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Abstract
Aim: Lung metastasis is a leading cause of death in patients with osteosarcoma (OS). No effective therapy exists 
that improves the five-year overall survival rate of OS patients with metastasis. Therefore, finding novel therapeutic 
targets will help develop new treatment strategies for OS patients with lung metastasis.

Methods: Based on analysis of gene expression profiles between sublines of the Dunn OS LM8 cell line with high 
(LM8-H) and low (LM8-L) metastatic ability, we have identified Wnt signal-related genes that play an important 
role in lung metastasis of OS. Function of the genes was investigated by establishing sublines of gene knockout and 
assessing their metastatic ability using a mouse lung metastasis model. The molecular mechanism underlying the 
function of the genes was further investigated by in vitro experiments.

Results: We have identified that receptor tyrosine kinase-like orphan receptor 2 (ROR2), a receptor of the non-
canonical Wnt signaling pathway, was involved in OS cell survival in lung capillaries during metastasis. LM8-H 
knocked out of Ror2 (H/Ror2-KO) significantly reduced lung metastasis by decreasing the viability in lung capillaries 
48 h after intravenous injection. In vitro study revealed that ROR2 increased anoikis resistance through AKT 
activation. Reconstitution of ROR2 expression in H/Ror2-KO cells restored their metastatic ability and viability in 
lung capillaries.
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Conclusion: The results demonstrate a novel ROR2 function in OS lung metastasis and may inform new treatment 
strategies for OS patients.
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INTRODUCTION
Osteosarcoma (OS) is a primary malignant bone tumor that typically occurs in the long bones, with peak 
incidence in adolescents and young adults[1]. Distant metastases of OS, such as lung metastases, are hard to 
control and are usually associated with poor prognosis. Recent treatment advances involving combinations 
of chemotherapy, surgery, and other clinical applications have increased the survival rate of OS patients 
without lung metastasis to 60%. However, the survival rate of OS patients with lung metastasis has not 
improved over the past 30 years[2]. A better understanding of the molecular mechanism behind the OS 
metastatic process will facilitate the development of new therapeutic strategies for improving the outcomes 
of patients with OS.

Wnt signaling plays essential roles in the malignant process of OS. The Wnt signaling transduction 
cascades are classified into two pathways: canonical (β-catenin-dependent) and noncanonical (β-catenin-
independent) pathways[3]. The factors of canonical Wnt signaling, such as Wnt3a, Wnt10, Lef1, and 
β-catenin, are involved in the development and malignant progression of OS[4]. In contrast, noncanonical 
Wnt signaling is known to be transduced by binding Wnt5a to Frizzled or receptor tyrosine kinase-like 
orphan receptors (RORs), and promotes OS malignancies through phosphatidylinositol-3 kinase (PI3K)/
AKT signaling[5] and c-Jun N-terminal kinase (JNK) pathway[6].

Receptor tyrosine kinase-like orphan receptor 2 (ROR2) is characterized by three main domains: the 
intracellular tyrosine kinase domain, extracellular Frizzled-like cysteine-rich domain, and membrane-
proximal Kringle domain[7-9]. The extracellular domain of ROR2 is assumed to mediate protein-protein 
interactions, and ROR2 functions as an alternative or coreceptor for Wnt5a, a representative noncanonical 
Wnt ligand[10]. ROR2 activates JNK pathway[11,12] and inhibits the β-catenin-dependent Wnt pathway[10-12]. 
ROR2 is overexpressed in 73.8% of OS samples and is correlated with tumor metastasis[13], suggesting a 
pivotal role in OS progression. However, the molecular mechanism of ROR2 function in OS lung metastasis 
has not been completely elucidated.

