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ABSTRACT OF THE THESIS 
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by 
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Thomas J. Kipps, Chair 
Cornelis Murre, Co-Chair 

 

ROR1 is a type I receptor tyrosine kinase like orphan-receptor that is expressed 

on embryonic and neoplastic cells, but not normal adult tissues. It is associated with 

poorly differentiated tumors of high metastatic potential. In this study, we evaluated 

ROR1 expression in human ovarian cancers and its association with phenotypical and 

functional characteristics of cancer stem cells (CSCs). We also examined the activity of 
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an anti-ROR1 monoclonal antibody (UC-961), found to have activity against ROR1+ 

breast cancer cell lines and B-cell leukemia, against ovarian cancer. In each primary 

human ovarian tumor studied, we found ROR1 expression is associated with markers of 

CSC, specifically aldehyde dehydrogenase 1 (ALDH1). ROR1+ cells from the PDX 

samples had greater spheroid formation in vitro and engraftment in immunodeficient 

mice than ROR1- cells from the same sample. Treatment of cancer cells with UC-961 

reproducibly impaired the spheroid formation and engraftment abilities of ROR1+ cells. 

ALDH1+ and ALDH1- cells isolated from the same PDX samples confirmed the 

enhanced engraftment of ALDH1+ cells. Treatment with UC-961, however, eliminated 

the difference in engraftment capacity between ALDH1+ and ALDH1- cells. Analysis of 

the few tumors that did develop in mice with UC-961-treated tumor cells revealed that 

these tumors had lower proportions of ALDH1+ cells, reduced expression of Bmi1, and 

altered expression of EMT markers compared to the original sample. Collectively, these 

studies indicate that ROR1 is associated with CSC and that anti-ROR1 mAbs can 

interfere with CSC function and self-renewal, suggesting a therapeutic use in treatment of 

ovarian cancer patients. 
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INTRODUCTION 

Characterized by abnormal and invasive cell growth, cancer is an unforgiving 

disease that plagues approximately 13.7 million Americans today, with an expected 1.7 

million new cases to be diagnosed this year alone (American Cancer Society, 2013). 

While cancer can originate from almost every part of the human body due to both internal 

and external factors, the foundation of every cancerous cell lies in genetic mutations that 

disrupt normal cell functions, including growth and apoptosis.       

Around 22,240 new cases of ovarian cancer are expected to be diagnosed in 2013, 

accounting for 3% of all cancers in females. Although the rate of occurrence for ovarian 

cancer is significantly lower than that of breast cancer, it is still one of the top five most 

deadly cancers for women over the age of 60, with approximately 14,030 deaths expected 

this year. The five year survival rate for ovarian cancer today (43%) has had relatively 

few improvements over the years, compared to 36% in 1977 (American Cancer Society, 

2013; Pal et al., 2005). 

In ovarian cancers, early detection significantly increases the survival rate of 

patients especially before the cancers metastasize or migrate (regional stage) to distant 

locations (distant stage). In ovarian cancer, the relative five-year survival rate for women 

diagnosed at the regional stage is 72%, but can fall to as low as 27% if initial diagnosis 

occurs at the distant stage (American Cancer Society, 2013).  Unfortunately, there are 

currently no effective methods for early stage detection of ovarian cancer (only 15% of 

such cases are detected at regional stage), making it the most deadly gynecologic cancer 

(Siegel et al., 2012). 
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Standard treatments for ovarian cancers involve the surgical removal of diseased 

tissues as well as radiation therapy and chemotherapy. Early stage treatments for young 

women typically consist of chemotherapy and followed by removal of only the diseased 

ovary and fallopian tube. Chemotherapy for ovarian cancer usually involves a 

combination of a platinum agent, such as carboplatin and a taxane, such as paclitaxel, 

better known as Taxol (Armstrong et al., 2006). Patients with advanced stages will 

require the removal of both ovaries and the fallopian tubes. In some cases the uterus must 

also be removed in response to cancer metastasis to other parts of the reproductive system 

(American Cancer Society, 2013). 

Despite the available treatment options and seemingly successful initial responses, 

many ovarian cancer patients suffer relapses after initial treatments (Brewster et al., 

2008). Over 50% to 75% of patients will suffer relapse 18 months after their initial 

treatment and consequently will undergo as many as six additional cycles of tumor 

reoccurrences and treatments (Herzog et al., 2004; Yin et al., 2013). The high relapse and 

mortality rate can be linked to the observed patterns of cancer recurrence and metastasis. 

