ONCOLOGY LETTERS 10: 3705-3711, 2015

Knockdown of receptor tyrosine kinase-like orphan receptor 2
inhibits cell proliferation and colony formation in osteosarcoma
cells by inducing arrest in cell cycle progression
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Abstract. Osteosarcoma (OS) is the most common malignant
tumor of the bone, with a high mortality rate and poor prog-
nosis. Receptor tyrosine kinase-like orphan receptor 2 (ROR2)
has been reported to be dysregulated in human malignancies.
More recently, ROR2 has been demonstrated to promote OS
cell migration and invasion. However, the role of ROR2 in the
regulation of OS cell proliferation, as well as the underlying
molecular mechanism, remains unclear. The present study
aimed to investigate the underlying mechanism of ROR2 in
osteosarcoma growth. Reverse transcription-quantitative poly-
merase chain reaction analysis and western blot analysis were
used to examine the mRNA and protein expression. MTT
assay, colony formation assay and cell cycle analysis were
conducted to explore the function of ROR2 in osteosarcoma
cells. In the present study, the expression of ROR2 was found
to be frequently upregulated in OS tissues compared with
matched adjacent normal tissues. It was also upregulated in the
OS cell lines Saos-2, MG-63 and U-2 OS, relative to normal
osteoblast hFOB 1.19 cells. Knockdown of ROR2 expression
by transfection with ROR2-specific siRNA markedly inhibited
the proliferation and colony formation of OS cells. Data from
the cell cycle distribution assay revealed an accumulation of
ROR2-knockdown cells in the GO/G1 phase, indicating that
knockdown of ROR?2 leads to an arrest in cell cycle progres-
sion. Mechanistic investigation revealed that the protein
levels of c-myc, a target gene of the Wnt signaling, as well as
cyclin D1, cyclin E and cyclin-dependent kinase 4 were mark-
edly reduced in the ROR2-knockdown OS cells, suggesting
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that the inhibitory effect of ROR2 knockdown on OS cell
proliferation is associated with the Wnt signaling pathway.
In summary, the current study indicates an important role for
ROR2 in the proliferation of OS cells. Therefore, ROR2 may
be a promising therapeutic target in OS.

Introduction

Osteosarcoma (OS) is the most common malignant tumor of
the bone, with a peak incidence in young children and adoles-
cents. The incidence of osteosarcoma is 0.20-0.35/100,000
individuals (1). OS is associated with a high rate of mortality:
The five year overall survival is 75-77% for the primary
non-metastatic osteosarcoma, and no more than 20% for meta-
static osteosarcoma (2,3). Despite the use of surgical excision
combined with chemotherapy and radiotherapy, the median
survival rate of OS remains poor (4). It has been demonstrated
that dysregulation of oncogenes or tumor suppressor genes is
involved in the development and progression of OS (5). Estab-
lishing novel therapeutic targets is urgently required for the
diagnosis and treatment of OS.

Receptor tyrosine kinase (RTK)-like orphan receptor 2
(ROR?2) belongs to the RTK family, which is important in
the regulation of numerous cellular biological processes,
including proliferation, apoptosis, differentiation, adhesion
and migration (6-8). ROR?2 is expressed in heart, brain and
lung tissue, and is also involved in the development of the
nervous system and bones (9-11). It has been hypothesized that
ROR?2 is involved in the early formation of chondrocytes as
well as the development of cartilage and growth plates (12). In
addition, mutations in the ROR2 gene can cause the autosomal
recessive form of Robinow syndrome, a rare disorder that is
characterized by skeletal dysplasia, limb bone shortening,
segmental defects of the spine, brachydactyly and facial abnor-
malities (13).

It has been demonstrated that ROR?2 is frequently down-
regulated in a number of common types of malignancy,
including esophageal, nasopharyngeal, gastric, colorectal,
hepatocellular, lung and breast cancers (14,15). ROR2 acts as
a tumor suppressor by inhibiting the epithelial-mesenchymal
transition and tumor cell stemness through repressing
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B-catenin and AKT signaling (16). Recently, it has been indi-
cated that Wnt5a/ROR?2 signaling may be associated with OS
severity, and plays a promotive role in the regulation of OS
cell migration and invasion (17-19). However, the precise roles
of ROR2 in the regulation of OS cell proliferation, as well as
the underlying mechanism, have not previously been reported.

