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Abstract Through subtraction of tumor-specific CpG
methylation, we identified receptor tyrosine kinase-like
orphan receptor 2 (ROR2) as a candidate tumor sup-
pressor gene (TSG). ROR2 is a specific receptor or co-
receptor for WNTS5A, involved in canonical and non-
canonical WNT signaling, with its role in tumorigenesis
controversial. We characterized its functions and related
cell signaling in common carcinomas. ROR2 was fre-
quently silenced by promoter CpG methylation in
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multiple carcinomas including nasopharyngeal, esopha-
geal, gastric, colorectal, hepatocellular, lung, and breast
cancers, while no direct correlation of ROR2 and WNT5A
expression was observed. Ectopic expression of ROR2
resulted in tumor suppression independent of WNTSA
status, through inhibiting tumor cell growth and induc-
ing cell cycle arrest and apoptosis. ROR2 further sup-
pressed epithelial-mesenchymal transition and tumor cell
stemness through repressing p-catenin and AKT signal-
ing, leading to further inhibition of tumor cell migration/
invasion and increased chemo-sensitivity. Thus ROR2,
as an epigenetically inactivated TSG, antagonizes both
B-catenin and AKT signaling in multiple tumorigenesis.
Its epigenetic silencing could be a potential tumor bio-
marker and therapeutic target for carcinomas.

Keywords Epigenetic - Tumor suppressor - ROR2 -
Methylation - Carcinoma

Introduction

Receptor tyrosine kinases (RTKs) play a critical role
in normal development and diseases including can-
cers through regulating cellular proliferation, apoptosis,
differentiation, and migration [1, 2]. Receptor tyros-
ine kinase-like orphan receptor 2 (Ror2), a member of
orphan RTKSs, has been shown to be involved in multi-
ple developmental morphogenesis [3-5] including oste-
oblastogenesis [6] and neurogenesis [7, 8]. Its dual role
in human tumorigenesis has just been studied recently,
especially for its tumor-promoting function [9]. ROR2
was reported to possess tumor-promoting activities in
several malignancies including renal cancer [10], prostate
cancer [11], melanoma [12], and osteosarcoma [13], and
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further serves as a prognostic biomarker and therapeutic
target [14, 15]. On the other hand, promoter methylation-
mediated silencing of ROR2 was found to promote tumor
cell growth of colon cancer in vivo and in vitro [16]. Loss
of Wnt5a and Ror?2 protein has been identified in hepato-
cellular carcinoma, and associated with its poor progno-
sis [17]. However, the expression and tumor-suppressive
function of ROR2 in the pathogenesis of other common
tumor remain unclear.

As a specific receptor or co-receptor for Wnt5a [8,
18], Ror2 inhibits canonical Wnt/B-catenin signaling
[19-22] and activates non-canonical c-Jun N-terminal
kinase (JNK) signaling in developmental morphogenesis
[23, 24]. Of note, Ror2 and Wnt5a display overlapping
expression patterns, and Ror2- and Wnt5a-knockout
mice share similar phenotypes [5, 24-26], suggesting a
physical and functional correlation of Ror2 and Wnt5a.
Although WNTS5A-ROR?2 signaling has been reported
to be implicated in the invasiveness of several carcino-
mas [11-13], the underlying molecular mechanisms of
ROR2 signaling in human tumorigenesis are poorly
defined.

Here, we identified ROR2 as a methylated TSG through
PCR subtraction of tumor-specific CpG methylation. We
further investigated its epigenetic inactivation in multiple
carcinomas, and demonstrated its pro-apoptotic and anti-
metastatic activities in tumor cells. We found that ROR2
suppressed P-catenin and AKT signaling, as well as the
epithelial-mesenchymal transition (EMT) and stemness of
tumor cells, further leading to the inhibition of tumor cell
migration/invasion.

Materials and methods
Cell lines and tissue samples

A series of tumor cell lines were used. Immortalized,
non-transformed normal epithelial cell lines (NP69, Het-
1A, NE1, NE3, CCD841-CoN, and HMEpC) were used
as normal controls. Cell lines were obtained either from
American Type Culture Collection or from collabora-
tors. Cell lines were treated with 10 mmol/l 5-aza-2'-
deoxycytidine (Aza) (Sigma-Aldrich, St Louis, MO,
USA) for 3 days or further treated with 100 nmol/l tri-
chostatin A (TSA) (Cayman Chemical Co., Ann Arbor,
MI, USA) for an additional ~16 h as described previously
[27]. Normal adult and fetal tissue RNA and protein sam-
ples were purchased commercially (Stratagene, La Jolla,
CA, USA, or Millipore-Chemicon, Billerica, MA, USA).
DNA samples of some normal epithelial primary carcino-
mas (T) and matched surgical margin normal tissues (N)
have been described previously [28].
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Plasmid construction and generation of stable cell pools

pcDNA3.1(4)-ROR2 construct with FLAG-tagged at the C
terminus was generated as previously described [28], and
sequence verified. To establish stably transfected tumor
cells with ROR2 expression, full-length ROR2 expression
construct was transfected into HONE1, MB231, KYSE150,
and KYSE410 cells using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). The cells were cultured in RPMI
1640 supplemented with 10 % FBS and selected in 400 or
1,200 pg/ml of G418 for 20-30 days to establish stable cell
pools, with confirmed ROR2 expression.

