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Abstract:  

The present study investigated the expression and role of ROR2 in small cell lung cancer (SCLC). To 

examine the expression of ROR2, 27 surgically resected SCLC tissue samples were immunostained for 

ROR2. Sixteen tissue samples were positive and some showed intratumor heterogeneity in staining intensity. 

The heterogeneity of ROR2 expression was also observed in tumor tissues from a PDX model of SCLC, in 

which there were cells with high ROR2 expression (ROR2high cells) and without its expression (ROR2low 

cells). These cells were subjected to a RNA sequence analysis. GSEA was performed and the results 

obtained revealed the enrichment of molecules such as G2M checkpoint, mitotic spindle, and E2F targets 

in ROR2high cells. The rate of EdU incorporation was significantly higher in ROR2high cells than ROR2low 

cells from the PDX model and the SCLC cell lines. Cell proliferation was suppressed in ROR2 KO SBC3 

cells in vitro and in vivo. Comparisons of down-regulated differentially expressed genes in ROR2 KO SBC3 

cells with up-regulated DEG in ROR2high cells from the PDX model revealed 135 common genes. After a 

Metascape analysis of these genes, we focused on Aurora kinases. In SCLC cell lines, the knockdown of 

ROR2 suppressed Aurora kinases. Therefore, ROR2 appears to regulate the cell cycle through Aurora 

kinases. The present results reveal a role for ROR2 in SCLC and afford a candidate system (ROR2-Aurora 

kinase) accompanying tumor heterogeneity in SCLC.  
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1. Introduction 

Lung cancer is one of the most lethal cancers worldwide. Small cell lung cancer (SCLC) accounts 

for 10-15% of all lung cancers and is characterized by rapid proliferation, high metastatic potential, high 

sensitivity to radiotherapy and chemotherapy, and the early acquisition of resistance to treatment [1,2]. In 

recent years, targeted therapies have been shown to reduce mortality in patients with non-small cell lung 

cancer (NSCLC), but marked improvements in the survival of patients with SCLC have not yet been 

achieved [3]. Therapeutic strategies with novel agents, such as immune checkpoint inhibitors, are being 

investigated; however, their long-term efficacy is unclear and therapeutic advances for SCLC are currently 

insufficient [3]. 

Receptor tyrosine kinase-like orphan receptor (ROR) belongs to the receptor tyrosine kinase 

family. ROR is a single-pass transmembrane receptor, the extracellular portion of which contains 

immunoglobulin-like, cysteine-rich, and kringle domains [4]. The cysteine-rich domain of ROR is essential 

for binding WNT ligands and transduces the WNT signaling pathway [5,6].  

ROR expression has been reported in many cancers. In NSCLC, ROR1 has been identified as a 

transcriptional target of Nkx-2.1 and is highly expressed, particularly in lung adenocarcinomas [7]. A 

previous study reported that the suppression of ROR1 inhibited cell growth in epidermal growth factor 

receptor tyrosine kinase inhibitor (EGFR-TKI)-resistant cell lines, making it a promising therapeutic 

approach for EGFR-TKI-resistant lung cancer [8]. ROR2 expression in NSCLC was identified by 



immunohistochemistry (IHC) in approximately 50% of cases, and its expression correlated with poor 

overall survival [9]. Correlations were also reported between high ROR expression and poor survival rates 

in pancreatic, breast, and cervical cancers [10.11.12]. On the other hand, in hepatocellular carcinoma, 

patients with low ROR2 expression had a poorer prognosis than those with high ROR2 expression [13]. 

High ROR2 expression in endometrial carcinoma has been associated with a good prognosis [14]. There 

are conflicting findings on the function of ROR2. In breast cancer, the knockdown of ROR2 suppressed 

cell proliferation, whereas its overexpression exerted the opposite effects [11]. In melanoma, ROR2 

expression inhibited cell proliferation [15]. In colorectal cancer cell lines, the knockdown of ROR2 

increased cellular proliferation and migration and decreased invasion [16], whereas it promoted cell 

migration and invasion in endometrial cancer [14]. 