These patterns often follow a seemingly successful therapy that is undermined by a small 

population of stem-like, tumor-initiating cells. The cancer stem cell (CSC) hypothesis 

attempts to explain this relapse phenomenon. Cancer stem cells, or tumor initiating cells, 

are a small distinct subpopulation of cells within a tumor that have the capacity to self 

renew and differentiate into diverse progenitors that make up the rest of the tumor 

(Scatena et al., 2012; Pierce et al., 1988). Unlike other models for tumor propagation, 

such as the clonal evolution model which argues that the majority of cells within a tumor 
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have tumorigenic capacity, the CSC model proposes a cancer hierarchy in which only a 

rare subset of cells from the heterogeneous tumor is able to generate new tumors.  

Early evidence supporting the cancer stem cell model came from the isolation of a 

tumorigenic stem cell population in acute myloid leukemia by Lapidot et al. in 1994 

where a single population of AML-initiating cells transplanted into severe combined 

immune-deficient (SCID) mice resulted in a complete rise of leukemia (Brewster et al., 

2008) The AML-initiating cells were distinguishable via specific surface marker 

combinations, CD34+/CD38-, and possess the CSC characteristics of self renewal, 

multipotency, and proliferation potential, much like that expected of leukemia and 

normal embryonic or adult tissue stem cells.  

In 2003, Al-Hajj et al. extended the CSC model to solid tumors by isolating CSCs 

in breast cancer tumors (Al-Hajj et al., 2003). A subpopulation of tumor cells with a 

specific surface marker combination, CD24-/low/CD44+/high, was isolated from several 

breast cancer tumors and found to be capable of generating new tumors in 

immunodeficient mice with as little as 100 cells. Other cells within the same tumors did 

not exhibit the tumorigenic capacity of CD24-/low/CD44+/high cells. Those cells share the 

same proliferative properties as normal stem cells and are able to give rise to complete 

heterogeneous tumors. As a result, CD44, a type I transmembrane glycoprotein with 

many functions including cell adhesion, migration, proliferation and survival signaling, 

has been later identified as a CSC marker for many other cancers (Scantena et al., 2012; 

Naor et al., 2002). More importantly, another identified CSC marker, aldehyde 

dehydrogenase 1 (ALDH1), has been previously shown to have increased activity in stem 

cell populations of hematopoietic system, acute myeloid leukemia and multiple myeloma 
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(Armstrong et al., 2004; Hess et al., 2004, 2006; Matsui et al., 2004). Ginestier et al. 

showed that healthy and cancerous mammary epithelial cells with high ALDH1 

expression have stem cell properties (Ginestier et al., 2007). These breast carcinomas 

with high ALDH1 activity are capable of self-renewal and tumorgenesis and are also a 

prognosis marker for poor clinical outcomes.  

Because of their low numbers, CSCs typically escape surgical removal attempts. 

They are also thought to be resistant to chemotherapy and radiation therapy due to an 

overexpression of various survival proteins including ATP-binding cassettes (ABC) and 

proteins of the multidrug resistant gene family (MRP). These overexpressions provide a 

possible explanation for the ability of putative CSCs to withstand cytotoxic effects of 

chemotherapy drugs while the non-CSCs are eradicated, allowing for local and distant 

relapses.  

One of the characteristics of cancer stems cells is the ability to form spheroids in 

serum free suspension culture conditions. The spheroid assay was first developed in 1996 

for neural stem cell research where undifferentiated multipotent neural cells plated in 

suspension culture system were able to form neurospheres (Reynolds and Weis et al., 

1996). These neurospheres have the stem cell characteristics of self-renewal and 

differentiation, where 4-20% of the spheres consisted of stem cell population and the rest 

of the spheres were made up of progenitor cells in various stages of differentiation (Weis 

et al., 1996). The neurosphere assay was then adapted to study human mammary epithelia 

where undifferentiated mammary epithelial cells cultured in non-adherent conditions 

yielded neurosphere-like spheres (Dontu et al., 2003). These mammospheres 

demonstrated functional characteristics analogous to stem/progenitor cells. The spheroid 
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assay has since then been adapted to various other types of tissues, including ovarian, to 

study cancer stem cells. 

