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cells via activation of non-canonical Wnt signaling
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Abstract. Gastric carcinoma is one of the most common human
cancers and has a poor prognosis. Receptor tyrosine kinase-like
orphan receptor 2 (ROR?2), which is a non-canonical receptor of
the Wnt signaling pathway, has been reported to be deregulated in
numerous types of human cancers, including gastric carcinoma.
However, the exact role of ROR2 in the regulation of the malig-
nant phenotypes of gastric carcinoma, as well as the underlying
molecular mechanism, remains largely unclear. The present
study demonstrated that ROR2 was recurrently downregulated
in gastric carcinoma tissues, as compared with their matched
adjacent normal tissues. Furthermore, the expression levels of
ROR2 were reduced in several common gastric carcinoma cell
lines, as compared with normal gastric epithelial cells. Gastric
carcinoma cells were transfected with ROR2 plasmids, and it
was demonstrated that restoration of ROR2 expression signifi-
cantly inhibited the proliferation and induced the apoptosis of
gastric carcinoma cells by a Wnt5a-independent mechanism.
In addition, it was observed that ROR2-overexpressing cells
accumulated in the GO/G1 phase; thus suggesting that overex-
pression of ROR2 induced cell cycle arrest at the GO/G1 phase.
An investigation of the underlying mechanism demonstrated
that activation of the non-canonical Wnt signaling pathway
inhibited canonical Wnt signal transduction, as demonstrated by
the decreased level of [3-catenin in nuclei, as well as the reduced
expression levels of c-Myc. The results of the present study indi-
cated a tumor suppressive role for ROR?2 in gastric carcinoma
growth in vitro, and suggested that ROR2 may be used as a
molecular target for the treatment of gastric carcinoma.

Introduction

Gastric carcinoma is one of the most common human cancers
and has a high mortality rate (1). Although significant progress
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in the treatment of gastric carcinoma (involving surgical exci-
sion used in combination with chemotherapy) has been achieved
in recent years, the median survival rate of gastric carcinoma
remains low (2). The downregulation of tumor suppressor
genes has been implicated in the tumorigenesis of gastric carci-
noma (3,4). Therefore, elucidation of the molecular mechanisms
underlying gastric carcinoma is important for the development
of therapeutic strategies for this disease.

Receptor tyrosine kinase-like orphan receptor 2 (ROR?2)
is a member of the receptor tyrosine kinase family (5). It has
been demonstrated that ROR? is involved in numerous cellular
biological processes, including cell proliferation, differentiation,
apoptosis, adhesion and migration (6-8). Furthermore, ROR2
is a receptor of the non-canonical Wnt signaling pathway, and
Wnt5a has been determined to be the most important ligand of
ROR2 (9). In a previous study, the expression levels of ROR2
were observed to be recurrently downregulated in various
common human cancers, including esophageal, nasopharyngeal,
colorectal, gastric, hepatocellular, lung and breast cancer (10).
Accordingly, it has been suggested that ROR2 may act as a tumor
suppressor in human cancers. However, ROR2 has been reported
to have an oncogenic role in other types of cancer (11,12). For
instance, ROR2 was shown to be upregulated in osteosarcoma
tissues, and its expression level was positively correlated with
disease severity (11). In addition, ROR2 was reported to increase
the tumor growth potential in renal cell carcinoma (RCC) (12).
These findings suggest that ROR2 may have dual roles in various
cancer types. However, to the best of our knowledge, the exact
role of ROR2 in the regulation of gastric carcinoma growth, as
well as the underlying mechanism, have yet to be investigated.

The present study aimed to investigate the role of ROR2
in the regulation of the proliferation, apoptosis and cell cycle
progression of gastric carcinoma cells, as well as the underlying
molecular mechanisms.

Materials and methods

Tissue specimen collection. All protocols involved in the
present study were approved by the Ethics Committee of
Shaanxi Provincial People's Hospital (Xi'an, China). A total
of 20 gastric carcinoma tissue samples and their matched
adjacent normal tissue samples were collected from patients
at the Shaanxi Provincial People's Hospital between June 2013
and January 2014. Of the 20 patients, 13 were male and
7 were female. The patients had a mean age of 53.7 years (age
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range, 33-77 years). The patients did not receive radiation
therapy or chemotherapy prior to surgical resection. Informed
consent was obtained from all patients. The resected tissue
samples were immediately snap-frozen in liquid nitrogen and
stored at -70°C prior to use.