The present study aimed to explore the role of ROR2 in
the regulation of OS cell proliferation and to investigate the
underlying molecular mechanisms.

Materials and methods

Reagents and materials. RPMI 1640 medium, fetal bovine
serum (FBS), Trizol Reagent and Lipofectamine 2000 were
purchased from Life Technologies (Grand Island, NY, USA).
Dimethyl sulfoxide (DMSO) and MTT were purchased from
Sigma-Aldrich (St. Louis, MO, USA). PrimeScript RT Reagent
Kit and SYBR Premix Ex Taq II were purchased from Takara
Biotechnology Co., Ltd., (Dalian, China).ROR2-specific small
interfering RNA (siRNA) and non-specific siRNA were gener-
ated from Nlunbio (Changsha, China). A Pierce Enhanced
Chemiluminescence (ECL) kit was purchased from Thermo
Fisher Scientific (Rockford, IL, USA). Transwell inserts were
purchased from BD Biosciences (San Jose, CA, USA). Mouse
anti-ROR2 monoclonal antibody, mouse anti-GAPDH mono-
clonal antibody and rabbit anti-mouse secondary antibody
were purchased from Abcam (Cambridge, UK).

Tissue specimen collection. All protocols in this study were
approved by the Ethics Committee of Jishou University (Jishou,
China). A total of 18 OS tissues as well as their matched
adjacent normal tissues were collected at The Second Depart-
ment of Orthopedics of the First Affiliated Hospital of Jishou
University between December 2012 and December 2013.
The 18 cases included 7 female and 11 male who ranged in
age between 25 and 64 years, with a mean of 48.5 years. All
patients received neither radiation therapy nor chemotherapy
before surgical resection. Among all OS patients, 2 cases were
classified as grade I, 7 grade II, 6 grade III, and 3 grade IV.
Written informed consent was obtained from all patients.
Tissues were immediately snap-frozen in liquid nitrogen
following surgical removal, and stored at -70°C until use.

Cell culture. The human OS cell lines Saos-2, MG-63
and U-2 OS and the human osteoblast cell line hFOB 1.19
were obtained from the American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in RPMI 1640
medium supplemented with 10% FBS, 100 U/ml penicillin
and 100 mg/ml streptomycin (Sigma-Aldrich) in a humidified
atmosphere of 5% CO, at 37°C.

Reverse transcription (RT)-quantitative polymerase chain
reaction (qPCR) analysis. Trizol Reagent was used to extract
total RNA from tissues or cells,in accordance with the manufac-
turer's instructions, and a total of 800 ng RNA was subsequently
reverse transcribed into cDNA using a PrimeScript RT
Reagent Kit, according to the manufacturer's protocol. Reverse
transcription was performed at 16°C for 30 min, followed by
an incubation at 42°C for 30 min and enzyme inactivation at
85°C for 5 min. The mRNA expression level was determined
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using SYBR Premix Ex Taq II, on ABI 7500 thermocycler
(Thermo Fisher Scientic, Inc.), in accordance with the
manufacturer's instructions. The reaction conditions were as
follows: 95°C for 5 min, followed by 40 cycles of denaturation
at 95°C for 15 sec and an annealing/elongation step at 60°C for
30 sec. The specific primer pairs are as follows: ROR2 sense,
5'-GTGCGGTGGCTAAAGAATGAT-3; ROR2 antisense,
5-ATTCGCAGTCGTGAACCATATT-3'; GAPDH (internal
reference) sense, 5'-~ACAACTTTGGTATCGTGGAAGG-3;
and GAPDH antisense, 5'-GCCATCACGCCACAGTTTC-3".
Independent experiments were repeated three times. The
relative expression of ROR2 mRNA was analyzed using the
2-4%¢ method.

Transfection. Cells were cultured to 70% confluence and
resuspended in serum-free medium. Lipofectamine 2000 was
used to transfect cells with ROR2 siRNA or with non-specific
siRNA as a negative control (NC). In brief, serum-free medium
was used to dilute Lipofectamine 2000 and siRNA, and the
diluted Lipofectamine 2000 was then added into the diluted
siRNA. Following incubation for 20 min at room temperature,
the mixture was added to the cell suspension. The cells and
transfection reagents were incubated at 37°C in an atmosphere
of 5% CO, for 6 h, before the medium was replaced by normal
serum-containing medium. After transfection for 48 h, the
following assays were performed.

