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Renal cell carcinoma (RCC) represents one of the most resistant tumors to radiation and chemotherapy. Current 
therapies for RCC patients are inefficient due to the lack of diagnostic and therapeutic markers. The expres-
sion of novel tumor-associated kinases has the potential to dramatically shape tumor cell behavior. Identifying 
tumor-associated kinases can lend insight into patterns of tumor growth and characteristics. In the present 
study, we investigated the receptor tyrosine kinase-like orphan receptor 2 (Ror2), a new tumor-associated 
kinase, in RCC primary tumors and cell lines. Knockdown of Ror2 expression in RCC cells with specific 
shRNA significantly reduced cell proliferation and induced apoptosis. Using in vitro migration and Matrigel 
invasion assays, we found that cell migration and invasive ability were also significantly inhibited. In RCC, 
Ror2 expression correlated with expression of genes involved at the cell cycle and migration, including PCNA, 
CDK1, TWIST, and MMP-2. Furthermore, in vivo xenograft studies in nude mice revealed that administra-
tion of a Ror2 shRNA plasmid significantly inhibited tumor growth. These findings suggest a novel pathway 
of tumor-promoting activity by Ror2 within renal carcinomas, with significant implications for unraveling the 
tumorigenesis of RCC.
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INTRODUCTION

Renal cell carcinoma (RCC) is the most common 
malignant neoplasm of the kidney, accounting for 3% of 
all malignancies. The incidence of RCC has increased in 
recent years, with nearly 100,000 patients dying each year. 
More than a third of these patients present at advanced 
stages and with unresectable or metastatic disease (1,2). 
RCC tumors are characterized on the basis of histologic 
features as clear cell (80%), papillary (10%), chromophobe 
(<5%), or granular, spindle, or cyst-associated carcinomas 
(5%–15%) (3). Each of these histologic subtypes exhibits 
unique clinical behavior, with clear cell and granular types 
tending to show a more aggressive clinical phenotype (4). 
Among the cellular changes associated with tumor pro-
gression is tissue remodeling, compatible with the exten-
sive migration necessary for the progression of metastatic 
disease. However, the mechanisms that promote tumor 
invasiveness or the acquisition of metastatic potential for 
the subtypes of RCC remain undefined.

The receptor tyrosine kinase-like orphan receptor 2  
(Ror2) is a transmembrane protein that belongs to a 

conserved family of tyrosine kinase receptors with normal 
expression in the developing heart, brain, and lungs (5,6), 
and with the greatest expression in migrating neural crest 
and mesenchymal tissues (5). Recent evidence has impli-
cated Ror2 in mediating both canonical and noncanoni-
cal signaling pathways (7). Ror2 was initially found to be 
highly expressed in osteosarcoma (8) and RCC (9) and 
has recently been found in an increasingly long list of can-
cers, currently including melanoma (10), colon cancer (11), 
head and neck squamous cell carcinoma (12), and breast 
cancer (13). Despite increasing evidence showing the role of 
the noncanonical pathways in tumorigenesis, however, the 
underlying molecular mechanisms are poorly understood.

In the present study, we showed upregulation of Ror2 
in RCC tissues and cell lines. Knockdown of Ror2 can 
inhibit proliferation, migration, and invasion, and induce 
G1 phase cell cycle arrest and apoptosis of RCC cell 
lines. Furthermore, knockdown of Ror2 also inhibits 
tumor growth in vivo. Our data provide new insights into 
the molecular function of Ror2 as well as its regulatory 
mechanisms in RCC.
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MATERIALS AND METHODS

Tissue Specimens

In the present study, a total of 21 RCC specimens were 
obtained from surgical tumor resections in accordance with 
the local Ethics Committee. The adjacent normal kidney 
tissue specimens were also collected from these patients.

Cell Culture and Treatments

Normal kidney cell line (HK-2) and RCC cell lines 
(A-498, GRC-1, 786-0, and CaKi-1) were obtained from 
the Shanghai Cell Bank, Chinese Academy of Sciences 
(Shanghai, P.R. China). Cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; Invitrogen Life 
Technologies, Carlsbad, CA, USA) supplemented with 
10% fetal bovine serum (Invitrogen Life Technologies) 
and 100´ penicillin–streptomycin solution (Invitrogen 
Life Technologies), and incubated in a humidified atmo-
sphere at 37°C with 5% CO2.