RNA interference

Two independent pairs of unique siRNA (Origene Technolo-
gies, Rockville, MD, USA), a pool of three siRNA duplexes
(Santa Cruz Biotechnologies, Santa Cruz, CA) and a pool of
four unique shRNA constructs (Origene) targeting ROR2,
as well as a pool of three unique siRNA duplexes (Origene)
targeting WNTS5A were used in this study. For siRNA or
shRNA knockdown of ROR2, the cells were transfected
with either targeting siRNA or shRNA, or scramble siRNA
or shRNA using Lipofectamine 2000 (Invitrogen) for 48 h.

Antibodies

Antibodies used are: p27Kipl (#3698), cleaved caspase-3
(#9661), cleaved poly (ADP-ribose) polymerase (#9541),
phospho-B-Catenin (Ser552) (#9566), phospho-GSK-38
(Ser9) (#9336), GSK-3p (#9315), phospho-AKT (Ser473)
(#4060), AKT (#4691) and E-cadherin (#4065) (Cell
Signaling, Beverly, MA); Flag M2 (#F3165), Vimentin
(#V6630) (Sigma-Aldrich) and active p-catenin (anti-ABC,
#05-665, Upstate, Lake Placid, NY, USA); total B-catenin
(#M3539), anti-mouse Ig G-HRP (#P0161), anti-rabbit Ig
G-HRP (#P0448) (Dako, Glostrup, Denmark); N-cadherin
(BD Transduction Labs, San Jose, CA, USA); ROR2 (#sc-
80329), Fibronectin (#sc-9068); CCNDI1 (#sc-20044),
c-MYC (#sc-764), WNTS5A (#sc-365370) (Santa Cruz,
CA); a-tubulin (Lab Vision Corporation, Fremont, CA,
USA).

Semiquantitative RT-PCR, 5’-RACE (rapid amplification
of cDNA ends) and quantitative real-time PCR (qRT-PCR)

Semiquantitative RT-PCR and quantitative real-time PCR
were performed as described before [29]. GAPDH was
amplified as a control. Real-time PCR was carried out
according to the manufacturer’s protocol (HT7900 sys-
tem; Applied Biosystems), with SYBR Green master mix
(Applied Biosystems) used. Primers used are listed in Sup-
plementary Table S1.
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We determined the ROR2 transcription start site using
the 5-RACE system for rapid amplification of cDNA
ends (Version 2.0, Invitrogen). Briefly, first-strand cDNA
was synthesized from trachea RNA using primer ROR2R2
(Supplementary Table S1). Homopolymeric tails were then
added to the 3’-ends with terminal deoxynucleotidyl trans-
ferase. PCR was performed using Abridged Anchor Primer
and a second gene-specific primer ROR2R (Supplementary
Table S1). The RACE product was enriched by semi-nest
amplifying with the Abridged Universal Amplification
Primer and ROR2R2. PCR products were then cloned and
sequenced.

Bisulfite treatment and promoter methylation analysis

Bisulfite modification of genomic DNA was carried out as
described previously [30, 31]. Bisulfited DNA was ampli-
fied with either methylation-specific primer sets or unmeth-
ylation-specific primer sets. MSP primers are shown in
Table 2. MSP primers have been tested for not amplifying
any not bisulfited DNA (Supplementary Fig. S1A). For
BGS, bisulfite-treated DNA was amplified using a BGS
primer set (Supplementary Table S1). PCR products were
then cloned into pCR4-Topo vector (Invitrogen, Carlsbad,
CA), with 8-10 clones randomly picked and sequenced.

Colony formation assay

Colony formation assay was carried out as previously
described [32, 33]. Briefly, cells were cultured overnight in
a 12-well plate (1.0 x 10° per well) and transfected with
empty vector (pcDNA3.1) or ROR2-expressing plasmid
(pcDNA3.1(4+)ROR2-Flag) using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). Forty-eight hours later, the
transfectants were replated in triplicate and cultured for
10-15 days in complete medium containing G418 (400 pg/
ml). Surviving colonies were stained with gentian violet
after methanol fixation, with visible colonies (>50 cells)
counted. ZR-75-1 cells were treated with independent two
scramble siRNA, or ROR2 siRNA. KYSE140 cells were
treated with scramble shRNA, or pooled ROR2 shRNA.
The cells were stained with gentian violet after methanol
fixation 4 days after siRNA or shRNA treatment.

Soft agar assay

Anchorage-independent growth of tumor cells was deter-
mined by soft agar assay as described. Briefly, cells were
cultured and transfected with empty vector (pcDNA3.1),
ROR2-expressing  plasmid (pcDNA3.1(4+)ROR2-Flag)
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA).
Forty-eight hours after transfection, cells were resuspended
in complete medium containing G418 (400 pg/ml). With

1/10 volume of heated 3.3 % soft agar added, 5 x 10? cells
were seeded into each well of a 24-well plate. Colonies
were counted after 17 days.