The clinical course for ovarian cancer, where initial therapy leaves behind a 

resistant population that gives rise to heterogeneous tumors, suggests that ovarian cancer 

also follows the cancer stem cell model. In 2005, heterogeneous growth properties were 

demonstrated in ovarian cancer cells by Bapat et al. where isolated tumorigenic clones 

from unsorted malignant ascetic cells gave rise to tumors closely resembling the original 

tumors with increased stem cell associated factors such as Nanog and Oct4 (Bapat et al., 

2005).  

Although recent studies showed that ALDH1 enzymatic activity alone or in 

combination with CD133 might identify ovarian cancer stem cells (or tumor initiation 

cells) (Silva et al., 2011), there is no single cell surface molecule that can be targeted for 

anti-ovarian CSC targeted therapy due to a lower frequency of CD133 expression in 

ovarian cancer and a lack of specificity of ALDH1 expression in ovarian tumor tissues 

(Baba et al., 2009; Krishna et al., 2010). Recently, targeting ALDH1 in ovarian cancer 

using nanoliposomal siRNA has shown reduction in tumor growth through sensitizing 

chemotherapy resistant cell lines (Laden et al., 2010).  

This study aims to apply cancer stem cell biology to ovarian cancer therapy 

through identifying a specific cell surface protein, receptor tyrosine kinase-like orphan 

receptor 1 (ROR1) as a cancer stem cell marker. ROR1 is an evolutionarily conserved 

protein ordinarily expressed in early embryogenesis, where it contributes to 

organogenesis, but drops to a negligible expression level in non-malignant post-partum 

tissues (Matsuda et al., 2001; Al-Shawi et al., 2001; Lyashenko et al., 2011). In 
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mammalian fetal development, ROR1 is mainly expressed in heart, lung, neural crest and 

mesenchymal cells as well as functioning in neural growth (Yoda et al., 2003). Inhibition 

of ROR1 was found to result in reduced migratory potential for these cells among other 

effects. ROR1 was also found to be expressed on chronic lymphocytic leukemia (CLL) B 

cells by Kipps et al. and subsequently in a variety of human cancers, including breast and 

ovarian cancers, while the corresponding nonneoplastic adult tissues lack ROR1 

expression (Fukuda et al., 2008; Zhang and Chen et al., 2012).  

 ROR1 has an extracellular immunoglobulin like domain, a Kringle domain and a 

cysteine rich domain (CRD) that is essential for ligand binding and potentially for 

intracellular signaling (Katoh et al., 2005). Although ROR1 has a putative tyrosine kinase 

domain, it might function as a pseudo-kinase, serving instead as a receptor for other 

signaling proteins. ROR1 extracellular CRD domain is similar to that of Frizzled, the 

receptor for the Wnt family ligand. It was found that ROR1 potentially serves as a 

receptor for Wnt5a, a ligand involved in the Wnt signaling pathway that is crucial in 

numerous developmental events such as stem cell differentiation (Fukuda et al., 2008). It 

was found that binding to Wnt5a could provide a survival/growth signal to CLL cells 

from the microenvironment, and similarly in other types of cancer (Fukuda et al., 2008). 

Activation of ROR1 results in phosphorylation of phosphoinositide 3-kinase (PI3K), 

protein kinase B (AKT) and cAMP-response-element-binding protein (CREB). These 

proteins have been found to be overexpressed or constitutively phosphorylated in a 

variety of cancers and are thought to be associated with enhanced tumor growth. Binding 

of Wnt5a can also lead to NFkB activation, resulting in transcription of prosurvival genes 

(Zhang et al., 2012). 



7 
 

 
 

High levels of ROR1 have been linked to a more aggressive disease progression 

in breast cancer (Zhang and Chen et al., 2012).  Large percentages of breast cancer 

patients express various levels of ROR1 depending on the histology grade and hormone 

receptor status. ROR1 is more commonly found on patients with a more aggressive 

disease (high histology grade or lacking hormone receptor expression). Patients with 

higher levels of ROR1 mRNA were also found to be associated with a shorter median 

survival rate compared to patients with lower ROR1 mRNA expression level. Silencing 

of ROR1 expression in breast cancer cell lines resulted in a significant increase in 

sensitivity to spontaneous apoptosis, and transduction of ROR1 into ROR1 negative 

breast cancer cell lines resulted in a more aggressive cell growth. 

Antibodies, antibody-drug conjugates or antibody engineered T-cells specifically 

targeting ROR1 expressed tumors showed striking anti-cancer activity in leukemia and 

breast cancer which make ROR1 be a potential tumor-specific target in a variety of 

cancers (Widhopf et al., 2013; Daneshmanesh et al., 2012). 