Collectively, these findings suggest that ROR2 functions vary by origin and the histological type 

of cancer. However, ROR2 expression patterns and its biological roles in SCLC remain unclear. The 

transfection of Achaete scute complex homologue 1 (ASCL1) gene, a cell lineage-specific oncogene of 

SCLC [1], induced neuroendocrine differentiation in lung adenocarcinoma cell lines [17,18,19,20], and 

modulated WNT-related molecules, including WNT11 and ROR2, in an adenocarcinoma cell line [17,21]. 

WNT11 is important in the neuroendocrine differentiation and epithelial-mesenchymal transition of SCLC 

[17]; however, the significance of ROR2 in SCLC remains unknown. 

In the present study, we attempted to clarify the role of ROR2 in SCLC. To confirm the 



expression of ROR2, we performed IHC on surgically resected SCLC tissue samples and a flow cytometric 

analysis of a patient-derived xenograft (PDX) model. To focus on differences between ROR2high and 

ROR2low cells in the PDX model, we sorted cells by flow cytometry and performed a comprehensive 

analysis using RNA sequencing. We performed the knockdown and knockout of ROR2 in SCLC cell lines 

to elucidate the molecular and biological functions of ROR2. We herein report on the expression and 

function of ROR2 in SCLC, including a comprehensive analysis. 

 

2. Materials and Methods 

2.1 Cell lines 

Six SCLC cell lines (H69, H889, SBC1, H69AR, SBC3, and SBC5) were used in the present 

study. H69, H889, and H69AR were purchased from ATCC (Manassas, VA), and SBC1, SBC3, and SBC5 

were from the Japan Collection of Research Bioresources Cell Bank (Osaka, Japan). All growth media were 

purchased from Wako Pure Chemical Industries (Osaka, Japan) and supplied with 1% 

penicillin/streptomycin (Sigma–Aldrich). H69 and H889 cells were grown in RPMI 1640 medium 

supplemented with 2 mM L-glutamine, 10 nM HEPES, 1 mM sodium pyruvate, 4.5 g/L glucose, 1.5 g/L 

sodium bicarbonate, and 10% fetal bobbin serum (FBS; 175012, NICHIREI BIOSCIENCES, Tokyo, Japan). 

H69AR cells were grown in RPMI 1640 medium supplemented with 20% FBS. SBC1 cells were grown in 

RPMI 1640 medium supplemented with 15% FBS. SBC3 and SBC5 cells were grown in EMEM with 10% 



FBS. All cells were incubated at 37℃ in 5% CO2 and saturated humidity. Cells were maintained as 

subconfluent cultures before use and harvested with trypsin-EDTA (Invitrogen, CA, USA). 

 

2.2 Tissue Samples 

Tissue samples of SCLC (n = 27) resected at the Department of Thoracic Surgery of Kumamoto 

University Hospital (Kumamoto, Japan) were used in the present study. Samples were histologically 

diagnosed according to the WHO criteria. These sections were used for IHC. The present study followed 

the guidelines of the Ethics Committee of Kumamoto University.  

 

2.3 PDX model 

The PDX model was created at the Departments of Thoracic Surgery and Pathology and 

Experimental Medicine, Kumamoto University. Surgical SCLC tissues were subcutaneously transplanted 

into the backs of immunodeficient mice (Rag2-/-:Jak3-/- mice; a generous gift from Prof. Seiji Okada [22]), 

and used in experiments after several passages. In the flow cytometric analysis, PDX tumor tissues were 

harvested when they had grown to a diameter of approximately 1 cm. They were then dissociated into 1-

mm pieces and treated with TrypLE (Thermo Fisher, Waltham, MA) to make single cells. The present study 

followed the guidelines of the Ethics Committee of Kumamoto University. All animal experiments were 

conducted in accordance with the guidelines of the Animal Care and Use Committee of Kumamoto 



University. 

  

2.4 IHC 

Formalin-fixed, paraffin-embedded specimens were cut into 3-µm-thick sections and mounted 

onto MAS-GP-coated slides (Matsunami Glass, Osaka, Japan). After deparaffinization and rehydration, 

sections were heated using an autoclave in 0.01 mol/L citrate buffer (pH 7.0) for antigen retrieval. Sections 

were incubated with 0.3% H2O2 in absolute methanol for 20 minutes to block endogenous peroxidase 

activity. Sections were incubated with skimmed milk for 30 minutes to block non-specific staining. After 

this blocking step, sections were incubated with the primary antibodies (Table 1) at 4℃ overnight, followed 

by sequential 1-hour incubations with the secondary antibodies (En Vision+System-HRP-Labeled polymer; 