Cell culture. Four common human gastric cancer cell lines
(BGC823, SGC7901, HGC27 and AGS), and a normal gastric
mucosa epithelial cell line (GES-1), were obtained from the
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). All cell lines were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal
bovine serum (both purchased from Thermo Fisher Scientific,
Inc., Waltham, MA, USA) in a humidified incubator containing
5% CO,at 37°C. Wnt5a was purchased from R&D Systems, Inc.
(Minneapolis, MN, USA), and 1 mM Wnt5a was used to treat
AGS cells transfected with pcDNA3.1-ROR2 plasmid.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). TRIzol® reagent (Thermo Fisher Scientific, Inc.)
was used to extract total RNA from gastric carcinoma tissues or
cell lines, according to the manufacturer's protocol. The concen-
tration and quality of the RNA was analyzed using Nanodrop
2000 ultramicro spectrophotometer (Thermo Fisher Scientific,
Inc.). Total RNA (500 ng) was reverse transcribed into cDNA
using the RevertAid First Strand cDNA Synthesis kit (Thermo
Fisher Scientific, Inc.), according to the manufacturer's protocol.
gPCR was performed using the SYBR Green qPCR Assay kit
(Toyobo Co., Ltd., Osaka, Japan), according to the manufactur-
er's protocol. The PCR cycling conditions were 50°C for 2 min
and 95°C for 10 min, followed by 40 cycles of denaturation at
95°C for 15 sec and annealing/elongation at 60°C for 1 min.
The specific primer pairs were as follows: ROR2 sense, 5'-ATG
GTTCACGACTGCGAATCC-3" and antisense, 5'-AATGGT
CTTCATCCCGTTGGT-3'; and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) sense, 5'-GGAGCGAGATCCCTC
CAAAAT-3" and antisense, 5-GGCTGTTGTCATACTTCT
CATGG-3'. GAPDH was used as an internal control. cDNA was
replaced with H,O for a negative control. Independent experi-
ments were repeated three times. The relative mRNA expression
levels of ROR2 were analyzed using the 2°**“method (13).

Transfection. AGS cells were cultured to 70% confluence
and resuspended in serum-free DMEM. Lipofectamine 2000
(Thermo Fisher Scientific, Inc.) was used to transfect the AGS
cells with pcDNA3.1-ROR?2 plasmid or blank pcDNA-3.1 vector
as a negative control (NC). Briefly, serum-free medium was
used to dilute the Lipofectamine 2000 or plasmid, after which
the Lipofectamine 2000 and diluted plasmid were mixed. After
incubation for 20 min at room temperature, the mixture was
added to the AGS cell suspension and incubated at 37°C in 5%
CO, for 6 h, followed by replacement of the medium with the
normal serum-containing medium and incubation for 48 h.

MTT assay. MTT assays were performed to determine the
proliferation of AGS cells. Briefly, 10* cells/well were seeded
onto a 96-well plate and incubated for 6, 12, 24 or 48 h at 37°C
in 5% CO,. Subsequently, 5 mg/ml MTT (Thermo Fisher Scien-
tific, Inc.) was added to each well and the plates were incubated
for a further 4 h at 37°C in 5% CO,. The supernatant, obtained
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by centrifugation at 1,000 x g for 3 min at room temperature,
was removed and 100 ul dimethylsulfoxide (Thermo Fisher
Scientific, Inc.) was added to dissolve the precipitate. The absor-
bance was detected at 492 nm using the Bio-Tek™ ELX-800™
Absorbance Microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA).

Cell cycle distribution analysis. AGS cells (5.0x10° cells/ml)
were fixed in 70% ethanol overnight at -20°C, followed by two
rounds of centrifugation at 1,000 x g for 5 min. The cell pellets
were then resuspended in 300 g propidium iodide (PI) staining
buffer (Thermo Fisher Scientific, Inc.), and incubated for 30 min
at room temperature. DNA content analyses were performed by
flow cytometry.

Cell apoptosis assay. Cell apoptosis was determined using
the Annexin V-fluorescein isothiocyanate (FITC) Apoptosis
Detection kit (BD Pharmingen, San Diego, CA, USA). Briefly,
AGS cells were harvested at 24 h post-transfection and washed
twice with cold phosphate-buffered saline (PBS). Subsequently,
109 cells were resuspended in 200 gl binding buffer containing
10 1 Annexin V-FITC and 5 ul PI-phycoerythrin, and incubated
in the dark for 30 min at 4°C. Next, 300 ul binding buffer was
added to the cells and apoptosis was assessed by flow cytometry.