In this study, we examined clinical and biological function significance of ROR1 

expression in ovarian cancer.  In particular, the potential role of ROR1 as a marker for 

ovarian cancer stem cells was investigated and the effect of a newly developed 

humanized anti-ROR1 monoclonal antibody (mAb), designated UC-961, on ovarian 

cancer was also examined. Investigating ROR1 as a marker of aggressive ovarian cancer 

initiating cell could lead to targeted therapy against ROR1-expressing populations 

thereby increasing the specificity and success rate of ovarian cancer therapy.   
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METHODS 

Cell lines and clinical samples 

Cancer cell-lines were purchased from the American Type Culture Collection 

(ATCC, Manassas, VA, USA). All cell-lines were cultured at 37°C in a 5% CO2/95% 

humidified air incubator in Dulbecco's modified Eagle medium (DMEM, Invitrogen, 

Carlsbad, CA) with 10% fetal bovine serum (FBS, Invitrogen), 50 µg of penicillin G, and 

50 µg of streptomycin sulfate. We added puromycin (1 µg/ml) to 2008 cells SKOV3 cells 

transduced with lentivirus encoding Ct-shRNA or ROR1-shRNA. Stable transfectants 

were selected by flow cytometry. 

Previously established human derived xenografts of primary ovarian cancer tumor 

tissues (OV1110 and AA0857) from different patients from the UCSD Moores Cancer 

Center used in this study were obtained from the UCSD Moores Cancer Center 

Biorepository. Fresh human ovarian tumor (AA1581) also used in this study was 

obtained after surgery and implanted in immunodeficient mice. 

Ovarian cancer xenografts were dissociated enzymatically and mechanically using 

the manufacturer protocol for GentleMACS Dissociator (Miltenyi Biotec, Bergisch 

Gladbach, Germany). Dead cells and erythrocytes were removed through density gradient 

centrifugation with PercollTM Plus (GE Healthcare Life Sciences, CC- 17-5442-01) 

following manufacturer protocol except at 1150g for 15 minutes. 

Silencing of human ROR1 

Silencing ROR1 was achieved by targeting the sequences 5-

TCCGGATTGGAATTCCCATG-3 (shRNA1), and 5- 

CTTTACTAGGAGACGCCAATA-3 (shRNA2) as previously described (Zhang S et al, 
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2012). The viral particles used to transduce breast cancer cell-lines were obtained by 

transfection of the 293-FT packaging cell line, and collected from cell supernatants at 

48and 72h post-transfection. Supernatants were filtered and centrifuged at 43,000xg to 

concentrate the virus particles, which were used to infect sub-confluent cultures in the 

presence of 5g/ml polybrene overnight. Twenty-four hours post-transfection, cells were 

selected in media containing 2 g/ml puromycin. Cells silenced for ROR1 were sorted by 

flow cytometry using an anti-ROR1 mAb (Clone 4A5). Sorted cells stably expressing 

shRNA1 or shRNA2 were designated ROR1-shRNA1 or ROR1-shRNA2, respectively. 

Cells were additionally transduced with lentivirus luciferase-GFP. Labeled cells were 

pooled and sorted for expression of GFP via flow cytometry. Pooled populations of 

ROR1-silenced cells and luciferase-GFP labeled cells, obtained in the first 10 generations 

after cell sorting without subcloning, were injected into Rag2-/-γc-/- mice for the in vivo 

experiments. The efficiency of the ROR1 silencing was confirmed by SYBR green qRT-

PCR (Applied Biosystems, Carlsbad, CA), or immunoblot analysis with an anti-ROR1 

antibody (Cell Signaling, Danvers, MA). Expression of GAPDH and B-actin were used 

as endogenous controls for qRT–PCR and immunoblot analysis, respectively. ROR1 

siRNA (s9755) or non-targeting (control) were purchased from Life TechnologiesTM. 

All siRNA transfections were performed in DMEM serum-free medium using 

lipofectaimine RNAiMAX (Invitrogen) according to the manufacturer's instruction.  