K4001, K4003, Dako, Santa Clara, CA) and visualization with the liquid DAB+substrate Chromogen 

System (K3468, Dako). All slides were counterstained with hematoxylin for 30 seconds before being 

dehydrated and mounted. Areas stained using IHC were scored according to a 4-tier system: no staining 

area, positive staining area <10% SCLC tumor cells stained, positive staining area 10–50% SCLC tumor 

cells stained, and positive staining area > 50% SCLC tumor cells stained. Scoring was simultaneously 

performed by two independent researchers (M.S. and T.I.) who were blinded to patient details. 

 

2.5 Western blot (WB) analysis 



Cells were prepared for a WB analysis as previously reported [23]. A list of the primary 

antibodies used is shown in Table 1. The membrane was incubated with the primary antibodies at 4℃ 

overnight. The membrane was then washed and incubated with the respective secondary antibodies 

conjugated with horseradish peroxidase (7074S, 7076S, Cell Signaling, Danvers, MA) at room temperature 

for 1 hour, and the immune complex was visualized with chemiluminescence substrate ECL prime 

(RPN2236, Amersham Pharmacia Biotech, Amersham, UK). 

 

2.6 ROR2 KO vector plasmid construction and transfection 

Genome editing using CRISPR/ Cas9 was used to KO the ROR2 gene in the SBC3 cell line. 

pSpCas9(BB)-2A-Puro(px459) was purchased from Addgene (Cambridge, MA). The sgRNA target 

sequences of ROR2 were as follows: TGC TGT GCA TCC CGG CCG TC. These plasmids were co-

transfected with Lipofectamine 3000 (L3000-015, Thermo Fisher Scientific) into cells at subconfluency. 

After 48 hours, transfected cells were treated with 1 μg/mL puromycin (Clontech Laboratories, Mountain 

View, CA) for the selection of stably transfected cells. 

 

2.7 Transfection with siRNA 

siROR2 (Cat#: 4390824) and Silencer Negative Control siRNA#1 (Cat#: AM4611) were 

purchased from Ambion (Austin, TX, USA). H69 cells were transfected with siRNA at a concentration of 



30 nmol/L using an electroporator (NEPA21 pulse generator; Nepa Gene, Chiba, Japan). SBC3 and SBC5 

cells were transfected with siRNA at a concentration of 30 nmol/L using Lipofectamine RNAiMAX 

(13778-150, Thermo Fisher Scientific). Cells were harvested 48 hours post-transfection. 

 

2.8 Tumor xenograft growth and histopathological evaluation 

A total of 1.0 × 106 cells each of mock SBC3 cells and ROR2 KO SBC3 cells (mixture of the 

three clones in equal proportions) were subcutaneously injected into the backs of Rag2-/-:Jak3-/- mice. 

Twenty-eight days after the injection, tumors were removed and measured. Samples were fixed with 

phosphate-buffered 4 % paraformaldehyde solution and embedded in paraffin. Tissue sections were stained 

with hematoxylin and eosin, and additional sections were used for an immunohistochemical analysis. 

 

2.9 Cell counting assay 

Mock SBC3 cells and ROR2 KO SBC3 cells were seeded at equivalent densities (2.0 × 105 

cells/well) in 6-well plates. After 24, 48, 72, 96, 120, and 144 hours, cells were trypsinized and counted. 

Experiments were repeated in triplicate to confirm reproducibility. 

 

2.10 Flow cytometry 

Tumor cells were suspended in FACS buffer (PBS(-) with 0.1% NaN3, 2% FBS) or sorting buffer 



(PBS(-) with 2% FBS, 1 mM EDTA, and 25 mM HEPES). Cells were stained with antibodies against human 

ROR2 (APC-conjugated, FAB20641A, 1:10, R&D SYSTEMS, Minneapolis, MN), mouse H-2Kd/H-2Dd 

(PE/Cy7-conjugated, 114718, 1:100, BioLegend, San Diego, CA), or a mouse IgG2a isotype control (APC-

conjugated, IC003A, 1:10, R&D SYSTEMS) on ice for 30 minutes in the dark. After washing, cells were 

resuspended in FACS buffer or sorting buffer with 7-AAD (420404, 1:100, BioLegend) to stain dead cells. 