Proliferation assay. An MTT assay was performed to deter-
mine cell proliferation. In brief, 10* cells per well were plated
in a 96-well plate, and incubated for 6, 12,24 or 48 h at 37°C in
an atmosphere of 5% CO,. Subsequently, 10 ul of MTT solu-
tion (5 mg/ml) was added to each well and incubated for 4 h
at 37°C in 5% CO,. The supernatant was then removed, and
100 u1 of DMSO was added to dissolve the precipitate. The
absorbance [optical density (OD)] was detected at 492 nm with
a 680 microplate reader (Bio-Rad Laboratories, Inc.).

Colony formation assay. For all three groups, 150 cells in 3 ml
complete medium were added to each well of a 6-well plate,
which were then incubated at 37°C in 5% CO, for 14 days. At
the end of this period, the cells were washed and stained with
Giemsa (Sigma-Aldrich). Colonies composed of =50 cells
were then counted.

Cell cycle analysis. Cells were collected in 1X phosphate-buff-
ered saline (PBS) and fixed in 70% ethanol overnight at
-20°C. The cells were subsequently pelleted at 200 x g for
5 min, washed in 1X PBS, and pelleted again at 200 x g for
5 min. Cells were resuspended in 300 gl propidium iodide
(PI; Sigma-Aldrich) and incubated at room temperature for
30 min. DNA content analyses were conducted using a C6 flow
cytometer (Beckman Coulter, Brea, CA, USA).

Western blotting. Western blotting was performed to deter-
mine relative protein expression. In brief, tissues or cells were
solubilized in cold radioimmunoprecipitation assay lysis buffer
(Sbjbio, Nanjing, China). Proteins were separated using 10%
SDS-PAGE (Sbjbio), and transferred onto a polyvinylidene
fluoride (PVDF) membrane (Thermo Fisher Scientific), which
was then incubated with mouse monoclonal anti-human ROR?2
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Figure 1. ROR2 expression in OS. (A) The expression of ROR2 mRNA was examined using RT-qPCR in 18 samples of OS tissue and their matched adjacent
normal tissues. (B) ROR2 protein expression was examined by western blotting in OS tissues and matched adjacent normal tissues. (C) The mRNA expression
of ROR2 was examined by using RT-qPCR in the human OS cell lines Saos-2, MG-63 and U-2 OS, as well as in the human osteoblast cell line hFOB 1.19
("P<0.01 vs. hFOB 1.19). (D) The protein expression of ROR2 was examined by western blotting in the human OS cell lines Saos-2, MG-63 and U-2 OS,
as well as in the human osteoblast cell line hFOB 1.19 (“P<0.01 vs. hFOB 1.19). ROR2, receptor tyrosine kinase-like orphan receptor 2; RT-qPCR, reverse
transcription-quantitative polymerase chain reaction; OS, osteosarcoma; T, tumor tissue; N, normal (tumor-adjacent) tissue.

(ab201962, 1:100), monoclonal mouse anti-human cyclin D1
(ab187892, 1:200), monoclonal mouse anti-human cyclin E
(ab3927, 1:50), monoclonal mouse anti-human CDK4 (ab75511,
1:200), monoclonal mouse anti-human c-myc (ab56, 1:200) and
monoclonal mouse anti-human GAPDH (ab8245, 1:200, used
as internal control) at room temperature for 3 h. Following
three washes in PBS-Tween 20, the PVDF membrane was
incubated with the rabbit anti mouse secondary antibody
(ab175743, 1:10,000) at room temperature for 1 h. Chemilu-
minescence detection was performed using an ECL kit and
the relative protein expression was analyzed using Image-Pro
Plus software version 6.0 (Media Cybernetics, Inc., Rockville,
MD, USA), represented as the ROR2 density ratio relative to
that of GAPDH.

Statistical analysis. All data is represented as the mean =+ stan-
dard deviation of at least triplicate samples. A Student's #-test
or y* test was used to statistically analyze data with SPSS soft-
ware version 17 (SPSS, Inc., Chicago, IL, USA). P<0.05 was
considered to indicate statistically significant differences.