The process of OS metastasis to the lungs includes migration, intravasation into the circulation, survival 
in the circulation and lung capillaries, and extravasation into the lungs. In the lung capillaries, most of OS 
cells die for various reasons such as mechanical stress and lack of attachment to proper extracellular matrix 
(ECM). Anoikis is a type of apoptosis induced by the lack of proper ECM attachment necessary for cell 
maintenance in tissues[14]. Tumor cells gain the ability to resist anoikis and undergo the metastatic process, 
prolonging their survival time and promoting migration and colonization at secondary sites[15]. Several 
mechanisms of anoikis resistance in cells of epithelial origin have been described[14]. However, there are few 
studies on anoikis resistance in cells of non-epithelial origin, such as OS cells. 

We have recently established LM8 murine OS sublines with different abilities to metastasize to the lung 
using an in vivo image-guided screening system[16]. Based on the microarray data of the LM8 sublines, we 
recently identified a novel lymphoid enhancer-binding factor 1 (LEF1)-cytoglobin (CYGB) axis as a part of 
noncanonical Wnt signaling pathway that promotes OS cell extravasation into the lungs[16]. In the present 
study, we aimed to search for new therapeutic targets using the same techniques to develop treatment 
strategies for OS lung metastases.
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METHODS
Gene-set enrichment analysis
Differentially expressed genes were selected from the microarray data of LM8 sublines and subjected 
to gene set enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes. The analysis was 
performed with the clusterProfile package using R/Bioconductor. The reference gene set used was the Wnt 
signaling pathway (mm0431) set.

Cell culture
The LM8 cell subline was provided by Dr. Hideki Yoshikawa (Osaka University). LM8 cell line with high 
(LM8-H) and low (LM8-L) was established from LM8 in a previous study through the in vivo image-
guided screening system[16]. Murine vascular endothelium cells, bEnd3, were obtained from the American 
Type Culture Collection. All cells used in this study were cultured in 5% fetal bovine serum (FBS) Dulbecco’s 
Modified Eagle’s Medium (DMEM) supplemented with penicillin (100 U/mL) and streptomycin (100 μg/mL).

Reverse transcription PCR and quantitative PCR
Total RNA was extracted using the RNeasy® Mini Kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s protocol. One microgram of total RNA was reverse-transcribed using the Oligo(dT)20 
primer (Toyobo, Osaka, Japan) and ReverTra Ace (Toyobo). Quantitative PCR (qPCR) and reverse 
transcription PCR (RT-PCR) were carried out using the Thunderbird® SYBR qPCR Mix (Toyobo) and 
EmeraldAmp® GT PCR Master Mix (Takara Bio, Shiga Japan), respectively.

Western blotting
Cells were lysed in RIPA buffer (50 mmol/L Tris HCl, pH 8.0; 150 mmol/L NaCl, 1% NP-40, 0.5% sodium 
deoxycholate, 0.1% SDS) containing a protease cocktail inhibitor (Nacalai Tesque, Kyoto, Japan), and 
protein concentration was determined using the Pierce BCA protein assay kit (Thermo Fisher Scientific, 
Waltham, MA). Proteins were separated by electrophoresis on a 10% acrylamide gel, transferred to a 
hydrophilic polyvinylidene fluoride membrane (Merck, Kenilworth, NJ) and blocked with 5% skim milk 
or 5% bovine serum albumin in TBST (20 mmol/L Tris, pH 7.5; 150 mmol/L NaCl, 0.1% Tween 20). The 
membrane was then probed with relevant primary antibodies [anti-AKT (#2920S, 1:5000), anti-phospho-
AKT (Ser473; #4060s, 1:5000), anti-ROR2 (#88639s, 1:5000), and anti-GAPDH (#2118s; Cell Signaling 
Technology, 1:5000)], and secondary antibodies [anti-mouse IgG HRP-linked antibody (#7076, 1:5000) and 
anti-rabbit IgG HRP-linked antibody (#7074, 1:5000, Cell Signaling Technology)]. The resultant membranes 
were washed with TBST and detected by ImageQuant LAS 4000 (GE Healthcare Life Science, Marlborough, 
MA) after processing with Chemi-Lumi One (Nacalai Tesque). To investigate the effect of AKT inhibition, 
cells were treated with 50 nmol/L MK2206 in 5% FBS DMEM for 24 h.