A flow cytometric analysis was performed using FACSVerse (BD Biosciences, Franklin Lakes, NJ) or 

FACS Aria III (BD Biosciences). 

 

2.11 5-Ethynyl-2'-deoxyuridine (EdU) incorporation 

Regarding the EdU labeling of cells (H69, SBC3, and SBC5), each cell was incubated with a 

final concentration of 10 µM EdU (C10632, Invitrogen) at 37℃ for 3 hours. EdU (052-08843, FUJIFILM, 

Tokyo, Japan) dissolved in PBS was administered to PDX mice via an intraperitoneal injection (1 mg/each). 

Tumors were harvested 3 hours after the EdU injection. The incorporation of EdU was detected using the 

Click-iTTM Plus EdU Alexa FluorTM 488 Flow Cytometry Assay Kit (C10632, Invitrogen) according to 

the manufacturer’s instructions. Dead cells were stained using the LIVE⁄DEAD Fixable Dead Cell Stain 

Kit (L34963, 1:1000, Thermo Fisher). All samples were analyzed using FACSVerse. 

 

2.12 RNA sequence analysis 



Regarding ROR2 KO SBC3 cells, total RNA was extracted from cultured cells using a RNeasy 

Mini Kit (Cat.74134, Qiagen, Hilden, Germany). A 2100 Bioanalyzer (Agilent, Santa Clara, CA) was used 

to detect the concentration and purity of total RNA. All samples with an RNA integrity number >7.5 were 

used for sequencing. The RNA-seq library was prepared using a TruSeq Stranded mRNA Library Prep Kit 

(20020594, Illumina, San Diego, CA) and sequenced using NextSeq 500 (Illumina). 

Concerning the PDX model, ROR2high and ROR2low cells were sorted using FACS Aria III (BD 

Biosciences) and directly collected into CDS Sorting Solution (contained in the SMART-seq HT kit). cDNA 

was then synthesized without RNA purification using SMART-seq HT (634455, Takara, Shiga, Japan). The 

RNA-seq library was prepared using a Nextera XT Library Prep Kit (FC-131-1024, FC-131-1001, Illumina) 

and sequenced using the Hiseq X Ten sequencer (Illumina). 

RNA-seq reads were aligned to a human transcriptome (GRCh38) and quantified by Salmon [24] 

(version 1.3.0) with default settings. Differential expression testing was performed with DESeq2 (version 

1.28.1). A p-value threshold of <0.05 was used to identify differentially expressed genes (DEG). A 

Metascape (https://metascape.org) analysis was performed with hallmark gene sets and canonical pathways. 

A GSEA (version 4.1.0) (Broad Institute) analysis was performed with hallmark gene sets and PID gene 

sets. 

 

2.13 Statistical analysis 



All data were obtained from independent experiments and expressed as the means ±SD of 

triplicate measurements. Differences in mean values between the two groups were statistically analyzed 

using the t-test. Prism v.7 software (GraphPad Software, San Diego, CA) was used for statistical analyses. 

p <0.05 was considered to be significant. 

 

2.14 Data availability 

The accession number for RNA sequence data in the present study is GEO: GSE 210388 

 

3. Results 

3.1 ROR2 expression in SCLC tissues and cell lines  

To investigate the expression of ROR2, 27 surgically resected SCLC tissue samples were stained 

by IHC for ROR2. ROR2 positively stained in the cell membrane and cytoplasm (Fig. 1A). Sixteen tissue 

samples were positive for ROR2 and some of the stained tissues showed intratumor heterogeneity in 

staining intensity (Fig. 1B). A WB analysis of SCLC cell lines was performed, and ROR2 expression was 

observed in three out of the six SCLC cell lines tested (Fig. 1C).  

