
transferred to the cellulose nitrate membranes by electropho-
resis. The cellulose nitrate membranes were incubated with
the following primary antibodies at 4°C overnight: Anti-c-Myc
(product code ab32072; 1:2,000), anti-cyclin D1 (product code
ab16663; 1:2,000), anti-Slug (product code ab51772; 1:2,000),
anti-Twist (product code ab50887; 1:2,000), anti-E-cadherin
(product code ab40772; 1:2,000), anti-N-cadherin (product
code ab76011; 1:2,000), anti-vimentin (product code ab92547,
1:2,000), anti-Sox2 (product code ab92494; 1:2,000), anti-Oct4
(product code ab200834; 1:2,000), anti-KLF4 (product code
ab215036; 1:2,000), anti-ALDH1 (product code ab177463;
1:2,000), anti-CD44 (product code ab189524; 1:2,000),
anti-phosphorylated (p)-p-catenin (product code ab81305;
1:2,000) and anti-RORp antibody (product code ab228650;
1:1,000; all from Epitomics; Abcam), anti-Bcl-2 like protein
11 (BCL2L11; cat. no. AP8553c; 1:1,000; Abgent, Inc.) and
anti-GAPDH (cat. no. KC-5G5; 1:5,000; KangChen Biotech
Co., Ltd.). Then the cellulose nitrate membranes were incubated
with the secondary antibodies at room temperature for 1 h: Goat
anti-rabbit IgG H&L (HRP) (product code ab6721; 1:2,000)
or goat anti-mouse IgG H&L (HRP) (product code ab6789;
1:2,000; both from Epitomics; Abcam). Protein bands were
visualized with ECL reagent (PerkinElmer, Inc.), according to
the manufacturer's protocol. BandScan software (V5.0; Glyko
Biomedical, Ltd.) was used for densitometric analysis.

Gene chip detection and Gene Ontology (GO) analysis. GC
cells overexpressing RORf} were lysed by 1 ml TRIzol reagent
(Sangon Biotech, Co., Ltd.) and total RNA was extracted using
PrimeScript RT reagent Kit gDNAEraser (cat. no. RR047A;
Takara Bio, Inc.) according to the manufacturer's instructions.
A GeneChip (HTA 2.0; Affymetrix; Thermo Fisher Scientific,
Inc.) was used to identify differentially expressed mRNAs.
Then 460 differentially expressed genes in the Genechip were
imputed into DAVID (http://david.abcc.ncifcrf,gov/home.jsp)
to perform the GO analysis (22).

Gene Set Enrichment Analysis (GSEA). All 200 mRNA
GeneChip databases containing patients with GC were
obtained from the City of Hope National Medical Center,

Los Angeles, USA. GSEA (23) was used to analyze the asso-
ciation between RORp expression levels and GCSC markers.

Top/Fop luciferase reporter assay. RORB-overexpression GC
cells were seeded into 6-well plates at a density of 1x10° at 37°C
with 5% CO, for 24 h. A total of 8 #1 Fugene 6 (Roche Diagnostics)
was incubated with 100 ¢l OPTI-MEM (Invitrogen; Thermo
Fisher Scientific, Inc.) at room temperature for 5 min. Then, a
total of 2 pg plasmid mixture including TOP (MilliporeSigma),
FOP (MilliporeSigma) and PRL (Promega Corporation) (4:4:1)
were added to the aforementioned mixture and incubated at
room temperature for 15 min. Then the mixture of Fugene 6 and
plasmids were added to the 6-well plate and mixed, and incu-
bated at 37°C in a 5% CO, incubator for 24 h. The cell lysates
were transferred to the centrifuge tube after cell lysis. GloMax
20/20 Luminometer was used to detect the fluorescence activity.
A total of 20 ul of the aforementioned cell lysates were added
with 100 pl of LAR II. After mixing, firefly luciferase activity
was detected. Then 100 ul Stop&Glo Reagent was added to
detect Renilla luciferase activity. The Dual-Luciferase® Reporter
(DLR™) Assay System (Promega Corporation) was used.

Statistical analysis. Statistical analysis was performed using
SPSS 19.0 software (IBM Corp.). Statistical differences
between groups were performed using one way ANOVA (with
least significant difference test or Tamhane's T2 post hoc test)
or unpaired Student's t-test. P<0.05 was considered to indicate
a statistically significant difference. All data are presented as
the mean + SD of triplicate experiments.