Flow cytometry Analysis 

High ALDH1 enzymatic activity population of cells isolated from freshly 

dissociated ovarian cancer xenografts was obtained using the ALDEFLUOR kit 

(StemCell Technologies, Durham, NC, USA). Cells were incubated in ALDHFLUOR 
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assay buffer with ALDH substrate (BAAA, 1umol/L per 1x106 cells) for 15 minutes in 

37oC shaker. Portions of each sample were alloquoted out and treatead with an ALDH 

inhibitor, 50mmon/L diethylaminobenzaldehyde (DEAB). Cells were then washed twice 

with ALDH assay buffer and incubated with human and mouse Fc block (Miltenyi Biotec; 

BD Pharmingen). The cells were then stained with anti-H2Kd antibody (BD biosciences, 

1/200 20 min on ice) followed by staining with phycoerythrin (PE) labeled secondary 

antibody to distinguish between cells of mouse origin from the tumors. Subsequent 

staining was performed to analyze various markers.  

4A5 or a control mouse IgG2b was conjugated with Alexa Fluor 647 as described 

(Fukuda T et al 2008). Cells were incubated with various antibodies — anti-ROR1 4A5 

mAb, anti-CD133 (Miltenyi Biotec), anti-CD44 (Miltenyi Biotec), anti-CD24 (Miltenyi 

Biotec), E-cadherin (Cell Signaling) for 20 min at 4°C in staining media (PBS containing 

3% FBS and 1 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonicacid (HEPES), pH = 

7.4). After that cells were washed twice prior to analysis on a FACS-Calibur (Becton-

Dickinson, San Jose, CA) using FlowJo software (Tree Star, Inc., Ashland, OR). To 

evaluate for apoptosis, cells were stained with PI (Biovision, Mountain View, CA) in the 

dark for 15 min at room temperature. Cell viability was assessed by staining the cells 

with 60nM 3,3’-dihexyloxacarbocyanine iodine (DiOC6; Invitrogen) and 10ug/mL 

propidium iodide (PI; Sigma) for 15 min before analysis by flow cytometry using a 

FACSCalibur (Becton Dickinson). Data were analyzed by using the FlowJo software 

(Tree Star). The viable cells were determined by calculating the percentage of the PI-

/DiOC6+ populations.  

Animal Model 
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Four to eight week old Rag2-/-γc-/- or NOD/SCID were used in this study 

following the care and use of laboratory animal guidelines of National Institutes of 

Health (NIH). The study protocol has been approved by UCSD and Medical 

Experimental Animal Care Committee. The mice were housed in laminar-flow cabinets 

under specific pathogen-free conditions and fed adlibrium.  

The orthotopic model was established following previously described protocol by 

G Yin et al (Oncogene (2013, 32: 39 -49). Viable tumor cells were suspended in MEBM 

growth medium. Female immunodeficient mice were anesthetized using ketamine and 

xylazine prior to surgery. The left caudal portion of the dorsum from the thoracolumbar 

junction to the left hind leg of each mouse was shaved with clipper and remaining hair 

was removed using hair removal cream. The area was then sterilized with alcohol wipes 

and surgical drape was applied to areas surrounding the area. A small incision of 1-2cm 

was made dorsolateral on the top right of the spleen. The mouse ovary was extracted and 

10µl of cell suspension was injected using 30G needle. Following injection, the retro-

peritoneum wound was closed with a suture and the skin sealed with Vetbond.  

For flank injection model, viable tumor cells were suspended in MEBM medium 

and equal volume of matrigel (BD Biosciences). The right dorsal side of each mouse was 

shaved with a clipper and remaining hair was removed using hair removal cream. 300 uL 

of the cell suspension mixture was injected to cranial side subcutaneously through a 1-2 

cm incision in the caudal side. The incision was sealed off using Vetbond.  

To test effect of UC-961 on primary ovarian tumor cell engraftment, AA0857 

primary cells were s.c. injected into the flank of 4- to 6-week-old Rag2-/-γc-/- mice. 
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10mg/Kg UC-961 were i.v. injected once every two week. Control group were injected 

with PBS. The tumor volume was determined using the formula V = (length)(width2)0.4. 

Spheroid formation assay 

1000-10000 single viable cells were plated in Ultra Low Attachment 6-well plates 

(Corning Incorporated Life Sciences) and cultured in MEBM growth medium 

supplemented with various growth medium for 2-3 weeks. Number of spheroids was 

counted under microscopy (Nikon). 