The shRNA knockdown cells were generated by 
introducing commercial shRNA in a lentiviral vector 
(pLKO.1-EGFP) for Ror2 (Sino Biological Inc. Beijing, 
P.R. China), a control virus delivering a scramble short 
hairpin retrovirus. Overexpression cell lines were gen-
erated by transferring Ror2 cDNA (Sino Biological 
Inc.) into the pLV-IRES-eGFP plasmid (Invitrogen Life 
Technologies) via EcoRI/BamHI restriction enzyme sites. 
The infection of 786-0 and CaKi-1 RCC cells using len-
tivirus-expressing shRNA-Ror2 and Ror2 was prepared 
as previously described (14). The recombinant lentivirus 
pLKO.1-EGFP-scramble shRNA (shRNA-NC) and black 
pLV-IRES-eGFP (Vector-NC) were used as the negative 
control, respectively.

Reverse Transcription PCR Analysis

RNA was extracted from RCC cells and frozen RCC 
tumor tissues. cDNA was synthesized from RNA using 
a MMLV RT Reagent Kit (Thermo Fisher Scientific 
Inc.). The DyNAmo Flash SYBR Green qPCR kit 
(Finnzymes Oy, Espoo, Finland) was used and analyzed 
on the 7900H Fast Real-Time PCR System (Applied 
Biosystems) according to the manufacturer’s instruc-
tions. For RT-PCR, primers targeting the Ror2 (left: 
5¢-TTTCAGGATGATTACCACGAG-3¢, right: 5¢-CTC 
ACACTTGGGCAGCTGAA-3¢), PCNA (left: 5¢-GGTG 
TTGGAGGCACTCAAGG-3¢, right: 5¢-CAGGGTGAG 
CTGCACCAAAG-3¢), CDK1 (left: 5¢-ACCATACCCAT 
TGACTAAC-3¢, right: 5¢-ATAAGCACATCCTGAAGA 
C-3¢), TWIST (left: 5¢-AGTCCGCAGTCTTACGAG-3¢, 
right: 5¢-GCTTGCCATCTTGGAGTC-3¢), MMP-2 (left:  
5¢-TTGACGGTAAGGACGGACTC-3¢, right: 5¢-GGCG 
TTCCCATACTTCACAC-3¢), and GAPDH (left: 5¢-CA 
CCCACTCCTCCACCTTTG-3¢, right: 5¢-CCACCACC 

CTGTTGCTGTAG-3¢) were generated. Relative quan-
tification of mRNA expression levels was determined 
using the 2−DDCt method.

Immunoblotting

Cells were lysed in whole-cell extraction buffer 
containing 20 mM Tris, 100 mM NaCl, 1 mM EDTA, 
1% NP-40, and protease inhibitor cocktail (Roche 
Diagnostics, Indianapolis, IN, USA). Protein samples 
were separated on 8% SDS–polyacrylamide gels and 
transferred to nitrocellulose membranes (EMD Millipore, 
Billerica, MA, USA). The following antibodies were 
used to assess for expression: polyclonal Ror2 at 1:5,000 
(Abcam, Cambridge, MA, USA), monoclonal PCNA at 
1:1,000 (Cell Signaling Technology Inc., Danvers, MA, 
USA), monoclonal CDK1 at 1:1,000 (Abcam), poly-
clonal TWIST at 1:1,000 (Abcam), polyclonal MMP-2 
at 1:1,000 (Abcam), and monoclonal GAPDH at 1:1,000 
(Cell Signaling Technology Inc.) as a loading control. 
Appropriate horseradish peroxidase-conjugated second-
ary antibodies were used, and proteins were detected 
using ECL-Plus chemiluminescence reagents (GE).