Results

Expression levels of ROR[ are downregulated in GC. RORf
was previously reported to be expressed in the CNS (24);
however, the expression levels of RORf in GC cells remain
unknown. As demonstrated in Fig. 1A, ROR[ was expressed
in the two GC cell lines, MKN45 and AGS. AGS cells were
subsequently transfected with the RORB-pEGFP-C1 plasmid
and western blotting was used for confirmation (Fig. 1B). The
nuclear localization of RORP was further confirmed using
western blotting following nuclear/cytosolic fractionation
(Fig. 1C). IHC staining of clinical GC specimens revealed
that the expression levels of RORf were significantly down-
regulated in GC tissues compared with para-carcinoma tissues
(Fig. 1D). RT-qPCR analysis further determined that RORf
expression levels were downregulated in GC tissues (Fig. 1E).
These results indicated that ROR[} expression levels may be
downregulated during GC development.

RORp expression levels are inversely associated with GCSC
markers. The mRNA expression levels of RORf in 200 GC
tissues were divided into two groups: RORP high (RORp"e")
and low (RORp"™") expression groups. Differentially expressed
genes were identified using GSEA. The results revealed that
the expression levels of CSC markers, including ALDHI,
CD44 and activated leukocyte cell adhesion molecule
(ALCAM)/CDI166, were all downregulated in the ROR["e"
cohort compared with the RORB" cohort (Fig. 2A and B).
These results indicated that RORP may be a cell differentia-
tion inducer.
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Figure 1. Expression levels of RORf in GC cells. (A) RORp expression levels in GC cells were analyzed using western blotting. (B) Overexpression of RORf
in AGS cells was examined using western blotting. (C) AGS cells were subjected to nuclear/cytosolic fractionation, and RORf expression levels were analyzed
using western blotting. (D) RORf expression levels in GC tissues were analyzed using immunohistochemical staining. (E) mRNA expression levels of RORf
were analyzed in GC tissues using reverse transcription-quantitative PCR. Data were analyzed using a Student's t-test. "P<0.05 and “P<0.01. RORB, retinoic
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Figure 2. GSEA of RORp in GC. Differential RORf expression (n=200) in GC tissues was analyzed using GSEA. The mRNA expression levels of CD44,
ALDH1 and ALCAM/CD166 were compared between the RORB"e" and RORB"™ cohorts. GSEA, Gene Set Enrichment Analysis; ROR, retinoic acid-related
orphan receptor ; GC, gastric cancer; ALDHI, aldehyde dehydrogenase 1; ALCAM, activated leukocyte cell adhesion molecule.

RORS induces growth inhibition and apoptosis in GC
cells. To determine the functional impact of RORB on GC
cells, a CCK-8 assay was performed. The viability of GC
cells was significantly inhibited following the overexpres-
sion of RORp (Fig. 3A). Conversely, the percentages of
Annexin V-positive and PI-positive apoptotic GC cells were
significantly increased in GC cells overexpressing RORf
(Fig. 3B and C). Subsequently, the changes in the expression
levels of genes between control and RORf-overexpressing
AGS cells were analyzed using GeneChip. The results
revealed that BCL2L11, a pro-apoptotic gene, was the
most significantly upregulated gene in cells overexpressing
ROR, which was further verified using western blotting
(Fig. 3D and E). In addition, GO analysis discovered that

RORP was mainly involved in ‘nucleoside’, ‘nucleotide’,
‘nucleic acid metabolism and mRNA transcription’, ‘cell
cycle’, ‘cell proliferation and differentiation’ and ‘tumor
formation’ (data not shown). These results indicated that
ROR@ may inhibit viability, but trigger BCL2L11-dependent
apoptosis in GC cells.

RORp confers resistance to EMT in GC cells. Previous
studies have reported that EMT may be related to the stem-
ness of CSCs (25-27). Therefore, whether RORf played
a role in modulating the metastatic ability of GC cells was
investigated. The results of the wound healing assay demon-
strated that the migratory ability was decreased in GC cells
overexpressing RORP compared with control cells (Fig. 4A).
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Figure 3. RORf exerts anti-proliferative and pro-apoptotic effects on GC cells. (A) MKN45 and AGS cells were transfected with control, RORf overexpression
vector or ROR shRNA and confirmed by western blotting. The viability of GC cells was evaluated using an CCK-8 assay. Data were analyzed using one-way
ANOVA. (B and C) Apoptosis of GC cells was detected using flow cytometry. GC cells were transfected with control or RORf-overexpression vector for 24 h.
Cell apoptosis was evaluated using the values in quadrants 2 and 4. Data were analyzed using a unpaired Student's t-test. (D) GeneChip was used to evaluate
the gene expression profiles. The top differentially expressed genes are listed. (E) Protein expression levels of BCL2L11 were analyzed using western blotting.
“P<0.05 and “"P<0.01. ROR, retinoic acid-related orphan receptor 3; GC, gastric cancer; sh-, short hairpin; BCL2L11, Bcl-2 like protein 11; ov, overexpression.