Cell Invasion Assay 

Cancer cells were cultured overnight in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 0.2% fetal bovine serum (FBS) without growth factors. The 

following day, cells were removed from the plastic via treatment with trypsin and 

suspended in 0.2% FBS DMEM media without growth factors. Tumors cells were seeded 

at a density of 25,000 cells per well into trans-well inserts (3 M pore size, BD 

Biosciences, San Jose, CA) for migration assays, or at a density of 50,000 cells per well 

into Matrigel-coated, growth-factor-reduced, invasion chambers (8 M pore size, BD 

Biosciences). Migration assays were performed using tumors cells pre-treated with 

control non-specific mouse IgG (Invitrogen, Carlsbad, CA) or D10 at 40 g/ml for 1 hour 

at 37o C.The lower chambers were filled with culture medium containing 5% FBS or 200 

ng/ml CXCL12, as chemoattractant. Wells were washed with phosphate buffered saline 

(PBS) and fixed with 4% paraformaldehyde after 6 h for migration assays or after 22 h 

for invasion assays. The cells on the apical side of each insert were removed by scraping. 

Cells that had migrated to the basal side of the membrane were stained by Diff-Quick 
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staining kits (IMEB Inc., San Marcos, CA) and visualized with a Nikon inverted 

microscope. 

Immunofluoresence and Immunohistochemistry staining 

Primary tumors excised from mouse xenografts were fixed with 4% 

paraformaldehyde and embedded in paraffin or snap-frozen in Optimal Cutting 

Temperature (OCT) compound for subsequent histological examination. Five-m-thick 

tissue sections were prepared and stained with Hematoxylin & Eosin (H&E), 4A5 mAb, 

anti-ALDH1 (use reference for mouse antibody) [Add other antibodies] or anti-vimentin 

(D21H3, Cell Signaling) primary antibodies. Images were collected using a Delta Vision 

microscope and processed with SPOT software.  

For immunofluorescence analysis, Cytospin slides were prepared and first stained 

with the 4A5 mAb, then fixed with 4% paraformaldehyde, and permeablized in 0.1% 

Trion X-100, blocked with 5% BSA. Intracellular markers were stained with various 

primary antibodies: anti-E-Cadherein (Cell Signaling Technology), anti-Vimentin (Cell 

Signaling Technology), anti-ALDH1 (reference and usage), or anti-FAK (Reference and 

usage) followed by followed by anti-mouse IgG conjugated with Alexa Fluro 488 and/or 

anti-rabbit IgG conjugated with Alexa Fluro594 (Invitrogen). The cell nucleus was 

stained with 4',6-diamidino-2-phenylindole (DAPI). Fluorescence images were obtained 

using laser scanning confocal imaging system (Nikon A1R Confocal Storm super-

resolution system). 

Immunoblot 

Cells isolated from frozen primary tumor tissues, cell lines, or cultured primary 

spheroids were lysed in buffer containing 1% NP40, 0.1% SDS, 0.5% sodium deoxylate, 
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and protease inhibitors in phosphate buffered saline (PBS, pH = 7.2). Size-separated 

proteins were transferred to membranes, which then were incubated with primary 

antibodies specific for ROR1, Vimentin, E-Cadherin, FAK, Bmi1, Snail, Slug or β-Actin 

(Cell Signaling Technology, Danvers, MA). After washes, the membranes were 

incubated with secondary antibodies that were conjugated with horseradish peroxidase. 

Blots were then prepared for enhanced chemiluminescence and subsequent 

autoradiography. The protein concentration was determined using a bicinchoninic acid 

protein assay (Pierce, Rockford, IL). 

Statistical Analysis 

Statistical significance was determined using paired or unpaired Student’s t test or 

one-way ANOVA followed by Dunnett’s multiple comparisons test using Graphpad 

Prism software version 5. Unless indicated otherwise, data are presented as the mean ± 

SEM. Microarray dataset downloaded from Pubmed GEO database (GSE9891 and 

GSE26712) (Clin Cancer Res. 2008 Aug 15; 14(16):5198-208, Cancer Res 2008 Jul 

1;68(13):5478-86. PMID: 18593951) were sub-grouped in tertiles based on their relative 

expression of ROR1. Overall survival and recurrence-free survival were determined 

using Kaplan-Meier survival analysis.  * indicates P<0.05, ** indicates P<0.01 and *** 

indicates P<0.001. 
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RESULTS 

Association of ROR1 expression with advanced stage ovarian cancer 

        We analyzed the available PubMed GEO database on cancer cells of 285 

patients with ovarian cancer (GSE9891) (Tothill et al. 2008). We segregated patients into 

3 groups based upon their relative cancer cell expression of ROR1. Patients with tumors 

having the upper-third level of ROR1 mRNA expression (ROR1 H) or intermediate-level 

(ROR1 M) had significantly shorter overall survival than did patients with lower-third 

level (ROR1 L) (P=0.032, Fig. 1A)). Moreover, patients with ROR1 H or ROR1 M had 

significant higher rates of earlier relapse than did patients with ROR1 L cancer (P=0.0007, 

Fig. 1B). Finally, we obtained 14 snap frozen tumor tissues from patient with ovarian 

cancer and examined ROR1 expression levels in these samples via immunblot analysis. 