Doxorubicin treatment

Doxorubicin was purchased from EBEWE Pharma (Ebewe
Pharma Ges.m.b.H.N fg., Unterach am Attersee, Austria).
Stable expressing-ROR2 cell pools were treated with doxo-
rubicin at the concentration of 10 pg/ml for 2 h, and then
collected for the further analysis.

TUNEL assay

Cells cultured on coverslips were fixed with 4 % paraform-
aldehyde in phosphate-buffered saline for 15 min at room
temperature, and permeabilized with 0.1 % Triton X-100 in
phosphate-buffered saline for 2 min on ice. TUNEL stain-
ing was done using the In Situ Cell Death Detection Kit
(Roche, Mannheim, Germany).

Flow cytometry analysis of cell cycle

Flow cytometry analysis of cell cycle was described pre-
viously [34, 35]. Stable cell pools were used for detecting
the effect of ectopic expression of ROR2. Cells transiently
transfected with scramble and ROR2 siRNA were used for
testing its effect of ROR depletion. Cells transfected with
sramble#1 and #2 siRNA were mixed as one group. Cells
were fixed in ice-cold 70 % ethanol and stained with pro-
pidium iodide (PI). Cell-cycle profiles were obtained using
the Elite ESP flow cytometry at 488 nm, with data analyzed
using the CELL quest software (BD Biosciences, San Jose,
CA, USA).

Western blot

Cell lysates were prepared by incubating cell pellets in
lysis buffer (50 mmol/l Tris—HCI, pH 8.0; 150 mmol/l
NaCl, 0.5 % NP-40) for 30 min on ice, followed by cen-
trifugation at 14,000 x g for 15 min at 4 °C. For Western-
blot analysis, membranes were incubated with primary
antibodies for 1 h at room temperature or overnight at
4 °C, followed by incubation with secondary antibodies.
Immunoreactive bands were visualized using Western blot
Luminol reagent (GE Healthcare Bio-Sciences, Piscata-
way, NJ, USA).

Dual-luciferase reporter assay
TcF transcriptional activity and its target gene-promoter

activities were determined by luciferase reporter assays.
The TcF-responsive luciferase construct pTOPFlash
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(kindly provided by Prof. Christof Niehrs, German Can-
cer Research Center, DKFZ), FOPFlash reporter con-
taining mutant TCF/LEF binding sites (gift from Dr. Jin
Dong-Yan, University of Hong Kong) were cotransfected
with either pcDNA3.1-ROR2 or empty vector, together
with an internal control Renilla luciferase reporter phRL-
TK (Promega, Madison, WI, USA). Forty-eight hours
after transfection, luciferase activities were determined
using a dual-luciferase reporter assay kit (Promega). For
testing the effect of ROR2 depletion on luciferase activ-
ity, after scramble siRNA, and ROR2 siRNA transfection
for 24 h, the cells were then transiently transfected with
reporter construct TOPflash or FOPflash for another 48 h.
Relative luciferase activities were determined and nor-
malized using Renilla reniformis luciferase activity as an
internal control.

Indirect immunofluorescence

Cells grown on coverslips were stained by indirect
immuno-fluorescence as described previously [28,
34]. Briefly, cells were incubated with primary anti-
body against ROR2, E-cadherin, or Vimentin and then
incubated with Alexa Fluor 594- (Invitrogen Molecu-
lar Probes, Carlsbad, CA, USA) or FITC-conjugated
(F313, Dako) secondary antibody against mouse or rab-
bit IgG. To analyze the effects of ROR2 on actin stress
fiber formation, cells were serum starved for 24 h before
incubation in normal 10 % fetal bovine serum medium.
After 1 h, cells were fixed and stained by Rhodamine-
labeled phalloidin (Invitrogen Molecular Probes). Cells
were then counterstained with DAPI and imaged with
an Olympus BX51 microscope (Olympus Corporation,
Tokyo, Japan).

Wound-healing and Matrigel invasion assays

Cell motility was assessed using a scratch wound-healing
assay [28, 33]. Stably transfected cells were cultured in
six-well plates until confluent. Cell layers were carefully
wounded using sterile tips and washed twice with fresh
medium. After incubation for 12, 24, and 40 h, cells were
photographed under a phase-contrast microscope. Experi-
ments were performed in triplicate. In-vitro invasion assays
were carried out in BD BioCoat Matrigel chambers (Tran-
swell, BD Biosciences, Heidelberg, Germany) as described
previously [28].