Immunofluorescence staining of F-actin revealed a down-
regulated fluorescence signal in RORP overexpression GC
cells, which indicated ROR[} overexpression inhibited F-actin
polymerization and arrangement (Fig. 4B). Consistent with the
increased cell migratory ability, RORp overexpression down-
regulated the expression levels of EMT-related factors (Slug,
Twist and N-cadherin) and upregulated the expression levels
of E-cadherin (Fig. 4C). These findings indicated that RORp
may suppress EMT in GC cells.

RORp decreases the stemness of GCSCs. As an inverse associa-
tion was identified between ROR expression levels and several
GCSC markers, it was subsequently investigated whether
RORp was able to affect the stemness of GCSCs. The results
demonstrated that the sphere forming ability was significantly

decreased in GC cells following ROR overexpression, while
the genetic silencing of ROR using shRNA caused the opposite
effect, indicating the inhibitory role of RORf on cell stemness
(Fig. 5A). Similarly, the expression levels of iPS cell-related
factors (Sox2, Oct4 and KLF4) were downregulated in GC cells
overexpressing RORf} and upregulated in GC cells following
the knockdown of RORf, which was further verified using
western blotting (Fig. 5B and C). RORp-overexpressing AGS
cells were subsequently inoculated into nude mice to evaluate
the effect on the tumorigenic capacity and stemness of GC cells
in vivo. The nude mice were inoculated with RORp overexpres-
sion GC cells and control cells (at the density of 1x10°, 5x10°
and 1x10°) cells. At the fourth week, there was no significant
difference in the tumor-forming rate of the third group (at the
density of 1x10°), while there were significant differences in
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Figure 4. RORf inhibits EMT in GC cells. GC cells were transfected with control or RORf overexpression vector. (A) Cell migration was measured using
a wound healing assay. “P<0.01. (B) Cytoskeleton rearrangement in the control and RORB-overexpressing AGS cells was revealed by immunofluorescence
staining of FITC-phalloidin and DAPI (x400). (C) Western blotting was performed to analyze the expression levels of EMT-related factors. "P<0.05 and
“P<0.01. ROR, retinoic acid-related orphan receptor f3; EMT, epithelial-mesenchymal transition; GC, gastric cancer; ov, overexpression.

the tumor-forming rate of the first (at the density of 1x10%) and
second groups (at the density of 5x10°) (Fig. 5D). As shown in
Fig. 5E-G, RORp overexpression markedly inhibited the tumor
growth of GC cells and downregulated the expression of EMT
factors and GCSC markers of tumors in mice. These results
indicated that RORf may disrupt the stemness of GCSCs.

RORpS negatively regulates the activity of the Wnt signaling
pathway. Finally, the molecular mechanisms underlying

the suppressive effect of RORf on GCSCs were investi-
gated. As a well-characterized oncogenic pathway, the
abnormal activation of the Wnt signaling pathway has been
implicated in the stemness maintenance of CSCs (13). The
expression levels of c-Myc, cyclin D1 and p-p-catenin, two
target genes downstream of the Wnt signaling pathway (28),
were significantly downregulated in GC cells overex-
pressing RORpP (Fig. 6A). The results of the luciferase
reporter assay revealed that the overexpression of RORf
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Figure 5. ROR( inhibits stemness properties of GCSCs. GC cells were transfected with control, RORf overexpression vector or RORP shRNA vector.
(A) Images of colospheres of GC cells. Self-renewal capacity of GCSCs was determined using a sphere formation assay. (B and C) mRNA expression levels
of CSC markers in RORf-overexpressing or RORf-silenced AGS cells and MKN45 cells were analyzed using RT-qPCR and confirmed by western blotting.
(D and E) Tumorigenicity of RORf-overexpressing cells. Nude mice were inoculated with 1x10°, 5x10° and 1x10° RORB-overexpressing AGS cells (n=5). The
numbers and volumes of the tumors were observed within 4 weeks. (F) RNA and proteins from the tumors were extracted. Expression levels of EMT markers
in the aforementioned tumors were analyzed using RT-qPCR and western blotting. (G) RNA and proteins from the tumors were extracted. Expression levels
of GCSC markers in the aforementioned tumors were analyzed using RT-qPCR and western blotting. Data were analyzed using a unpaired Student's t-test.
“P<0.05 and “P<0.01. RORS, retinoic acid-related orphan receptor ; GCSCs, GC stem cells; GC, gastric cancer; CSCs, cancer stem cells; RT-qPCR, reverse
transcription-quantitative PCR; ov, overexpression; sh-, short hairpin.