Results

ROR?2 expression was significantly upregulated in OS tissues
and cell lines. To investigate the role of ROR2 in OS, its expres-
sion levels were examined in OS tissue specimens as well as
their matched adjacent normal tissues by RT-qPCR. As shown
in Fig. 1A, mRNA expression was significantly upregulated
in OS tissues compared with that of matched adjacent normal
tissue samples. Similarly, the results of western blotting
revealed that ROR2 protein expression was also upregulated
in OS tissues (Fig. 1B). To confirm this, mRNA and protein

expression of ROR2 was also evaluated in three OS cell
lines, with the human osteoblast cell line hFOB 1.19 used as
a control. As shown in Fig. 1C and D, the expression level of
ROR?2 was markedly increased in OS cell lines compared with
that in hFOB 1.19 cells. These findings indicate that ROR2
may be involved in the development of OS.

siRNA-induced ROR2 downregulation inhibits OS cell prolif-
eration. As U-2 OS cells demonstrated the highest ROR2
mRNA and protein expression, this cell line was used in the
subsequent in vitro experiments. ROR2-specific siRNA was
transfected into U-2 OS cells to knockdown ROR?2 expres-
sion. As shown in Fig. 2A and B, the relative mRNA and
protein expression of ROR2 in the ROR2 siRNA group was
markedly decreased when compared with that of the Control
(untransfected) group, while the difference between the NC
and Control groups was not statistically significant. These data
indicated that the expression of ROR2 in U-2 OS cells was
successfully downregulated. Subsequently, MTT assays were
conducted to investigate the effect of ROR2 downregulation
on U-2 OS cell proliferation. As shown in Fig. 2C, the OD
value of U-2 OS cells in the ROR2 siRNA group was signifi-
cantly lower than that of the Control and NC groups (P<0.01),
suggesting that inhibition of ROR2 expression markedly
inhibited the proliferation of U-2 OS cells.

Knockdown of ROR2 expression inhibits colony forma-
tion of OS cells. A colony formation assay was performed
to investigate the effect of ROR2 downregulation on the
colony-forming capacity of U-2 OS cells. As shown in Fig. 3,
the colony-forming capacity of U-2 OS cells transfected with
ROR2 siRNA was markedly decreased compared with that of
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Figure 2. (A) The mRNA expression of ROR2 was examined by RT-qPCR in U-2 OS cells with or without transfection with ROR2-specific siRNA
("P<0.01 vs. control). (B) The protein expression of ROR2 was examined by western blotting in U-2 OS cells with or without transfection with ROR2-specific
siRNA ("P<0.01 vs. control). (C) MTT assays were performed at 6, 12, 24 or 48 h after plating to determine the proliferation capacity of U-2 OS cells
with or without transfection with ROR2-specific siRNA (“P<0.01 vs. control). Control, untransfected U-2 OS cells; NC (negative control), U-2 OS cells
transfected with non-specific siRNA. ROR2, receptor tyrosine kinase-like orphan receptor 2; RT-qPCR, reverse transcription-quantitative polymerase

chain reaction; siRNA, small interfering RNA; OD optical density.

the Control and NC groups, indicating that downregulation of
ROR2 expression significantly suppressed the colony-forming
capacity of U-2 OS cells.

Downregulation of ROR2 expression results in arrest of
cell cycle progression of OS cells. To further investigate the
molecular mechanism of ROR2 in OS, cell cycle progression,
which is closely associated with cell proliferation and colony
formation, was analyzed in U-2 OS cells in each group. Data
from the cell cycle distribution assay revealed an accumulation
of ROR2-knockdown U-2 OS cells at G1 phase, and a decrease
in S and G2 phases compared with the control groups (Fig. 4).
These findings indicated that knockdown of ROR2 induced
an arrest in cell cycle progression, which may be the primary
reason for the reduced proliferative and colony-forming
capacities of ROR2-knockdown U-2 OS cells.

ROR?2 knockdown leads to downregulation of cell cycle proteins
and c-myc. Consistent with the aforementioned data, the protein
expression levels of cyclin D1, cyclin E, and cyclin-dependent
kinase 4 (CDK4), which are involved in the cell cycle G1-S phase
transition, were significantly reduced in ROR2-knockdown OS
cells (Fig. 5A). In addition, c-myc, which has been demonstrated
to play a crucial role in cell proliferation, was also found to have
reduced expression in ROR2-knockdown OS cells compared
with the control groups (Fig. 5B).