Gene knockout using the CRISPR-Cas9 system
Ror2 gene knockout (KO) was performed in LM8-H cells to establish the cell line H/Ror2-KO by using the 
CRISPR-Cas9 system. The sequence of the guide RNA (5’-caccgTCGTGGCTCTTGCACAACCG-3’) was 
used for targeting Ror2. The Ror2 guide RNA was inserted into a unique BbsI site of the pX330 plasmid 
(42230; Addgene). The cells whose genomes were correctly edited by the CRISPR-Cas9 system were 
selected by using a fluorescence indicator system with the pCAG/EGxxFP plasmid[17], provided by Dr. 
Masahito Ikawa (Osaka University). GFP-positive cells were picked up, and ROR2 protein expression level 
was validated by western blotting.

Establishment of cell lines with ROR2-overexpression 
The cDNA of Ror2 (NM_013846.4) was amplified using the KOD® FX Kit (Toyobo) using the following 
primer set: 5’-TGGAATTCTGCAGATATGGCTCGGGGCTGGGTG-3’ and 5’-GCCACTGTGCTGGA
TTCAGGCTTCAAGCTGGACATG-3’. The Ror2 cDNA fragment was cloned into the pcDNA3.1-myc-
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His vector (Invitrogen, Carlsbad, CA) at the EcoRV site using the Infusion Cloning Enhancer kit (Takara 
Bio). LM8-L and H/Ror2-KO cells were transfected with the plasmid by the NEPA21 type II electroporator 
(NEPAGENE, Chiba, Japan), and appropriate transfectants were cloned to establish L/ROR2 and KO/ROR2 
after culturing with G418 (2 mg/mL) selection medium.

Proliferation assay
Cell proliferation was evaluated with the water-soluble tetrazolium salt 1 (WST-1) reagent (Sigma Aldrich, 
St. Louis, MO) according to the manufacturer’s instructions. Cells (1 × 103 cells/100 µL culture medium) 
were seeded in 96-well plates. After culturing for 24, 48, or 72 h, the medium was removed and 100 µL of 
WST-1-containing medium (10-fold dilution) was added to each well. The cells were further incubated for 
3 h, and then the absorbance of each well was measured at 450 nm with a reference wavelength of 750 nm 
after shaking the plates for 1 min with the microplate reader Model 680XR (Bio-Rad, Hercules CA).

Mice 
Male C3H mice were obtained from the Charles River Laboratory (Yokohama, Japan). All mice used were 
6-8 weeks of age and were housed in the animal facilities at the Tokyo Institute of Technology. Animal 
experiments were performed with the approval of the Animal Ethics Committees of the Tokyo Institute of 
Technology (no. D20170004-2) and in accordance with the Ethical Guidelines for Animal Experimentation 
of the Tokyo Institute of Technology.

Analysis of OS lung metastasis model 
The mice were injected intravenously with 1 × 106 LM8 cells in 100 μL of PBS. Twenty days after 
inoculation, isolated lungs were embedded in an optimal cutting temperature compound (Sakura 
Finetechnical Co., Ltd, Tokyo, Japan) and stored at -80 °C overnight. Lungs were divided into cryosections 
of 10 µm in thickness and then fixed in 4% paraformaldehyde. Fixed lung cryosections were then stained 
with hematoxylin and eosin (HE) and observed under a microscope BZ-X710 (Keyence, Osaka, Japan). 
A whole lung image was obtained by stitching together partial lung images using BZ-X analyzer software 
(Keyence).