Cell Proliferation Assay

Cell Counting Kit-8 (CCK-8; Dojindo Molecular 
Technologies, Gaithersburg, USA) was used to evaluate 
the growth of RCC cells. Cells were seeded in 96-well 
plates at 5 ́  103 cells per well in DMEM for 72 h. At 
specified time points, CCK-8 solution was added to each 
well as the manufactory protocol suggests. Plates were 
incubated for 4 h at the same incubator conditions, after 
which the absorbance was read at 450 nm using the iMark 
microplate absorbance reader (Bio-Rad Laboratories Inc., 
Hercules, CA, USA).

Cell Cycle Analysis

Propidium iodide (PI) was used for cell cycle analy-
sis. Cells were harvested and fixed with 70% ethanol and 
made RNA free. PI (5 μmol/L) was added and incubated 
for 20 min in the dark. Fluorescence intensity was mea-
sured using frequency lavatory-2 higher (FL-2H) with PI 
as the intercalating fluorescent dye.

Apoptosis Assays

Cell apoptosis was detected by annexin V/PI FACS 
analysis as previously described (15). Cells were harvested 
and washed twice with cold PBS and resuspended in 1´ 
binding buffer at a concentration of 1 ́  106 cells/ml at a 
final volume of 100 ml. Annexin V-FITC (5 ml) was added 
to each tube for 20 min, and then 5 ml PI was added for 
another 10 min for incubation on ice. Finally, each sample 
was resuspended to a volume of 500 ml with 1× binding 
buffer and analyzed by flow cytometry within 30 min.
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Cell Migration and Invasion Assay

Cells were trypsinized and counted with a hemocy-
tometer using trypan blue, and viable cells were seeded 
in the upper chamber at 1 ́  104 cells/well in serum-free 
DMEM. DMEM plus 10% FBS was placed in the lower 
chamber as a source of chemoattractant. Cells were 
allowed to migrate through a porous, uncoated membrane 
(BD Biosciences, Bedford, MA, USA) for 12 h at 37°C. 
Incubation was carried out for 48 h at 37°C in humidi-
fied air with 5% CO2. Nonmigratory cells in the upper 
chamber were then removed with a cotton-tip applica-
tor. Migrated cells on the lower surface were fixed with 
methanol and stained with hematoxylin. The number of 
migrating cells was determined by counting five high-
powered fields (200´) on each membrane and calculated 
as mean number of cells/field. The procedure for the cell 
invasion assay was similar to the cell migration assay, 
except that the Transwell membranes were precoated 
with Matrigel (BD Biosciences).

In Vivo Experiments

For tumor growth assay, 786-0 cells infected with 
 shRNA-NC or shRNA-Ror2 were trypsinized and washed 
and resuspended in DMEM without FBS. Cell concen-
tration and viability were determined using trypan blue. 
Twelve male athymic nude mice (SLAC Laboratory 
Animal Center, Shanghai, P.R. China) were randomly 
divided into two groups (six mice/group), and 2 ́  106 786-0 
cells were subcutaneously injected into the right armpit of 
the mice. Tumor size was determined every 3–4 days after 
the tumor formed (around 1–2 weeks). At 46 days after 
injection, the mice were euthanized, and the excised tumor 
tissues were formalin fixed, paraffin embedded, sectioned, 
and then analyzed with Ror2 immunohistochemistry. The 
tumors were weighed on a digital balance.

Immunohistochemistry

Immunohistochemistry assay was performed as previ-
ously described (16). RCC tissue sections were initially 
treated with deparaffinization and hydration, heated in 
EDTA (pH 8.0), and incubated with 3% hydrogen perox-
ide for 10 min for antigen retrieval. The reaction of Ror2 
mouse polyclonal antibody (Abcam) took place for 1 h at 
room temperature, following incubation with goat anti-
mouse horseradish peroxidase-conjugated IgG (Abcam). 
Slides were stained with DAB (Shanghai Long Island 
Biotec. Co., LTD, P.R. China) and hematoxylin (BASO, 
P.R. China). Immunohistochemical signals were calcu-
lated with the positive staining cells.