Statistical analysis
Results are shown as values of mean & SD. Statistical anal-

yses were performed using Student’s ¢ test to determine p
values.
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Results

Epigenetic identification of ROR2 as a methylated
candidate TSG

We performed methylation-sensitive representational dif-
ference analysis (MS-RDA) [27] of an NPC cell line and
its demethylated counterpart with Aza treatment and iden-
tified ROR2 as a methylated candidate TSG (Fig. 1a). We
then examined the expression profile and methylation sta-
tus of ROR2 in multiple normal and tumor cell lines. ROR2
is widely expressed in all normal human adult and fetal
tissues as well as immortalized normal cell lines (Fig. 1b,
c¢), but silenced or downregulated in multiple carcinoma
cell lines including nasopharyngeal (NPC), esophageal
(ESCC), lung, gastric, hepatocellular (HCC), colorectal
(CRC), and breast carcinomas (Fig. 1c). To study the epi-
genetic regulation of ROR?2 silencing, we first applied 5'-
RACE to define its transcriptional start site, which is found
to be 65-bp ahead of the first base of the ROR2 cDNA
sequence (NM_004560) in genome database (Fig. 1a). The
ROR?2 promoter contains a typical CpG island (CGI) and
we thus investigated its methylation status. By methylation-
specific PCR (MSP), promoter methylation of ROR2 was
detected in tumor cell lines with silenced ROR2 but not in
any normal cell line (Fig. lc; Table 1), which was further
confirmed by detailed methylation analysis with bisulfite
genomic sequencing (BGS) (Supplementary Fig. S1A).

ROR?2 expression in methylated and silenced cell lines
could be restored by treatment with the DNA methyl-
transferase inhibitor Aza, alone or combined with histone
deacetylase inhibitor trichostatin A (Fig. 1d). BGS analy-
sis further confirmed the pharmacological demethylation
of ROR2, concomitantly with decreased methylated and
increased unmethylated promoter alleles (Supplementary
Fig. S1C). These results suggest that promoter methylation
directly mediates ROR?2 silencing in tumor cells.

Frequent promoter methylation and downregulation
of ROR2 in primary carcinomas

We further evaluated ROR2 promoter methylation in primary
carcinomas. Methylation was detected in multiple common
carcinoma tissues, including 72 % (21/29) of NPC, 76 %
(13/17) of esophageal, 77 % (40/52) of gastric, 54 % (20/37)
of HCC, 64 % (7/11) of colon and 47 % (9/19) of breast
carcinomas, but rarely in normal epithelial tissues (Fig. 2a;
Table 1). RT-PCR analysis also showed that reduced ROR2
expression in tumor samples, consistent with its methylation
status (Fig. 2¢). Further high-resolution methylation analysis
by BGS showed densely methylated alleles in tumors, while
only scattered CpG sites were methylated in normal tissues
(Fig. 2b). Moreover, ROR2 was significantly downregulated
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Fig. 1 ROR?2 is frequently silenced by promoter CpG methylation in
multiple carcinomas. a Schematic structure of the ROR2 CpG island.
The hypermethylated fragment identified by MS-RDA (indicated with
a thick bar), 5'-RACE fragment, exon 1, CpG sites (short vertical
lines), MSP sites and BGS region analyzed are shown. Transcription
start site is indicated by a curved arrow. b ROR?2 is broadly expressed
in human normal adult tissues, PBMCs, and fetal tissues, with
GAPDH as a control. Sk.M skeleton muscle, BM bone marrow, L.N.

in multiple common carcinoma tissues, through analyzing
the online microarray database (Oncomine, Compendia Bio-
science, Ann Arbor, MI) (Table 2; Fig 2c) [36]. These results
demonstrate that ROR?2 silencing by promoter methylation is
a frequent event in multiple tumorigenesis.

lymph node. ¢ ROR?2 is frequently silenced and methylated in multi-
ple carcinoma cell lines, but expressed and unmethylated in immortal-
ized but non-transformed epithelial cell lines (names underlined). d
Pharmacologic demethylation with Aza alone or combined with TSA
(A + T) restored ROR?2 expression in methylated/silenced tumor cell
lines. Ca carcinoma, NPC nasopharyngeal carcinoma, ESCC esopha-
geal carcinoma, HCC hepatocellular carcinoma, CRC colorectal can-
cer, M methylated, U unmethylated

ROR2 expression exhibits anti-tumorigenic effects
independent of WNTSA

Due to the relationship of Ror2 and Wnt5a in a mouse
model, we thus investigated their relationship in normal
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Table 1 Summary of ROR2 methylation in tumors and normal tis- Table 2 Reduced expression of ROR2 in tumors
sues Tissue type Sample number Median of p value
Cell lines Tumors expression
(% methylated) (% methylated) intensity (log 2)
Carcinoma Bladder 48 0.453
Nasopharyngeal 100 (5/5) 72 (21/29) Bladder cancer 28 —2.635 1.73E—13
Esophageal 56 (5 + 5 w/18) 76 (13/17) Prostate 8 2.277
Lung 50 (4/8) Prostate cancer 13 1.264 1.90E—05
Gastric 56 (9/16) 77 (40/52) Cervix 5 0.468
Hepatocellular 54 (5 + 2 w/13) 54 (20/37) Cervical cancer 40 0.016 1.26E—14
Colorectal 63 (4 + 1 w/B) 64 (7/11) Colon 19 0.252
Breast 78 (7/9) 47 (9/19) Colon adenocarci- 101 —0.623 3.56E—06
Immortalized normal epithelial cell lines noma
NP69, NE1, NE3 0 (0/3) Pancreas 39 0.477
Normal epithelial cell lines Pancreatic cancer 39 0.093 7.69E—07
Het-1A, HMEC, 0 (0/4) Brain 23 —1.997
HMEpC, CCD841-CoN Glioblastoma 81 —2.858 6.78E—04
Surgical margin tissues of tumors Lung 2 1.642
Esophageal tissues 18 (3/17) Squamous cell lung 10 0.627 2.88E—04
Normal tissues carcinoma
Normal nasopharyngeal 11 (1 w/9) Ovary 4 2.539
tissues Ovarian cancer 28 1.815 3.73E—-05
Normal breast tissues 14 (1/7) Kidney 3 —0.991
W weak methylation Renal cancer 19 —3.497 2.00E—-03
Breast 15 1.279
Breast cancer 7 0.939 3.00E-03
Fissue and tumor f:ell lines.. WNT5f4 was readi.ly expressed . 220 1221
in normal adult tissues with varying expression levels as HCC 25 1958 4.00E—03