Analysis of tumor cells in lungs
Cells were labeled with 100 μmol/L CellTracker® Green (Thermo Fisher Scientific) and intravenously 
injected into C3H mice (1 × 106 cells/100 μL PBS). DyLight® 594-labeled isolectin B4 (6 mg/kg; Vector 
Laboratories, Burlingame, CA) was injected intravenously to stain endothelial cells 5 min before dissecting 
the mice. The lungs were collected and observed under confocal microscopy (Carl Zeiss, Oberkochen, 
Germany). The number of fluorescently labeled cells in the three microscope fields of each lung was 
quantified using ImageJ software (http://rsb.info.nih.gov/ij/)[18]. Results are shown as the average number of 
cells per field. Each group was analyzed in triplicates. For measuring the fluorescence intensity of the lungs, 
lung lysate was prepared with RIPA buffer and well-homogenized. The supernatant was then collected, and 
the fluorescence intensity was measured using Infinite F500 (Tecan, Männedorf, Switzerland) with a filter 
set for CellTracker® Green (Ex/Em = 480 nm/517 nm).

Anoikis assay
Poly(2-hydroxyethyl methacrylate) (poly-HEMA; Thermo Fisher Scientific) was completely dissolved 
in 95% ethanol (20 mg/mL). Plates were coated with poly-HEMA solution and dried on a clean bench 
overnight. Cells (5 × 104) in serum-free medium were seeded in a poly-HEMA-coated 24-well plate. After 
24 h, calcein AM (Thermo Fisher Scientific) and ethidium homodimer-1 (Thermo Fisher Scientific) were 
added at final concentrations of 2 µmol/L and 4 µmol/L, respectively, and the cells were further incubated 
for 30 min. The fluorescent signal was observed under fluorescence microscopy and quantified with the 
BZ-X Analyzer (Keyence). To investigate the effect of AKT on LM8 anoikis, the AKT inhibitor MK2206 
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(Nacalai Tesque) was prepared with dimethyl sulfoxide (DMSO), and the cells were cultured for 24 h in 
poly-HEMA-treated plates containing 50 nmol/L MK2206 in 5% FBS DMEM.

Statistical analysis
Data were statistically analyzed with a two-sided Student’s t-test. P-values of less than 0.05 were considered 
statistically significant.

RESULTS
ROR2 function was required for OS lung metastasis
Our recent study using the LM8 sublines (LM8-H and LM8-L) and their gene expression microarray data 
revealed that noncanonical Wnt signaling is associated with LM8 extravasation into lung tissue via the 
LEF1-CYGB axis[16]. The microarray data of LM8-H and LM8-L was used to search for genes associated 
with the noncanonical Wnt pathway. Gene set enrichment analysis[19] identified several Wnt signaling-
related genes that showed higher expression in LM8-H than in LM8-L [Figure 1A]. Mapping of these genes 
using Kyoto Encyclopedia of Genes and Genomes[20] and clusterProfile package using R/Bioconductor 
indicated that ROR1/2 were receptors for the noncanonical Wnt signaling that is likely involved in the lung 
metastasis of LM8 [Supplementary Figure 1]. Expression levels of noncanonical Wnt signaling receptor 
genes Ror1, Ror2, and Frizzled class receptor 1 (Fzd1) were examined by RT-PCR. Ror2, but not Ror1 or 
Fzd1, was expressed at a significantly higher level in LM8-H than in LM8-L [Figure 1B]. Furthermore, the 
mRNA level of Ror2 was well-correlated with the metastasis-free survival of OS patients [Supplementary 
Figure 2]. Therefore, we focused on ROR2 for further analysis. The effect of deletion of Ror2 [Figure 1C] on 
the proliferation and metastatic potential of LM8-H was first investigated. The proliferation rate of H/Ror2-
KO was similar to that of LM8-H and LM8-L [Figure 1D], indicating that ROR2 function is not involved in 
proliferation. The size and number of foci in the lungs injected with H/Ror2-KO were significantly smaller 
than those in the lungs injected with LM8-H [Figure 1E]. These data demonstrated the critical role of 
ROR2 function in LM8 lung metastasis.