 

3.2. Intratumor heterogeneity of ROR2 expression in the SCLC PDX model 

To investigate the intratumor heterogeneity of ROR2 expression, a flow cytometric analysis was 



applied to the PDX model. Four PDX models were established and analyzed with IHC (data not shown). A 

PDX model in which the intratumor heterogeneity of ROR2 was observed by IHC (Fig. 2A) was used for 

a flow cytometric analysis. The results of the flow cytometric analysis showed heterogeneity in ROR2 

expression similar to those of IHC (Fig. 2B). To assess differences in gene expression patterns, ROR2high 

and ROR2low cells were sorted by flow cytometry (Fig. 2B) and a RNA sequence analysis of ROR2high and 

ROR2low cells was performed. A heatmap shows differences in gene expression patterns between ROR2high 

and ROR2low cells (Fig. 2C). A total of 1790 genes were identified as DEG (p value <0.05). Overall, 999 

genes were up-regulated in ROR2high cells and 791 in ROR2low cells. GSEA was performed and the results 

obtained revealed the enrichment of HALLMARK_G2M_CHECKPOINT, 

HALLMARK_MITOTIC_SPINDLE, and HALLMARK_E2F_TARGETS in ROR2high cells (Fig. 

2D,2E,Supplymental file1). Expressions of CyclinB1, CyclinB2 and CDK1 are upregulated in ROR2high 

cells (Fig. 2F). These results suggest a role for ROR2 in cell division. 

 

3.3. Increased EdU incorporation in ROR2high cells 

The results of the RNA sequence analysis suggested that the cell cycle is enhanced in ROR2high 

cells. To confirm this, we evaluated the incorporation of EdU in PDX cells. The heterogeneity of ROR2 

expression was confirmed by a flow cytometric analysis, and the rate of EdU incorporation was 

significantly higher in ROR2high cells than in ROR2low cells (Fig. 3A). Similar analyses were performed 



using ROR2-positive SCLC cell lines (Fig. 1C). A flow cytometric analysis of the H69, SBC3, and SBC5 

cell lines showed heterogeneity in the expression of ROR2 (Fig. 3B, C, D). These cell lines were evaluated 

for the incorporation of EdU using flow cytometry. In the H69, SBC3, and SBC5 cell lines, EdU 

incorporation rates were higher in ROR2high cells than in ROR2low cells (Fig. 3B, C, D). These results 

indicated an enhanced cell cycle of ROR2high cells in SCLC.  

 

3.4. Suppressed proliferation of ROR2 KO SBC3 cells  

To investigate the function of ROR2, the ROR2 gene was KO in SBC3 cells using CRISPR/Cas9. 

ROR2 was not detected in ROR2 KO SBC3 cells by a WB analysis (Fig. 4A). Cell proliferation under 

culture conditions was significantly lower in ROR2 KO SBC3 cells than in mock SBC3 cells (Fig. 4B). 

Mock and ROR2 KO SBC3 cells were subcutaneously injected into the backs of immunocompromised mice. 

The tumors arising in the back were removed and measured 28 days after the inoculation. The size and 

weight of xenotransplanted tumors from ROR2 KO SBC3 cells were slightly smaller than those from mock 

SBC3 cells (Fig. 4 C, D). Xenotransplanted tumors were histologically similar, regardless of the ROR2 

expression status, whereas ROR2 was not immunohistochemically detected in the tumors from ROR2 KO 

cells (Fig. 4E). 

 

3.5. Search for ROR2-related molecules 



A RNA sequence analysis was performed for mock and ROR2 KO SBC3 cells, and DEG was 

evaluated. In total, 1738 genes were down-regulated in ROR2 KO SBC3 cells. Comparisons of down-

regulated DEG in ROR2 KO SBC3 cells and up-regulated DEG in ROR2high cells revealed 135 common 

genes (Fig. 5A). These 135 genes were analyzed using Metascape, and those involved in the cell cycle, 

such as HALLMARK_E2F_TARGETS and HALLMARK_G2M_CHECKPOINT, were enriched (Fig. 5B). 

PID AURORA B PATHWAY was enriched as a pathway, and the genes included in the PID AURORA B 

PATHWAY and PID AURORA A PATHWAY were indicated (Fig. 5A). Since we speculated that the 

expression of ROR2 may in turn affect the expression of AURKA and AURKB, we performed the 

knockdown of ROR2 in the H69, SBC3, and SBC5 cell lines, and a WB analysis revealed that the 

expression of AURKA, AURKB and Phospho-Histone H3 was decreased in these cells (Fig. 5C). These 

results suggest that ROR2 affected the cell cycle through the expression of AURKA and/or AURKB. 