significantly reduced the Top/Fop luciferase activity in GC  Discussion
cells (Fig. 6B). These findings suggested that RORp may
impair the stemness of GCSCs by hindering Wnt/f-catenin
signaling.

It is widely acknowledged that CSCs, a small group of cells
with self-renewal and strong tumorigenic properties, serve
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Figure 6. ROR inhibits the Wnt/B-catenin signaling pathway in GC stem cells. MKN45 and AGS cells were transfected with control or RORf overexpression
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important roles in tumorigenesis, metastasis, recurrence and
chemoradiotherapy resistance (29,30). GCSCs were first iden-
tified by Yang et al (7). Since this discovery, further studies
have identified the presence of GCSCs (8-11). However, the
mechanisms of GCSCs remain unknown. RORf was firstly
identified to be expressed in GC in the present study, where
it served as a novel inhibitor of EMT and CSC properties by
downregulating the Wnt signaling pathway.

RORp is a member of the orphan nuclear receptor family.
RORp was previously considered to be only expressed in
the CNS (15); however, accumulating studies have reported
that ROR is also localized in various other systems such as
bone tissue, pancreatic cancer tissue and colorectal cancer
tissue (16,17), where it participated in physiological functions,
such as regulating bone formation and the circadian rhythm.
In addition, ROR[} was demonstrated to be involved in the
development of numerous types of cancer (15). To date, to the
best of our knowledge, there are no current previous studies
reporting the biological function of RORf in GC. The present
study was the first to reveal that the expression levels of RORfB
were significantly downregulated in GC, suggesting that

RORp may serve as a tumor suppressor. Through GSEA, the
expression levels of stem cell surface markers were discovered
to be downregulated in tissues with upregulated expression
levels of ROR compared with control tissues, suggesting that
RORf may be a cell differentiation inducer.

In the present study, RORf inhibited GC cell viability, as
determined by a CCK-8 assay. GeneChip-scanning experiments
have previously reported that BCL2L11, a pro-apoptotic protein,
mainly functioned by inhibiting Bcl-2-induced apoptosis and
inactivating the expression levels of Bax and Bak (31). Therefore,
it was hypothesized that RORP may promote the apoptosis of
GC cells. The results of GO analysis indicated that RORp, as
a transcription factor, may also be involved in tumorigenesis,
regulating the cell cycle, cell proliferation and differentiation.
In addition, the overexpression of RORf in GC cells decreased
the GC cells stemness by downregulating the expression
levels of CSC surface markers, inhibiting the sphere forming
ability, decreasing the tumor growth rate and downregulating
the expression levels of EMT-related factors. These findings
strongly indicated that ROR[3 may regulate the occurrence and
development of GC by inhibiting the stemness of CSCs.
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Previous studies have reported that the Wnt signaling
pathway is an important regulatory pathway in GCSCs (31,32).
Tan et al (33) revealed that CSCs in the AQP5* tissues promoted
GC in vivo by activating the Wnt signaling pathway in newly
generated AQP5-creERT2 model mice. In the present study,
RORp downregulated the expression levels of downstream mole-
cules of the Wnt signaling pathway in GCSCs, which suggested
that RORp regulated the stemness of GCSCs by downregulating
the activity of the Wnt signaling pathway. Therefore, RORp, as
a Wnt inhibitor, may represent a novel therapy to reduce CSC
activity in GC cases with upregulated expression levels of ROR.

In conclusion, the findings of the present study revealed
that RORp significantly inhibited the stemness properties
of GC cells by downregulating the Wnt signaling pathway.
Therefore, ROR may represent a potential novel antitumor
agent for the treatment of GC. However, the downstream target
molecule of RORP as an antitumor agent for the treatment of
GC needs to be further clarified in the future.
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