measured by semi-quantitative RT-PCR and quantitative
RT-PCR (qRT-PCR), except for normal peripheral blood
mononuclear cells (PBMC) (Supplementary Fig. S2A
and C), while frequently downregulated in multiple car-
cinoma cell lines (Supplementary Fig. S2B and C). No
direct correlation was found between the expression of
ROR2 and WNT5A in human cancer cell lines, indicat-
ing that ROR2 may exert its tumor suppressive function
independent of WNTS5A. Thus, we selected representa-
tive tumor cell lines with methylated/silenced ROR2 and/
or WNT5A (WNT5A+/ROR2-: HONEI1, MB231 and
KYSE410; WNT5A-/ROR2-: KYSE150), together with
the ZR-75-1 and KYSE140 cell lines naturally expressing
ROR?2 and WNT5A, as tumor models for further functional
and mechanical studies.

To assess the role of ROR2 in tumorigenesis, we inves-
tigated its effects on cell growth, cell cycle, and apopto-
sis. Immunostaining showed that ROR2 was located at the
cell membrane and less often in cytoplasm in ROR2-tran-
siently transfected cells (Fig. 3a). Colony formation assay
showed that ROR2 significantly suppressed tumor cell
colony formation (colony numbers down to ~20-40 % of
controls) (* p < 0.05) (Fig. 3b), with the WNT5A-ROR2
double-negative cell line KYSEI50 had the greatest
effect. Soft agar assay also showed that colony numbers
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Data extracted from the cancer microarray database Oncomine:
www.oncomine.org/

were significantly decreased to ~50 % in ROR2-express-
ing HONE1 and KYSE150 cells, along with reduced col-
ony size (*** p < 0.001) (Fig. 3c). On the contrary, RNAi-
mediated knockdown of endogenous ROR2 significantly
enhanced the growth of ZR-75-1 and KYSE140 cells by
~30 % (** p < 0.01, *** p < 0.001) (Fig. 3d; Supplemen-
tary Fig. S3A). These data suggest that ROR2 does act
as a tumor suppressor through inhibiting cell growth of
tumor cells.

Ectopic expression of ROR2 also significantly
increased the proportion of G2/M phase cells (* p < 0.05)
(Fig. 4a, d), together with upregulated p27 protein level
(Fig. 4b), while knockdown of ROR2 by siRNA signifi-
cantly increased the progression of cell cycle S phase
(* p < 0.05) (Fig. 4a). TUNEL staining revealed a sig-
nificant increase of apoptotic cells in ROR2-expressing
MB231 and KYSE150 cells (* p < 0.05) (Fig. 4b, d),
as also confirmed by elevated-cleaved caspase 3 and
poly (ADP-ribose) polymerase (Fig. 4b). Thus, ROR2
functions as a TSG in tumor cells, irrespective of their
WNTS5A status.
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Fig. 2 a Representative MSP analysis of ROR2 methylation in pri-
mary carcinomas and normal tissues. Ca carcinoma, NPC naso-
pharyngeal carcinoma, ESCC esophageal carcinoma, HCC hepato-
cellular carcinoma, CRC colorectal cancer, N paired tumor-adjacent
normal tissues, 7 tumor, M methylated, U unmethylated. b Represent-

ROR?2 inhibits tumor cell migration/invasion and promotes
chemosensitivity

We next employed wound-healing and Matrigel assays
to assess the effects of ROR2 expression on cell migra-
tion and invasion in WNTS5A+/ROR2-, WNT5A-/ROR2-,
and WNT5A+/ROR2+ cells. Scratch wound-healing assay
showed that ROR2 expression significantly inhibited the
wound closure of tumor cells (** p < 0.01, *** p < 0.001)
(Fig. 4c; Supplementary Fig. S4A). In contrast, ROR2
depletion by pooled shRNA promoted the wound closure

ative BGS analyses of ROR2 promoter methylation in normal naso-
pharyngeal tissue and primary tumors. ¢ Representative analysis of
ROR?2 expression in primary tumors and paired tumor-normal tissues
by semi-quantitative RT-PCR. T tumor, N tumor margin normal tissue