Western blotting. AGS cells were solubilized in cold radioim-
munoprecipitation assay lysis buffer (Thermo Fisher Scientific,
Inc.). Centrifugation was performed at 12,000 x g for 30 min at
4°C, and the supernatant was collected. Protein concentration
was determined using a Pierce BCA Protein Assay kit (Thermo
Fisher Scientific, Inc.), according to the manufacturer's instruc-
tions. Proteins (50 ug) were separated by 10% SDS-PAGE
(Pierce Biotechnology, Inc., Rockford, IL, USA), and transferred
onto polyvinylidene difluoride membranes (Pierce Biotech-
nology, Inc.). The membranes were subsequently incubated with
rabbit anti-ROR2 polyclonal antibody (1:50; cat. no. ab137602;
Abcam, Cambridge, MA, USA), rabbit anti-c-Myc polyclonal
antibody (1:100; cat. no. ab39688; Abcam), rabbit anti-p-catenin
antibody (1:100; cat. no. ab32572) and rabbit anti-GAPDH poly-
clonal antibody (1:200; cat. no. ab9485; Abcam) for 3 h at room
temperature. After washing three times with PBS containing
Tween-20, the membranes were incubated with horseradish
peroxidase-conjugated mouse anti-rabbit secondary antibody
(1:10,000; cat. no. ab99697; Abcam) for 1 h at room temperature.
Detection was performed using an Enhanced Chemilumines-
cence kit (Pierce Biotechnology, Inc.). The relative protein
expression levels were determined using Image-Pro Plus 6.0
software (Media Cybernetics, Inc., Rockville, MD, USA), and
are presented as the density ratio versus GAPDH.

Statistical analysis. Data are presented as the mean + standard
deviation of at least three experiments. Statistical analysis was
performed by one-way analysis of variance using SPSS 17.0
software (SPSS, Inc., Chicago, IL, USA). P<0.05 were consid-
ered to indicate a statistically significant difference.

Results

ROR?2 is recurrently downregulated in gastric carcinoma
tissues and cell lines. First, the present study examined
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Figure 1. ROR2 expression was recurrently downregulated in gastric carcinoma tissues and cell lines. (A) The mRNA expression levels of ROR2 in gastric
carcinoma tissues and their matched adjacent normal tissues were examined by RT-qPCR. The (B) mRNA and (C and D) protein expression levels of ROR2 in
four common human gastric cancer cell lines (BGC823, SGC7901, HGC27 and AGS) and a normal gastric mucosa epithelial cell line (GES-1) were examined
by RT-qPCR and western blotting, respectively. “P<0.01, vs. GES-1. ROR2, receptor tyrosine kinase-like orphan receptor 2; GAPDH, glyceraldehyde 3-phos-
phate dehydrogenase; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

the mRNA expression levels of ROR2 in gastric carcinoma
tissues and cell lines using RT-qPCR. As is shown in Fig. 1A,
the mRNA expression levels of ROR2 were recurrently down-
regulated in gastric carcinoma tissue samples, as compared
with their matched adjacent normal tissue samples (P<0.01).
As is shown in Fig. 1B and C, the mRNA and protein expres-
sion levels of ROR2 were significantly decreased in gastric
carcinoma cell lines, as compared with GESI cells (P<0.01).
These results suggest that downregulation of ROR2 may
be associated with the tumorigenesis of gastric carcinoma.
Since the AGS gastric carcinoma cells exhibited the lowest
ROR?2 protein expression levels (Fig. 1C), AGS cells were
selected for use in the subsequent experiments.

Overexpression of ROR2 inhibits the proliferation of AGS
gastric carcinoma cells independently of Wnt5a. The ROR2
plasmid was transfected into gastric carcinoma AGS cells.
As is shown in Fig. 2A and B, the relative mRNA and protein
expression levels of ROR2 were significantly increased
following transfection, as compared with the control group
(P<0.01), indicating that the transfection had been successful.
The MTT assay was used to investigate the effect of ROR2
overexpression on AGS cell proliferation. As is shown in
Fig. 2C, overexpression of ROR2 significantly inhibited the
proliferation of AGS cells (P<0.01). However, addition of
Whnt5a, the ligand of ROR2, did not affect the proliferation
of ROR2-overexpressing AGS cells (P>0.05; Fig. 2D), thus
suggesting that overexpression of ROR2 inhibits AGS cell
proliferation independently of Wnt5a.