Discussion
ROR2, a member of RTK family, is a type I transmembrane

protein that belongs to the RTK-like orphan receptor subfamily
of cell surface receptors (20). ROR2 is associated with the
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Figure 3. Colony formation assay was performed in U-2 OS cells with or
without transfection with ROR2-specific siRNA. Control, untransfected
U-2 OS cells; NC (negative control), U-2 OS cells transfected with non-spe-
cific siRNA. “P<0.01 vs. Control.

development and progression of numerous types of human
cancer, including OS (14,15). ROR2 has been suggested to play
arole in the regulation of OS cell migration and invasion (21).
However, the precise role of ROR?2 in the regulation of OS cell
proliferation, as well as its underlying mechanism, remains
largely unclear. In the current study, the expression of ROR2
was found to be significantly increased in OS tissues and cell
lines, and knockdown of ROR2 expression by transfection
with ROR2-specific siRNA markedly inhibited the prolifera-
tion and colony formation of OS cells. These findings suggest
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transfection with ROR2-specific siRNA. GAPDH was used as an internal reference. (B) Western blotting assay was performed to examine the protein expres-
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cells transfected with non-specific siRNA.

that ROR2 plays a promotive role in the regulation of OS cell
proliferation, and that knockdown of ROR?2 expression may
be effective for inhibiting the development and growth of OS.

As the downregulation of cell proliferation and colony
formation induced by ROR2 knockdown may be due to the
inhibition of cell cycle progression, a cell cycle distribution
assay was also conducted. These findings revealed an accu-
mulation of ROR2-knockdown OS cells in GO/GI1 phase, and
a decrease in S and G2/M phases, indicating that knockdown
of ROR2 leads to an arrest in cell cycle progression of OS
cells. Further findings revealed that the expression levels of
cyclin DI, cyclin E and CDK4 were significantly reduced in

ROR2-knockdown OS cells. These molecules are involved in
the GO/GI1-S transition of the cell cycle, and thus the regulation
of cell proliferation and colony formation (22).

Furthermore, ROR2 is involved in the Wnt signaling
pathway (23). Wnt signaling is important in normal embry-
onic pattern formation and cell differentiation, as well as
tumorigenesis (9,24), and may therefore act as potential
diagnostic or therapeutic target for human malignancies.
As a novel Wnt receptor, ROR2 provides the potential to
target the non-canonical Wnt pathway for cancer treatments.
Notably, ROR2 appears to possess dual roles as an oncogene
or tumor suppressor depending on tumor type (25). For
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instance, the protein expression of ROR2 was reported to be
significantly decreased in hepatocellular carcinoma (HCC)
tissues compared with adjacent non-tumorous tissues, and
loss of ROR2 expression was associated with poor prog-
nosis, suggesting that ROR2 may act as a tumor suppressor
in HCC (26). By contrast, ROR2 was suggested to play an
oncogenic role in certain other cancers, including melanoma,
renal cell cancer and oral squamous cell carcinoma (27-29).
ROR?2 promotes the proliferation and migration of renal cell
carcinoma cells in vitro and in vivo (30).

The role of Wnt/ROR2 signaling in the regulation of OS
development has been gradually elucidated. Wnt5b has been
identified as a ligand of ROR2, and the physiological inter-
action of ROR2 and Wnt5b may enhance OS cell migration,
suggesting that Wnt/ROR?2 signaling may be involved in
OS metastasis (31). Furthermore, Wnt/ROR2 signaling was
found to promote OS cell invasion, at least in part, through
the activation of a Src-family protein tyrosine kinase as
well as upregulation of matrix metalloproteinase-13 expres-
sion (19,21). In addition, Lu et al (17) reported that ROR2 and
Whnt5a were significantly upregulated in OS tissues, and their
expression levels were correlated with Enneking surgical stage
and tumor metastasis. In the current study, cyclin D1, a target
gene of Wnt signaling (32), was markedly downregulated
following knockdown of ROR2 in OS cells. In addition, c-myc,
another target gene of Wnt signaling that has been demon-
strated to participate in the regulation of cell proliferation (33),
was found to have reduced expression in ROR2-knockdown
OS cells. Taken together, these findings suggest that the inhibi-
tory effect of ROR2 knockdown on OS cell proliferation may
be associated with the Wnt signaling pathway.

In summary, the present study revealed that the expres-
sion level of ROR2 was significantly increased in OS tissues
and cell lines. We hypothesize that ROR?2 is able to promote
the proliferation of OS cells through the regulation of cell
cycle progression, and that the Wnt signaling pathway is
involved in ROR2-mediated OS cell proliferation. Therefore,
ROR2 may become a potential molecular target for the treat-
ment of OS.
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