of tumor cells (Supplementary Fig. S3B). Matrigel assay
revealed a significant suppression of invasion across the
Matrigel (by ~90 %) for ROR2-expressing tumor cells (*¥**
p < 0.001) (Fig. 4c), suggesting its anti-metastatic feature.
We also investigated the effect of ROR2 on the chemosen-
sitivity of tumor cells to doxorubicin. In ROR2-expressing
KYSE150 cells treated with doxorubicin, significant increase
of G2/M arrest (* p < 0.05), cell apoptosis (** p < 0.01),
and cell motility repression (* p < 0.05, ** p < 0.01,
*#*¥p < 0.001) (Fig. 4d) was observed, suggesting that ROR2
increases the chemosensitivity of doxorubicin to tumor cells.
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Fig. 3 ROR2 inhibits tumor cell growth and induces tumor cell
apoptosis. a Immunostaining showed that ROR2 (red) was localized
at the cell membrane in ROR2-transfected cells using mouse anti-
ROR2 monoclonal antibody. DAPI counterstaining (blue) was used
to visualize DNA. Original magnification, x400. Scale bar 20 pm.
b, d Representative colony formation assays. Quantitative analyses

ROR?2 suppresses epithelial-mesenchymal transition
(EMT)

As EMT plays a critical role in tumor cell metastasis, the
effect of ROR2 on tumor cell EMT was further assessed.
By ectopically expressing ROR2 in WNT5A+/ROR2-
(HONE1 and MB231) and WNT5A-/ROR2- (KYSE150)
tumor cells, we found that ROR2-expressing tumor cells
endured morphological changes from spindle-like shape to
cobblestone-like appearance (Fig. 5a). Consistent with mor-
phology change, dramatic abrogation in actin cytoskeleton
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of colony numbers are shown as values of mean + SD (left panel),
ROR2 expression was measured by RT-PCR (right panel), *p < 0.05,
**p < 0.01. ¢ The effect of ectopic expression of ROR2 on tumor cell
growth as measured by soft agar assay. Quantitative analyses of col-
ony numbers are shown as values of mean £ SD. ROR2 expression
was measured by Western-blot analysis, ***p < 0.001

formation was observed (Supplementary Fig. S4B). Mean-
while, we detected increased E-cadherin expression and
decreased expression of vimentin and fibronectin, by both
immunofluorescence staining and Western blot (Fig. Sa,
b), while the cell WNTS5A status did not affect this effect.
On the other hand, in WNT5A+/ROR2+ ZR-75-1 cells,
siRNA-mediated silencing of ROR2 induced EMT through
downregulating E-cadherin and upregulating N-cadherin
and fibronectin, as evidenced by more spindle-like cells
(Fig. 5c, d). These data demonstrate that ROR2 inhibits the
EMT of tumor cells, which is also WNT5A-independent.
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showing upregulation of p27, cleaved caspase 3 and cleaved-PARP in
ROR2-expressing MB231 and KYSE150 cells. ¢ Migration of ROR2-
or empty vector-transfected tumor cells by scratch wound healing

ROR2 antagonizes p-catenin and AKT signaling
and represses cell stemness

As P-catenin and AKT pathways are critical molecular
events regulating cell EMT, we tested whether ROR2 could
counteract p-catenin and AKT signaling in tumor cells.
Ectopic expression of ROR2 in WNT5A+ and WNT5A-
negative tumor cells led to significantly decreased active-
and phosphor (Ser552)-B-catenin, as well as its down-
stream targets CCND1 and ¢c-MYC (Fig. 6a). Moreover,
inhibition of phosphorylated AKT (Ser473) was detected
in ROR2-expressing cells, accompanied by decreased
phosphorylation (Ser9) of its downstream target GSK3p8
(Fig. 6a; left panel). We further assessed the effects of
ROR?2 on B-catenin and AKT signaling by knocking down

0+
Doxorubicin(-)

o

I Doxorubicin(+)

assay. Width of remaining open wound measured in relation to time
0 h separation. **p < 0.01, ***p < 0.001. Transwell migration assay
of ROR2-expressing tumor cells. Migrated cells at the lower surface of
the transwell filter were stained (left panel) and counted (right panel).
Original magnification, x400. ***p < 0.0001. d Effects of cell cycle,
apoptosis, and migration on KYSE150 cells treated with or without
doxorubicin. *p < 0.05, **p < 0.01, ¥***p < 0.001

WNTS5A and overexpressing ROR2 in KYSE410 cells
(WNT5A+/ROR2-). We found that ROR2 downregulated
phosphorylation of B-catenin and AKT in WNT5A-depleted
cells (Supplementary Fig. S5), consistent with the find-
ing observed in cells with physiological-depleted WNT5A
and ROR2. Moreover, knock-down of ROR2 by siRNA or
shRNA induced the activation of B-catenin and AKT sign-
aling in WNT5A+/ROR2+ ZR-75-1 and KYSEI140 cells
(Fig. 6a, right panel, Supplementary Fig. S3C).