Overexpression of ROR2 induces the apoptosis of AGS gastric
carcinoma cells independent of Wnt5a. Cell apoptosis assays
were performed to investigate the effect of ROR2 overex-
pression on AGS cell apoptosis. As is shown in Fig. 3A, the
apoptotic level of AGS cells transfected with ROR2 plasmid
was significantly increased, as compared with the control
groups (P<0.01). Furthermore, the addition of Wnt5a did

not affect the apoptosis level of ROR2-overexpressing AGS
cells (P>0.05; Fig. 3B), thus suggesting that overexpression
of ROR?2 induces the apoptosis of AGS cells independently
of Wnt5a.

Overexpression of ROR2 induces cell cycle arrest in AGS
gastric carcinoma cells. Wnt signaling has previously been
demonstrated to participate in the regulation of cell cycle
progression (14). Therefore, the cell cycle distribution of
AGS gastric carcinoma cells was examined for each group.
As is shown in Fig. 4, ROR2-overexpressing AGS cells
accumulated at the G1 phase, as compared with the control
groups (P<0.01). These results suggest that overexpression of
ROR?2 induces an arrest in cell cycle progression at the Gl
phase, and indicate that the induction of cell cycle arrest may
be responsible for the reduced proliferation of ROR2-overex-
pressing AGS cells.

Overexpression of ROR2 suppresses the activation of canon-
ical Wnt signaling. ROR2 is a receptor of the non-canonical
Wnt signaling pathway (15). Recently, ROR2 has been
suggested to have an inhibitory effect on the activation of
the canonical Wnt signaling pathway, which is involved in
the regulation of cell survival and proliferation (5,16). Since
the present study demonstrated that overexpression of ROR2
inhibited AGS cell proliferation while inducing cell apoptosis
and cell cycle arrest, it was hypothesized that overexpres-
sion of ROR2 may inhibit the activation of the canonical
Wnt signaling pathway in AGS cells. To verify this, western
blotting was performed to investigate the activation of the
canonical Wnt signaling pathway, as well as c-Myc, which
is an important downstream effecter responsible for the
regulation of cell proliferation (17). As is shown in Fig. 5,
overexpression of ROR2 significantly inhibited the protein
expression levels of (3-catenin in the nucleus, as well as the
protein expression levels of c-Myc in AGS cells (P<0.01); thus
suggesting that the activation of the canonical Wnt signaling
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Figure 2. ROR2 overexpression inhibited the proliferation of AGS gastric carcinoma cells. The (A) mRNA and (B) protein expression levels of ROR2 in AGS
cells transfected with the pcDNA3.1-ROR?2 plasmid were examined by reverse transcription-quantitative polymerase chain reaction and western blotting,
respectively. (C) MTT assays were performed to determine the proliferation capacity of AGS cells transfected with the pcDNA3.1-ROR2 plasmid. AGS cells
transfected with the blank vector and non-transfected AGS cells were used as controls. (D) MTT assays were performed to determine the proliferation capacity
of AGS cells transfected with the pcDNA3.1-ROR?2 plasmid in the presence or absence of the ROR2 ligand, Wnt5a. “P<0.01, vs. AGS. ROR2, receptor tyrosine
kinase-like orphan receptor 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; OD, optical density.

pathway was inhibited in ROR-overexpressing cells. Theses
results suggest that the inhibitory effect of ROR2 overexpres-
sion on AGS cell proliferation may be due to the suppression
of canonical Wnt signaling.

Discussion

ROR2 is a type I transmembrane protein that belongs to the
ROR subfamily of cell surface receptors (18). Previous studies
have suggested that the deregulation of ROR?2 is a key factor
during tumorigenesis, and that ROR2 is involved in the devel-
opment of some common types of human cancers (5,11,12).
For instance, the expression levels of ROR2 were associated
with the expression of genes involved in the extracellular
matrix, including Twist and matrix metalloproteinase-2, in
RCC (12). In addition, knockdown of ROR?2 inhibited RCC
cell migration, as well as anchorage-independent growth in
soft agar and growth in an orthotopic xenograft model (12);
thus suggesting that ROR2 has an oncogenic role in RCC.
Furthermore, ROR2 was reported to promote the develop-
ment of various other types of cancer, including melanoma
and oral squamous cell carcinoma (15,19).

Conversely, ROR2 has been reported to exert a suppres-
sive role in other types of human cancers. Li et al (10)
demonstrated that ROR2 was recurrently silenced by CpG
methylation at its promoter in nasopharyngeal, esophageal,
colorectal, gastric, hepatocellular, lung and breast cancer
cell lines. The present study demonstrated that the expres-
sion levels of ROR2 were recurrently reduced in gastric
carcinoma tissues, as compared with their matched normal
adjacent tissues. In addition, ROR2 expression was signifi-
cantly decreased in several common gastric carcinoma cell

lines, as compared with normal gastric epithelial cells. These
results suggested that the aberrant downregulation of ROR2
may be associated with the development and progression of
gastric carcinoma.