Coimmunoprecipitation (Co-IP)

Coimmunoprecipitation was performed as described 
previously (17). Both the input and IP samples were 

analyzed by Western blot using various antibodies at the 
following dilutions: Ror2 antibody (1:1,000), WNT5A 
antibody (1:1,000), WNT1 antibody (1:1,000), Flag-tag 
antibody (1:1,000), HA-tag antibody (1:1,000), and nor-
mal rabbit/mouse IgG (CST).

Statistical Analysis

Results were shown as mean ± SD. Statistical analy-
sis was performed using the GraphPad Prism 5.0 envi-
ronment (GraphPad Software, La Jolla, CA, USA). All 
assays were performed in triplicate and repeated at least 
three times. The comparison of different groups was ana-
lyzed using the unpaired, two-tailed Student’s t-test. All 
statistical analyses were two sided, and values of p < 0.05 
were considered statistically significant.

RESULTS

Expression of Ror2 mRNA in RCC Specimens  
and Cell Lines

The expression of Ror2 was investigated in a panel 
of surgically resected RCC specimens and corresponding 
adjacent normal kidney specimens. Our RT-PCR analysis 
revealed that the expression of Ror2 was higher in RCC 
tissues compared with adjacent normal kidney tissues 
(Fig. 1). The mRNA and protein expression of endog-
enous Ror2 in RCC cancer cells, A-498, CaKi-1, 786-0, 
and GRC-1, and normal renal cells, HK-2, was confirmed. 
Ror2 was positively identified on multiple examinations 
of the RCC cell line, A-498, CaKi-1, 786-0, and GRC-1, 
but expressed weakly in the normal renal cells, HK-2 
(Fig. 1B and C).

shRNA-Mediated Knockdown of Ror2 in 786-0 
and CaKi-1 Cells Inhibits Cell Proliferation

To validate whether Ror2 functions in cell growth 
regulation, RCC cell lines were used to examine 
changes in cellular phenotypes after Ror2 knockdown 
by RNA interference or Ror2 overexpression. In these 
experiments, treatment with Ror2 shRNA revealed abla-
tion of Ror2 mRNA and protein expression (Fig. 2A 
and B), while Ror2 overexpression revealed abundant 
expression of Ror2 at both mRNA and protein levels 
(Fig. 2C and D). The treatment of Ror2 shRNA resulted 
in a gradual and significant decrease in cell prolifera-
tion in the 786-0 cell lines with highest expression of 
Ror2 (Fig. 2E). Meanwhile, treatment of Ror2 expres-
sion vector resulted in a gradual and significant increase 
in cell proliferation in the CaKi-1 cell lines with lowest 
expression of Ror2 (Fig. 2F). After 72 h, cell prolifera-
tion was reduced to 42% for the 786-0 cell lines and was 
increased to 39% for the CaKi-1 cell lines. These results 
suggest that suppression of Ror2 expression apparently 
reduces cell proliferation in RCC cells.
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Figure 2. Ror2 downregulation inhibits cell proliferation. Expression of Ror2 in 786-0 (A, B) and CaKi-1 cells (C, D) was detected by 
RT-PCR and Western blot. The 786-0 cells were infected with shRNA-Ror2, and the CaKi-1 cells were infected with Ror2-expressing 
vector; 0, 24, 48, and 72 h later, cells were collected. (E, F) Cell proliferation was detected by CCK-8 assay. *p < 0.05, ***p < 0.001 
compared with shRNA-NC.

Figure 1. Expression of Ror2 in RCC tissues and cell lines. (A) The expression level of Ror2 detected by RT-PCR in 21 paired RCC 
tissues and adjacent normal kidney tissues. (B, C) Expression of Ror2 in four RCC cell lines and a normal renal cell line was detected 
by RT-PCR and Western blot. ***p < 0.001 compared with adjacent normal kidney tissues or HK-2 cell lines.
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Ror2 Knockdown Induces G1 Phase Cell Cycle 
Arrest and Apoptosis In Vitro