ROR2 was necessary for LM8 survival in lung capillaries
To determine how ROR2 was involved in the extravasation process in vivo, the LM8 sublines in the lungs 
were examined at 30 min and 48 h post-injection because the tumor cells had reached the lungs by 30 min 
and began extravasation into lung tissues by 48 h post-injection. The LM8 sublines were labeled with 
a green fluorescent dye before injection, and removed lungs were observed under an inverted confocal 
fluorescence microscope. Similar numbers of fluorescently labeled cells were observed in the lungs injected 
with LM8-H and H/Ror2-KO 30 min after injection [Figure 2A], indicating that lack of ROR2 function 
did not affect the survival of circulating LM8 cells before reaching the lungs. On the other hand, 48 h after 
injection, the number of fluorescently labeled cells in lungs injected with H/Ror2-KO was significantly 
reduced compared to that in lungs injected with LM8-H [Figure 2A]. The reduction reflects that more H/
Ror2-KO die in lung capillaries than LM8-H, suggesting that ROR2 function was involved in the survival of 
LM8 cell in lung capillaries prior to extravasation. To confirm ROR2’s function, LM8-L, LM8-H, H/Ror2-
KO, ROR2-overexpressing LM8-L (L/ROR2), and ROR2-overexpressing H/Ror2-KO (KO/ROR2) [Figure 
2B] were examined at 48 h post-injection in terms of their survival in lung capillaries. Significantly higher 
fluorescence intensity was detected in lung lysates from mice injected with the LM8 sublines expressing 
high ROR2 (LM8-H, L/ROR2, and KO/ROR2) compared to that in the lung lysates from mice injected with 
the LM8 sublines expressing low ROR2 (LM8-L and H/Ror2-KO) [Figure 2C]. These results confirmed a 
correlation between ROR2 expression and LM8 survival in lung capillaries.

The AKT signaling pathway was involved in ROR2-induced anoikis resistance in LM8
Tumor cells that have reached the lung capillaries are stressed mechanically because the blood vessels 
are smaller in diameter and are less compliant[21]. This mechanical stress causes cell death in up to more 
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Figure 1. ROR2 regulated lung metastasis of LM8. A: gene set enrichment analysis. Microarray data for LM8-H and LM8-L were analyzed 
using Kyoto Encyclopedia of Genes and Genomes software to identify significant gene sets. The enrichment plot shows the distribution 
of genes in the set that are correlated with the Wnt signaling pathway (mm0431); B: mRNA expression levels of Ror2, Ror1, and Fzd1 in 
LM8-H and LM8-L analyzed by RT-PCR. The numbers below the bands indicate the corresponding expression levels relative to β-actin; C: 
ROR2 protein expression levels in LM8-L, LM8-H, and H/Ror2-KO examined by western blotting; D: proliferation rates of LM8-H, LM8-L, 
and H/Ror2-KO cultured under adhesion conditions for 3 days; E: representative lung images stained with hematoxylin-eosin (left) and 
the number of lung foci bigger than 1 mm in diameter (right) at day 20 after intravenous injection of LM8-H and H/Ror2-KO. Scale bars: 
10 mm, n = 5, **P < 0.01. ROR2: receptor tyrosine kinase-like orphan receptor 2; LM8-H: LM8 cell line with high metastatic ability; LM8-L: 
LM8 cell line with low metastatic ability; Fzd1: Frizzled class receptor 1; H/Ror2-KO: LM8-H knocked out of Ror2; n.s: not significant
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than 90% of tumor cells entering the capillaries[22]. The LM8 sublines were examined for sensitivity to 
mechanical stress in vitro using a hypotonic buffer that causes hypotonic cell swelling, an established 
perturbation method that examines the strength against mechanical stress by inducing elongation of the 
plasma membrane in a well-controlled manner[23]. Incubation of LM8-H and H/Ror2-KO in hypotonic 
buffer for 30 min reduced viability by less than half in both sublines compared to incubation in isotonic 
buffer [Supplementary Figure 3], indicating that ROR2 was not involved in the resistance to mechanical 
stress in the lung capillaries. The differences in anoikis resistance among the LM8 sublines were examined 
in terms of viability after culturing for 24 h on poly-HEMA-coated dishes (under low adhesion conditions) 
using fluorescent dyes that differentially label live and dead cells. The LM8 sublines with low ROR2 
expression (LM8-L and H/Ror2-KO) significantly increased anoikis, and those with high ROR2 expression 
(L/ROR2 and KO/ROR2) significantly decreased anoikis [Figure 3A]. It has been reported that the activity 
of Akt was upregulated in anoikis resistant human OS cells[24]. Therefore, we investigated the involvement 
of AKT signaling in LM8 ROR2-induced anoikis resistance. First, AKT activation (Ser473 phospho-