As changed levels of active versus total beta-catenin,
phosphor- versus total Akt and phosphor- versus total
GSK3B were observed, we further evaluated quantita-
tively the phosphorylation level changes of B-catenin, AKT
and GSK-3p by calculating their phospho/total ratios in
assayed tumor cells (Fig. 6b). These quantitative analyses
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SiROR2#1 Scramble#2
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Fig. 5 ROR?2 inhibited tumor cells EMT. a Morphology changes of
HONEI, MB231, and KYSE150 cells after ROR2 transfection by
phase contrast microscopy (upper panel). Indirect immunofluores-
cence detecting the expression of E-cadherin and vimentin (lower
panel). Original magnification, x400. Scale bar 20 pm. b Western
blot showing the expression of E-cadherin, vimentin and fibronectin
in ROR2- or vector-transfected cells. a-tubulin was used as a load-

clearly showed that ROR2 could deregulate p-catenin and
AKT signaling to varying levels in tumor cells with ectopic
expression of ROR2, while knockdown of ROR2 led to
activated p-catenin and AKT signaling in tumor cells, indi-
cating ROR?2 does suppress p-catenin and AKT signaling in
tumorigenesis.

Furthermore, = TOPflash/FOPflash  reporter  assay
showed that ROR2 expression significantly repressed
B-catenin/TCF-dependent transcription (decreased to
10-20 %) in both WNT5A + and WNT5A- tumor cells
(** p < 0.01) (Fig. 6¢c, upper), while ROR2 knockdown
increased the TOPflash reporter activity by more than 50 %
(** p < 0.01) (Fig. 6¢c, lower), together with no significant
difference in FOPflash transfected groups.

As EMT endows tumor cells with stem-cell like fea-
tures for more growth advantage, representative stem cell
markers were analyzed by RT-PCR in tumor cells after re-
expressing ROR2. ROR2-expressing KYSE150 and MB231
cells showed reduced expression of OCT4, ABCG2, BMII
and/or NANOG, while ZR-75-1 cells transfected with
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ing control. ¢ Immunofluorescent analysis of E-cadherin in scram-
ble- and ROR2-siRNA treated ZR-75-1 cells. Original magnification,
x400. Scale bar 20 pm. d Western blot showing the knock down of
ROR?2 which resulted in a decreased expression of E-cadherin and an
increased expression of N-cadherin and fibronectin in ZR-75-1 cells,
compared with control siRNA scramble-treated cells

ROR2-siRNA showed elevated OCT4, NANOG, KLF4, and
BMI1 (Fig. 6d), suggesting that ROR2 is involved in regu-
lating the stemness of cancer cells.

Discussion

In this study, through tumor-specific methylation subtrac-
tion, we identified receptor tyrosine kinase-like orphan
receptor 2 (ROR2), a component of the WNT signaling
pathway, as a methylated TSG. We characterized its expres-
sion and function in common cancers and found that ROR2
is broadly expressed in normal adult and fetal tissues, but
frequently methylated and silenced in multiple carcinoma
cell lines and primary tumors but seldom in normal tissues.
We also found that ROR2 exhibited tumor-suppressive
activities in tumor cells, but different from previous report
on mouse Ror2, this activity is independent of WNT5A.
ROR?2 antagonizes pB-catenin and AKT signaling, and fur-
ther inhibits the growth, migration/invasion, and EMT
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Fig. 6 Ectopic expression of ROR2 disrupts p-catenin and AKT sign-
aling. a Western blot was performed in ROR2-expressing and ROR2
siRNA-transfected tumor cells, using antibodies against phospho-
B-catenin (Ser552), active P-catenin, total B-catenin, phospho-AKT
(Ser473), AKT, phospho-GSK3p (Ser9), GSK3p, c-MYC and
CCNDI. a-tubulin was used as a control. b Relative phosphorylation
levels were calculated as ratios of phosphorylated towards total pro-
tein levels using densitometry. ¢ TOP/FOP luciferase reporter activ-

feature of tumor cells, resulting in increased chemosensi-
tivity (Fig. 6e). Our study thus demonstrated that ROR2 is a
broad functional tumor suppressor for multiple carcinomas.

Epigenetic inactivation of TSGs through promoter CpG
methylation and histone modifications is a key cause of
tumor initiation and progression [37, 38]. Using MS-RDA,
a power technique to isolate differentially methylated
DNA fragments [39], we successfully identified a series
of methylated/silenced target genes, including PCDHI0
[27], GADD45G [40], DLECI [41], and PAX5 [42]. We
have characterized these genes to be functional TSGs and
potential tumor markers for multiple malignancies, such as
NPC, ESCC, gastric, colorectal, and cervical carcinomas
[43]. ROR?2 is another candidate TSG identified, frequently
methylated and silenced in common carcinomas. We also