To further validate the effect of Ror2 on cell prolif-
eration, the cell cycle was analyzed in 786-0 cell lines 
using flow cytometry. Cell cycle analysis showed that the 
knockdown of Ror2 notably increased the rate of G1 phase 
cells and decreased S phase cell population in 786-0 cell 
lines (Fig. 3A). We then evaluated the apoptotic func-
tion of Ror2 in 786-0 and CaKi-1 cells using an annexin 
V-FITC/PI staining and flow cytometry assay. As shown 
in Figure 3B and D, flow cytometry analysis revealed that 
the knockdown of Ror2 in 786-0 cell lines significantly 
induced cell apoptosis by threefold compared with con-
trol cells. Meanwhile, overexpression of Ror2 in CaKi-1 
cell lines showed a significantly decreased apoptotic rate 
by 52% (Fig. 3C and E) compared with control cells. 
Taken together, these data suggest that suppression of 
Ror2 induces cell cycle arrest and apoptosis of RCC cells 
in vitro.

Ror2 Knockdown Suppresses Cell Migration and 
Invasion Properties In Vitro

Our observation raised another question of whether 
substantial amounts of endogenously expressed Ror2 
play any functional role(s) in cell migration and inva-
sion. To determine if Ror2 shRNA could reduce pro-
tumorigenic cellular behaviors associated with Ror2 
expression, we first determined the effect of decreased 
Ror2 expression on tumor cell migration. Migration 
assay revealed 77% inhibition in motility potential of 
Ror2 shRNA-infected 786-0 cell lines (Fig. 4A and C) 
and 1.9-fold increase in motility potential of Ror2-
infected CaKi-1 cell lines (Fig. 4B and C), suggest-
ing that the motility potential of Ror2 shRNA-infected 
RCC cells was severely impaired. Subsequently, we 
measured the capacity of RCC cells to invade through 
Matrigel, an artificial extracellular matrix (ECM), after 
infection with shRNA-NC or Ror2 shRNA. Decreased 
Ror2 expression led to the inhibition of invasion by 68% 
in 786-0 cell lines (Fig. 4D and F), and overexpression 
of Ror2 led to the increase in invasion by 1.1-fold in 
CaKi-1 cell lines (Fig. 4E and F), suggesting that the 
invasive potential of Ror2 shRNA-infected RCC cells 
was severely impaired.

Effect of Ror2 on Expression Levels of PCNA, 
CDK1, TWIST, and MMP-2 In Vitro

To further explore the mechanism of Ror2 regulat-
ing cell proliferation, migration, and invasion of RCC 
cell lines, two cell cycle molecular markers, PCNA and 
CDK1, and TWIST and MMP-2 associated with migra-
tion, were predicated to be Ror2 targets. As shown in 
Figure 5A and B, the mRNA and protein levels of PCNA, 

CDK1, TWIST, and MMP-2 in 786-0 cell lines were 
remarkably decreased by shRNA-Ror2 in 786-0 cell lines 
compared with control cells, while Ror2 overexpression 
increased the expression of these molecules in CaKi-1 
cell lines (Fig. 5C and D).

Interacting Proteins for Ror2

Twenty-five genes were found interacting with Ror2 by 
bioinformatics assay, including WNT1, WNT5A, LRP5, 
FZD5, FZD2, VANGL2, PRR20A, PSMC5, MAGED1, 
DAB1, RUVBL1, DAZAP2, MAP3K7, MAPK8, RAC1, 
MAPK9, MAPK10, ARRB2, CLTC, AP2M1, AP2A1, 
AP2A2, AP2S1, AP2B1, and CTHRC1, in which WNT5A 
and WNT1, which are associated with Wnt signaling, 
were selected to further validate our study. Our results 
obtained from the coimmunoprecipitation experiments 
indicated that WNT5A and WNT1 directly interact with 
Ror2 in 786-0 cell lines (Fig. 6A and B).

Effect of Ror2 on Tumor Growth of 786-0  
Cells in Nude Mice

To further examine the effects of Ror2 on in vivo 
tumor growth, 786-0 cells stably expressing shRNA-NC  
or shRNA-Ror2 were injected subcutaneously into the 
right armpit of nude mice. Low expression of Ror2 
(Fig. 7A) was observed in the xenograft from the 
nude mice injected with shRNA-Ror2-infected 786-0 
cells. Moreover, shRNA-Ror2 tumors grew slower in 
mice, whereas shRNA-NC tumors grew faster in mice 
(Fig. 7B). After 46 days, tumor weights in shRNA-Ror2 
mice were significantly decreased to 64% compared 
with those in the shRNA-NC group (Fig. 7C). These 
data suggest that knockdown of Ror2 inhibits tumor 
growth in nude mice.