 

4. Discussion 

ROR2 is up-regulated in various carcinomas and is considered to be involved in cell proliferation, 

EMT, and other biological properties, suggesting its potential as a therapeutic target for cancer [25]. In 

SCLC, ROR2 has been identified as a molecular target of ASCL1 and SOX2, critical transcription factors 

of SCLC [17,21,26], has been less focused than ROR1 in lung adenocarcinoma [7]. Through our IHC 

studies on surgically resected samples and PDX models of SCLC, WB of SCLC cell lines, and flow 



cytometric analyses of PDX model cells and cell lines, it has become evident that ROR2 is expressed with 

inter- and intra-tumor heterogeneities in SCLC. 

Tumor heterogeneity involves aggressive tumor characteristics, such as frequent metastasis and 

resistance to treatments [27], and this also appears to be the case in SCLC [28]. In addition, although SCLC 

has been treated as a homogeneous tumor based on its genetic and biological backgrounds, comprehensive 

analyses have revealed differences in gene expression patterns and drug sensitivity [29,30]. A PDX model 

for SCLC has been reported to accurately recapitulate the pathological morphology, genomic alterations, 

and expression profiles of clinical specimens as SCLC, and is considered to be more similar to the clinical 

model of SCLC [31,32]. In the present study, we used the PDX model to analyze the role of ROR2. A 

comprehensive RNA-seq analysis of differences between ROR2high and ROR2low cells in the PDX model 

revealed the enrichment of genes related to the cell cycle. Therefore, we hypothesized that ROR2 is 

involved in cell proliferation, which is supported by the greater incorporation of EdU in PDX ROR2high 

cells than in ROR2low cells. Moreover, cell proliferation was suppressed in ROR2 KO SBC3 cells. 

We searched for ROR2-associated molecules using a differential analysis of ROR2-expressing 

cells and a comprehensive RNA-seq analysis of ROR2 KO SBC3 cell lines and focused on Aurora kinases. 

Aurora kinases are a group of serine-threonine kinases that play an important role in mitosis [33]. They are 

up-regulated in many carcinomas and correlate with the prognosis of patients, which make them a potential 

target for cancer therapy [34]. A phase II trial on the treatment of SCLC with an Aurora kinase A inhibitor 



(Alisertib) is currently underway [35]. In the present study, Aurora kinases were up-regulated in PDX 

ROR2high cells and down-regulated in the three SCLC cell lines with the knockdown of ROR2. These results 

indicate that ROR2 regulates the expression of Aurora kinase, which may be involved in the cell cycle and 

activation of cell proliferation. Forkhead box M1 (FOXM1) has been identified as an upstream molecule 

that regulates Aurora kinases [34,36]. Our comprehensive analysis also identified the FOXM1 pathway, 

suggesting that ROR2 regulates Aurora kinases via FOXM1; however, the underlying mechanisms remain 

unknown. The therapeutic efficacy of Aurora kinase inhibitors in SCLC was previously reported to be 

higher for NEUROD1/MYC-expressing SCLC [30], and alisertib/paclitaxel have been shown to prolong 

progression-free survival in patients with MYC-expressing SCLC [35]. An analysis of a dataset [37] 

revealed that ROR2 expression positively correlated with NEUDO1; therefore, controlling a subset of 

SCLC with the ROR2-NEUROD1-Aurorakinase system is a future direction for research on SCLC. 

The identification of ligands is important for elucidating the molecular mechanisms underlying 

the ROR2 signaling pathway. ROR2 is considered to be a receptor for WNT because it has a CRD similar 

to FZD [25]. We previously reported the increased expression of WNT11 and its involvement in cell 

proliferation, EMT, and cell growth in SCLC and ASCL1-induced neuroendocrine carcinoma [17]. In breast 

cancer, WNT11 has also been shown to act with the CRD of ROR2 in order to enhance cell invasion [38]. 

Since the knockdown of WNT11 and KO of ROR2 both inhibited cell proliferation in SCLC cell lines, 

WNT11 may be a candidate ligand for ROR2 in SCLC. However, WNT11 does not appear to be a ligand 



for ROR2 because the SBC3 cell line, in which the proliferation of ROR2 KO cells was reduced, does not 

express WNT11 and recombinant human WNT11 does not modify Wnt signaling in ROR2-positive SCLC 

cells (unpublished observations). Therefore, there may be ligands other than WNT11 for ROR2 in SCLC 

cells. 