Figure 2. ROR2 regulated the survival of LM8 in lung capillaries. A: fluorescently labeled LM8 cells in the lungs were quantified using 
an inverted confocal fluorescence microscope (top). Data are shown as the mean ± SD of three fields of fluorescently labeled cells in 
each lung on the indicated days. n = 3, **P < 0.01. Representative image of LM8 cells in lungs on the indicated days (bottom). Red: blood 
vessel, Green: tumor cell, Black: lung tissue. Scale: 50 µm; B: ROR2 protein level in the indicated LM8 sublines. The numbers below the 
bands indicate the corresponding ROR2 expression levels relative to GAPDH; C: fluorescence intensity in lung lysates prepared from 
mice injected with the indicated LM8 sublines was quantified on day 0 (30 min) and day 2 (48 h). Data are shown as the ratio of day 2 
fluorescence intensity normalized to day 0. n = 3, *P < 0.05. ROR2: receptor tyrosine kinase-like orphan receptor 2; LM8-H: LM8 cell line 
with high metastatic ability; LM8-L: LM8 cell line with low metastatic ability; H/Ror2-KO: LM8-H knocked out of Ror2; L/ROR2: LM8-L 
expressing ROR2; KO/ROR2: H/Ror2-KO expressing ROR2; n.s: not significant
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AKT/AKT ratio) was examined in LM8 sublines with different ROR2 expression levels. Under adhesion 
conditions, AKT activation was not related to ROR2 expression levels. However, higher AKT activation was 
observed in the LM8 sublines with high ROR2 expression (LM8-H, L/ROR2, and KO/ROR2) compared 
to the LM8 sublines with low ROR2 expression (LM8-L and H/Ror2-KO) under low adhesion conditions 
[Figure 3B]. Second, the correlation between AKT activation and anoikis was examined using MK2206, an 
AKT inhibitor. AKT activation in LM8-H under low adhesion conditions was significantly suppressed by 
MK2206 [Figure 3C], resulting in a significant increase in anoikis in these cells [Figure 3D]. These results 
suggest a novel ROR2 function involved in LM8 anoikis resistance through AKT activation.

DISCUSSION
In the present study, we identified a novel function of ROR2 in lung metastases of the mouse OS cell line 
LM8; ROR2 may contribute to OS cell survival in lung capillaries by increasing anoikis resistance through 