DISCUSSION

In a strategy to uncover potential signaling kinases 
for RCC, we have identified the developmentally regu-
lated orphan kinase Ror2 as an activated tyrosine kinase 
in renal tumors and RCC cancer cell lines. The precise 
molecular mechanism of Ror2 involved in human can-
cer tumorigenesis has not be specifically described to 
date, although the aberrant expression of Ror2 has been 
observed from human glioblastoma (18), osteosarcoma 
(19), lung cancer (20), melanoma (21), and RCC (9). In 
the present study, we found that the expression of Ror2 
was significantly higher in RCC tissues than in matched 
adjacent normal tissue in mRNA levels, which was in line 
with the previous study reporting that high expression 
of Ror2 was correlated with TNM stage, tumor status, 
lymph node metastasis, and overall survival of NSCLC 
patients (20).
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Figure 3. Ror2 downregulation induces cell cycle arrest and apoptosis. The 786-0 cells were infected with shRNA-Ror2, and the 
CaKi-1 cells were infected with Ror2-expressing vector; 48 h later, cells were collected. (A) The 786-0 cell cycle profile was analyzed 
using flow cytometry and PI staining. The 786-0 (B, D) and CaKi-1 cell (C, E) apoptosis was analyzed using flow cytometry and 
annexin V-FITC/PI staining. ***p < 0.001 compared with shRNA-NC.
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Accordingly, several studies have provided in vitro 
evidence supporting the role of Ror2 in carcinogenesis 
(7,22). Ror2 silencing in cisplatin-resistant A2780-cis 
inhibits cell migration and invasion, whereas Ror2 over-
expression in the parental cell line increases wound heal-
ing migration (23). The loss of Ror2 led to reduced RCC 
cell migration and anchorage-independent growth as 

indicated by in vitro experiments and xenograft mouse 
model (9). Our findings indicated that knockdown of 
Ror2 by RNA interference showed significant decreases 
in cell proliferation, migration, and invasion, and induced 
G1 cell cycle arrest and apoptosis. In addition, overex-
pression of Ror2 corrected the effects of Ror2 knockdown 
on tumor igenesis of RCC. Morioka et al. reported that 

Figure 5. Ror2 regulates proteins correlated with cell cycle and migration. The 786-0 cells were infected with shRNA-Ror2, and the 
CaKi-1 cells were infected with Ror2-expressing vector; 48 h later, cells were collected. (A, B) Expression of PCNA, CDK1, TWIST, 
and MMP-2 was evaluated in 786-0 (A, B) and CaKi-1 cells (C, D) by RT-PCR and Western blot. *p < 0.05, **p < 0.01, ***p < 0.001 
compared with shRNA-NC.

Figure 6. Interacting proteins for Ror2 in vitro. (A, B) Coimmunoprecipitation showed that Ror2 interacts with WNT5A and WNT1 
in the 786-0 cell lines.
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over expression of Ror2 in human fibroblast and kidney 
cells conferred increased invasive activity (8). However, 
in contrast to our data, overexpression of Ror2 in A2780-
cis cell line had no effect on cell proliferation and cell 
migration and invasion through Transwells (23). Taken 
together, these studies suggest that Ror2 exerts oncogenic 
activity and may be a novel therapeutic target for some 
human cancers.