In the present study, AGS gastric carcinoma cells were
transfected with an ROR2 plasmid, and the expression
levels of ROR2 were observed to have been successfully
increased following transfection. Overexpression of ROR2
markedly inhibited AGS cell proliferation, while inducing
cell apoptosis and cell cycle arrest at the G1 phase. Simi-
larly, Li e al (10) reported that ectopic expression of ROR2
inhibited tumor cell growth and induced cell cycle arrest
and apoptosis. Furthermore, ROR2 was revealed to suppress
epithelial-mesenchymal transition, migration and inva-
sion (10).

Lu et al (11) demonstrated that the expression levels of
ROR?2 and Wnt5a were significantly upregulated in osteosar-
coma, and that their expression levels were associated with
the malignant progression. Therefore, the present study inves-
tigated the effect of Wnt5a on the proliferation and apoptosis
of gastric carcinoma cells. However, it was demonstrated that
the addition of Wnt5a did not affect the proliferation or the
apoptosis of AGS cells transfected with an ROR2 plasmid;
thus suggesting that the inhibitory effects of ROR2 overex-
pression on gastric carcinoma may be independent of Wnt5a.

The canonical Wnt signaling pathway has been observed
to be involved in embryonic development, cell differentiation
and tumorigenesis (20-22). In addition, aberrant activation
of the canonical Wnt signaling pathway has been demon-
strated in a variety of human malignancies, including gastric
carcinoma (23-27). Therefore, inhibition of canonical Wnt
signaling may be a promising strategy for the treatment of
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Figure 3. ROR2 overexpression induced the apoptosis of AGS gastric cancer cells. (A) Cell apoptosis assays were conducted for AGS cells transfected with
the pcDNA3.1-ROR2 plasmid. AGS cells transfected with the blank vector and non-transfected AGS cells were used as controls. (B) Cell apoptosis assays
were conducted for AGS cells transfected with the pcDNA3.1-ROR2 plasmid in the presence or absence of the ROR2 ligand, Wnt5a. “P<0.01, vs. AGS. ROR2,

receptor tyrosine kinase-like orphan receptor 2.

gastric carcinoma. The present study investigated whether
overexpression of the non-canonical Wnt receptor ROR2 was
able to alter the activation of the canonical Wnt signaling
pathway. It was demonstrated that overexpression of ROR2

significantly decreased the protein expression level of
[-catenin in the nucleus of AGS cells, as well as the protein
expression levels of c-Myc, an important downstream effector
in the canonical Wnt signaling pathway (17). These results
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Figure 5. ROR2 overexpression suppresses canonical Wnt signaling.
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used as controls. “P<0.01, vs. AGS. ROR2, receptor tyrosine kinase-like
orphan receptor 2; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

suggested that activation of non-canonical Wnt signaling may
inhibit the activity of the canonical Wnt signaling pathway in
AGS gastric carcinoma cells.

In addition to gastric carcinoma, ROR2 expression levels
were reported to be significantly decreased in hepatocellular
carcinoma (HCC) tissues, and this was associated with a poor
prognosis (28); thus suggesting that ROR2 may act as a tumor
suppressor in HCC. Therefore, ROR2 appears to exert dual
roles as an oncogene or tumor suppressor depending on the
tumor type (5).

The main limitation of the present study was that the sample
volume of gastric cancer tissues was not sufficient to examine
the association between the expression levels of ROR2 and
Wnt5a, and the clinical characteristics of patients with gastric
cancer, such as tumor grade, TNM stage and metastasis. The
results of the present study suggested that ROR2 induced the
apoptosis of AGS cells independently of Wnt5a. Therefore,
future studies are required to elucidate the underlying mecha-
nism by which ROR2 affects gastric cancer cell apoptosis.

In conclusion, the present study demonstrated that ROR2
was recurrently downregulated in gastric carcinoma tissues
and cell lines. Furthermore, overexpression of ROR2 signifi-
cantly inhibited the proliferation and induced the apoptosis and
cell cycle arrest of gastric carcinoma cells. An investigation of
the underlying molecular mechanism demonstrated that ROR?2
overexpression inhibited the activity of the canonical Wnt
signaling pathway. The results of the present study suggested
that ROR2 may emerge as a potential candidate for the treat-
ment of gastric carcinoma.
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