Figure 3. AKT signaling was involved in anoikis regulation by ROR2 in LM8. A: fluorescence intensities of live and dead cells labeled 
with different dyes were measured using appropriate filters after 24 h of culture under low adhesion conditions as described in the 
Methods. The dead cell ratio was calculated by dividing the fluorescence intensity of the dead cells by the total fluorescence intensity. 
n= 3, *P < 0.05, **P < 0.01, ***P < 0.001; B: pAKT and AKT levels in LM8 sublines cultured under adhesion (left) and low adhesion (right) 
conditions analyzed by western blotting. The pAKT/AKT at the bottom of the figure shows the ratio of pAKT to AKT levels normalized 
by GAPDH levels; C: pAKT and AKT levels in LM8-H treated with MK2206 for indicated time under low adhesion conditions. The 
western blotting experiments were repeated three times, and representative data are shown; D: dead cell ratio of LM8-H cells cultured 
with MK2206 or solvent only (DMSO) for 24 h under adhesion or low adhesion conditions. Dead cell ratios are shown as normalized 
values for cells treated with MK2206 vs. those for untreated cells. n = 3, *P < 0.05. ROR2: receptor tyrosine kinase-like orphan receptor 2; 
LM8-H: LM8 cell line with high metastatic ability; LM8-L: LM8 cell line with low metastatic ability; H/Ror2-KO: LM8-H knocked out of 
Ror2; n.s: not significant; DMSO: dimethyl sulfoxide; L/ROR2: LM8-L expressing ROR2; KO/ROR2: H/Ror2-KO expressing ROR2
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AKT activation. Previous studies of various tumor cells have reported important functions of ROR2 in 
migration and invasion[25-29], which are essential metastasis initiation steps in the pre-circulatory processes. 
The lung metastasis model used in this study was designed to focus on the post-circulatory processes of 
metastasis, allowing us to discover another important function of ROR2 in the lung metastatic process.

Previous study using the same lung metastasis model revealed that CYGB function is crucial for LM8 
extravasation ability, and Cygb was previously identified as a LEF1-regulated gene[16]. Although Ror2 is one 
of the Wnt signaling-related genes, the ROR2 expression level did not correlate with the LEF1 expression 
level [Supplementary Figure 4A]. In contrast, Cygb mRNA levels were significantly reduced in LM8-L 
and H/Ror2-KO [Supplementary Figure 4B], suggesting that ROR2 signaling may be an alternative CYGB 
regulator independent of LEF-1 signaling in LM8. In fact, overexpression of ROR2 in LM8-L resulted in 
significantly increased endothelial transmigration abilities while knocking out of Ror2 in LM8-H resulted 
in significantly decreased endothelial transmigration abilities [Supplementary Figure 4C]. These results 
are similar to those observed in the previous study using CYGB-overexpressing LM8-L and Cygb-KO 
LM8-H[16]. Together with our previous study of the LEF1-CYGB axis, this study of ROR2-CYGB 
axis provided new insight into the mechanism of Wnt-signaling in OS lung metastasis. Although the 
Wnt5a-ROR2 axis has been reported to induce the migration of human OS cells[25,28,30,31], we found that 
recombinant Wnt5a did not promote transmigration of LM8-H [Supplementary Figure 5], suggesting that 
Wnt5a-ROR2 signaling was not involved in the post-circulatory process of lung metastasis in LM8 sublines.

We demonstrated that the anoikis resistance regulated by ROR2 was dependent on AKT activation and that 
AKT inhibition reduced ROR2-induced anoikis resistance. Since Ror2 expression level did not affect LM8 
cell proliferation under adhesion conditions [Figure 1D], the increased viability of LM8 sublines with high 
ROR2 expression is not due to increased proliferation. The AKT inhibitor used here, MK2206, is currently 
in phase II clinical trials for recurrent and advanced endometrial cancer. In addition to inhibiting tumor 
growth in neuroblastoma and colorectal cancer[32], MK2206 also impairs the proliferation of human OS 
cells such as U2OS and HOS[33]. MK2206 was found to reduce LM8-H viability only under low adhesion 
conditions, and no cell death was observed with MK2206 treatment under adhesion conditions. These 
results indicate that MK2206 might be an ideal drug to specifically kill OS cells that have lost anchorage 
dependency, such as cells that have acquired the ability to invade and metastasize. 

In conclusion, our findings suggested that the ROR2-AKT axis enhanced OS lung metastasis through 
anoikis resistance and that MK2206 enhances the induction of apoptosis in OS cells under low adhesion 
conditions. These discoveries may shed light on specific stages of the metastatic process and provide clues 
for the development of effective OS treatment. 
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