We investigated the correlations of Ror2 expression 
and cell cycle- and migration-related molecules, includ-
ing PCNA, CDK1, TWIST, and MMP-2 in RCC. PCNA, 
CDK1 TWIST, and MMP-2 expression was significantly 
downregulated in the Ror2-silenced cells. However, the 

levels of these molecules were upregulated in the Ror2-
overexpressed cells. Proper regulation of the cell cycle 
is a key element controlling cell division. Many pro-
teins are involved in this process including cyclins and 
cyclin-dependent kinases that regulate accurate transition 
of the cell through subsequent phases of the cell cycle 
(24). PCNA has been found in the nuclei of yeast, plant, 
and animal cells that undergo cell division, suggesting a 
function in cell cycle regulation and/or DNA replication 
(25). According to current models, mammalian CDKs are 
essential for driving each cell cycle phase, so therapeu-
tic strategies that block CDK activity are likely to selec-
tively target tumor cells, whereas CDK1 is required for 
the cell cycle, and interphase CDKs are only essential for 
proliferation of specialized cells (26). Cell migration is a 
critical feature of numerous physiologic and pathologic 
phenomena, including development, wound repair, angio-
genesis, and metastasis. TWIST plays important roles in 
tumor growth, progression, and survival in patients with 
RCC, which is significantly associated with increased 
cancer cell proliferation, angiogenesis, MMP-2 expres-
sion, and macrophage recruitment (27). Expression of 
the Ror2 kinase in human tumors was found to be tightly 
correlated with genes involved at the ECM, in particular 
MMP-2, linking this epithelially derived tumor with mes-
enchymal phenotypic markers and a potentially impor-
tant transitioning event in the development of invasive 
RCC (28). These findings place Ror2 as a mediator of 
MMP-2 regulation in RCC and a potential regulator of 
ECM remodeling. The exact molecular mechanism as to 
how Ror2 regulates PCNA, CDK1, TWIST, and MMP-2 
expression will require additional studies. However, our 
finding may be important for future studies on RCC inva-
sion and metastasis.

Recently, previous data confirmed the findings of the 
experiments in vivo examining anchorage-independent 
growth, validating a role for Ror2 in promoting tumor 
cell growth independent of tumor cell survival in RCC 
(9). Similarly, in our laboratory, we have found that 
knockdown of Ror2 significantly inhibits xenograft 
tumor growth, suggesting that it may function in RCC 
carcinogenesis. In addition, immunohistochemistry assay 
revealed a humoral response against Ror2 protein in 
 shRNA-NC and a weak response in shRNA-Ror2 mice.

Further, the regulation of Wnt signaling via Wnt 
 receptors such as Ror2 can be greatly influenced by the 
availability of Wnt ligands, which may influence the activ-
ity of Ror2 in tumorigenicity (29). Wingless-type MMTV 
integration site family, member 5A (WNT5A) and mem-
ber 1 (WNT1) are ligands for members of the frizzled 
family of seven transmembrane receptors regulating Wnt 
signaling. In the presence of Ror2, the canonical Wnt 
pathway is inhibited by promoting b-catenin degradation 
through a GSK3-independent pathway, which involves 

Figure 7. Ror2 downregulation in 786-0 cells reduced tumor 
growth in vivo. The 786-0 cells infected with shRNA-NC or 
shRNA-Ror2 were subcutaneously injected in nude mice. 
(A) Expression of CTNNB1 was determined by immuno-
histochemistry staining. (B) Growth curve of tumor volumes. 
(C) Tumor weights. ***p < 0.001 compared with shRNA-NC.
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downregulation of b-catenin-induced reporter gene 
expression (30). Ror2 also positively modulates Wnt3A-
activated canonical signaling in lung carcinoma through 
cooperative interactions with Fzd2, suggesting the func-
tion of Ror2 in modulating canonical Wnt signaling (31). 
In this study, we revealed that Ror2 directly bound to 
WNT5A and WNT1 in 786-0 cell lines, suggesting that 
signaling through Wnt pathway is a critical downstream 
mechanism by which Ror2 may regulate changes in the 
cell proliferation, cell cycle, apoptosis, and invasion.

Understanding the mechanisms involved in onco-
genesis has wide-ranging implications for targeting the 
treatment of cancer. In particular, treatment directed at 
molecules such as Ror2 that are overexpressed in tumor 
tissues may minimize cytotoxic effects on normal cells. 
Furthermore, the potential use of Ror2 as a biomarker 
in tissue biopsies and monitoring patients after surgery 
should be explored. Finally, this identified kinase in RCC 
serves as an ideal candidate to explore as a marker of 
tumors with aggressive growth potential or as a putative 
target to disable tumor growth.
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