ity assay in vector- and ROR2-expressing tumor cells, and scramble
siRNA and ROR2 siRNA transfected cells. **p < 0.01. d Expression
of representative stem cell markers in ROR2- and siRNA ROR2-trans-
fected tumor cells. *Indicates significantly downregulated/upregu-
lated bands. e Proposed model of epigenetic inactivation of ROR2
disrupts WNT/B-catenin and AKT signaling pathways in tumorigen-
esis, resulting in the inhibition of EMT, metastasis, and invasion

found that in few carcinoma cell lines, ROR2 was down-
regulated without obvious methylation detected, suggesting
that histone modifications could also be alternative mecha-
nism contributing to ROR2 silencing in some tumors.
Although overexpression and oncogenic property of
ROR?2 have been reported in melanoma and sarcomas [11—
15], emerging evidences [16], together with ours, support
that ROR2 does function as a tumor suppressor in com-
mon carcinoma cells, indicating a complex role of ROR2
in tumorigenesis. Like other RTKs, Ror2 receptor function
requires its tyrosine kinase activity. Recent reports showed
that ROR2 was identified as a specific receptor or co-recep-
tor for Wnt5a in vivo and in vitro [8, 18]. Moreover, the
diverse interactions of Ror2 with other Wnt ligands and
non-Wnt ligands have also been reported, most of which
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mediate ROR2 activation of tyrosine kinase activity [44].
The mouse Ror2, a receptor protein tyrosine kinase, inhib-
its Wnt/B-catenin signaling which requires its cysteine-rich
domain (CRD) and Ig-like domain (Ig). In return, Wnt5a
directly modulates Ror2 tyrosine kinase activity [20, 45],
confirming that Ror2 is a bona fide inhibitor of Wnt/B-
catenin signaling [3, 20]. Ror2 forms homodimers that
result in tyrosine phosphorylation [46]. Casein kinase iepsi-
lon (CKIe), a regulator of Wnt signaling, could regulate the
tyrosine kinase activity of Ror2 as its binding partner [47].

However in human cancers, we failed to detect an obvi-
ous direct correlation between ROR2 and WNTS5A expres-
sion, although the WNT-dependent role of ROR2 has been
suggested in colon cancer cells [16]. Our previous studies
also showed that WNT5A is frequently silenced in colo-
rectal and esophageal squamous carcinomas [33, 48], and
functions as a tumor suppressor through antagonizing
Whnt/B-catenin signaling, independent of the expression
status of ROR2. In this study, we further found that ROR2
exerts its tumor suppressive functions through inducing cell
cycle arrest and apoptosis and inhibiting cell growth, inde-
pendent of cell WNTS5A status. However so far, the detailed
molecular mechanisms of Ror signaling still remain mostly
a mystery. With more binding partners found, the biologi-
cal functions and underlying mechanisms of ROR2 in tum-
origenesis will be unveiled more.

B-catenin and AKT signaling pathways have been iden-
tified involved in receptor-mediated tumor signaling. For
example, activation of B-catenin and AKT pathways are
critical for the maintenance of EMT [49] which is associ-
ated with cancer stem cell-like characters and chemosen-
sitivity. It has been suggested that tumor cells with cancer
stem cell features have the surviving advantage of being
protected from chemotherapeutic agents through activating
PI3K/AKT and WNT signaling [50]. Moreover, EMT indi-
rectly contributes to chemoresistance by inducing a stem-
like phenotype of cancer cells.

Another receptor-tyrosine-kinase-like orphan recep-
tor member, ROR1, as another receptor for Wnt5a, shares
high protein sequence similarity with ROR2. RORI has
been reported possessing oncogenic properties in multiple
cancers including breast cancer and lung adenocarcinoma
[51, 52]. RORI activates AKT signaling through interact-
ing with CKIe [52] or EGFR [51], leading to tumor-cell
growth and sustained EGFR survival signaling. Recently,
RORI1 has been reported being expressed on hematogones
(non-neoplastic human B-lymphocyte precursors) and a
minority of precursor-B acute lymphoblastic leukemia [53],
indicating its association with cancer cell stemness. In this
context, we found that ROR2 inhibits pB-catenin and AKT
signaling independent of WNTS5A, and further suppresses
the EMT and stem cell markers of cancer cells thus contrib-
uting to the inhibition of tumor cell migration and invasion.
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Furthermore, ROR2 depletion increased the proportion of
S phase cells and the proliferation of tumor cells, together
with downregulated E-cadherin, upregulated N-cadherin
and fibronectin, indicating that the inhibition of ROR2 on
cell migration and invasion is related to the suppression of
cell proliferation and/or apoptosis. We further found that
ROR2 renders drug-resistant cancer cells vulnerable to
chemotherapy. These results suggest that ROR2 connects
EMT, stemness and cell signaling. Further investigation is
needed to test this theory through the study of tumor cell
sphere formation in vitro or tumor formation in vivo from
single tumor cells.

In summary, our study identifies ROR2 as a functional
tumor suppressor with frequent epigenetic inactivation
in common carcinomas. We also demonstrate that ROR2
inhibits p-catenin and AKT signaling, further contributing
to the suppression of tumor cell EMT and migration/inva-
sion. The methylation-mediated silencing of ROR2 may
serve as a potential tumor biomarker and therapeutic target.
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