In summary, we herein demonstrated that ROR2 was heterogeneously expressed in SCLC and 

played an important role in cell proliferation. A comprehensive RNA-seq analysis of ROR2 identified 

Aurora kinases as ROR2-associated molecules. These results suggest that Aurora kinases are involved in 

the regulation of cell proliferation by ROR2. The present results provide a more detailed understanding of 

the significance of ROR2 in SCLC and will contribute to the development of new treatments for SCLC and 

improvements in the prognosis of patients. 
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Figure legends 

Fig. 1. Expression of ROR2 in small cell lung cancer (SCLC). A. Immunohistochemical staining of ROR2 

in surgically resected SCLC tissues. B. Proportion of each positive staining areas for ROR2 in SCLC tissue 

samples. C. Western blotting analysis of 6 SCLC cell lines for ROR2 and ROR1. 

 

Fig. 2. Difference between ROR2low cells and ROR2high cells in the PDX model. A. Immunohistochemical 

staining of ROR2 in the PDX model. B. FACS gating for sorting ROR2low and ROR2high cells. Mouse cells 

expressing H-2Kd/H-2Dd were eliminated. C. Heatmap of differentially expressed genes (DEG) in 

ROR2low and ROR2high cells in the PDX model. D. Gene Set Enrichment Analysis (GSEA) comparing 

ROR2low and ROR2high cells (FDR <0.25) in the PDX model. E. Three significant gene sets related to cell 

division (or proliferation) (arrows in Fig. 2D) are extracted and displayed. F. Transcripts per million (TPM) 

of CyclinB1, CyclinB2 and CDK1 are upregulated in ROR2high cells, compared to ROR2low cells. Data are 

presented as means ± SD. *p < 0.05. **p < 0.01. 

 

 

Fig. 3. The incorporation of 5-ethynyl-2'-deoxyuridine (EdU) by SCLC. A. PDX model, B. H69 cell line, 

C. SBC3 cell line, D. SBC5 cell line. ROR2low and ROR2high sorting gates are shown. EdU-positive cells 

in ROR2low cells and ROR2high cells are shown. Experiments were repeated in triplicate to confirm 



reproducibility. One example of flow cytometry data from each cell is shown. Data are presented as means 

± SD. **p < 0.01. 

 

Fig. 4. Proliferation of ROR2 KO SBC3 cell lines. A. WB analysis of ROR2 KO SBC3 cell lines. B. Cell 

counting assay with ROR2 KO SBC3 cell lines. C. Xenograft of mock and ROR2 KO SBC3 cell lines. Scale 

bar = 10 mm. D. Weight comparison of tumors of mock and ROR2 KO SBC3 cell xenografts. E. H&E and 

immunohistochemical staining of ROR2 in xenografted tumors. Data are presented as means ± SD. *p < 

0.05. **p < 0.01. 

 

Fig. 5. Search for ROR2-related molecules. A. Comparison of down-regulated DEG in ROR2 KO SBC3 

cell lines and up-regulated DEG in ROR2high cells of the PDX model. The genes included in the PID 

AURORA B PATHWAY and PID AURORA A PATHWAY are indicated in red. B. A Metascape analysis of 

135 common genes. C. A WB analysis of AURKA, AURKB, and pHH3 in the H69, SBC3, and SBC5 cell 

lines with the knockdown of ROR2. 

 

Table 1 List of antibodies                      

Primary antibody Manufacturer IHC FCM WB 

ROR2 (MA5-27244) Invitrogen 1:200   

ROR2 (FAB20641A) R&D   1:10  

ROR2 (MABS1152) Millipore   1:500 

ROR1 (#4102) Cell signaling   1:200 



AURKA (A1231) Sigma Aldrich   1:1000 

AURKB (ab2254) Abcam   1:1000 

pHH3 (06-570) Millipore   1:1000 

β-actin (A-5441) Sigma Aldrich    1:40000 

 

Antibodies used for IHC, FCM, and WB. Product number, manufacturer, and working dilutions are 

indicated. ROR2 receptor tyrosine kinase-like orphan receptor 2, ROR1 receptor tyrosine kinase-like 

orphan receptor 1, AURKA Aurora kinase A, AURKB Aurora kinase B, pHH3 Phospho-Histone H3 
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