Consistent with previous report (Zhang S, 2012; Zhang et al. 2012), a high proportion of 

ovarian cancers (12 out of 14; 86%) expressed ROR1 (Fig. 1C). 

Association of ROR1 expression with ALDH1  

We then studied three primary ovarian cancer patient-derived xenografts (PDX), 

AA0857, AA1581, and OV1110, from the UCSD Moores Cancer Center (Table 1). We 

first examined the expression of ROR1 in the three PDX through immunohistochemistry 

staining with an anti-ROR1 mAb, 4A5. Primary tumors were excised from 

immunodeficient mice and snap frozen in Optimal Cutting Temperature (OCT) 

compound. The tissue sections were stained with hematoxylin and eosin (H&E) or 4A5 

mAb. We found that the three PDX have a varying degree of ROR1 expression, where 

AA0857 had the highest levels of expression followed by AA1581. OV1110 displayed 

the lowest ROR1 expression level (Fig 2A).  
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Subsequently, we examined the association of ROR1 with the putative cancer 

stem cell marker, ALDH1. We examined for ALDH1 enzymatic activity through the 

ALDEFLUOR assay which identifies cell populations with active ALDH1. Single cell 

suspensions were obtained from the ovarian xenograft tumors in immunodeficient mice 

models through mechanical and enzymatic digestions. The isolated live cells were stained 

with 4A5 and ALDH1 antibody. DEAB, an ALDH1 inhibitor, was used to identify the 

population with ALDH enzymatic activity. The cells were then analyzed via flow 

cytometry. Similar to ROR1 expression levels, we found that AA0857 had higher 

percentage of ALDH1+ population (7.7%) than either AA1581 (1.5%) or OV1110 (0.3%) 

(Fig 2B, top row). In cells isolated from AA0857, mean fluorescence intensity ratio 

(MFIR) of ROR1 expression in the ALDH1+ population was 14.2 while MFIR of ROR1 

expression of the ALDH1- population was 6.4. Similarly, MFIR of ROR1 expression in 

ALDH1+ population of both AA1581 and OV1110 were higher than the MFIR of ROR1 

expression in the ALDH1- population (Fig 2B bottom row).   

To confirm the association between ROR1 and ALDH1, we analyzed ROR1+ 

population for ALDH1 expression. Single cell suspension obtained from PDX models 

were stained with ROR1 and ALDH1, as well as PI, FDA, and H2Kd to gate for viable 

tumor cells (Fig 3A). We found ROR1+ cells have higher ALDH1 expression than ROR1- 

cells in both AA0857 (26.5% and 6.4%, respectively) and AA1581 (2.5% and 1.5%, 

respectively) (Fig 3B). Taken together, the association of ROR1 and ALDH1 expressions 

suggests the possibility of ROR1 positive cells having cancer stem cell characteristics.   

Spheroid formation ability of ROR1 expressing cells 
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We first isolated single cells from fresh ovarian tissues and cultured them in ultra 

low attachment plates with MEBM medium supplemented with various growth factors 

and cytokines for two weeks. The resulting spheroids numbers were then recorded and 

categorized by size. We found that AA0857, which had the highest ROR1 expression out 

of the three tissues, had the greatest number of spheroids formed in all three size 

categories (Fig 4A). Similarly, AA1581 exhibited greater spheroid formation capacity 

than OV1110.   

To investigate the spheroid formation capacity of ROR1 expressing cells versus 

ROR1 negative cells, we isolated single cells from AA0857 and AA1581 then sorted for 

ROR1 expression using fluorescence activated cell sorting (FACS) with 4A5 mAb 

conjugated to Alex-647 dye. The ROR1+ and ROR1- sorted cells were then cultured for 

two weeks in the same condition as previously described. As expected, ROR1+ cells give 

rise to more spheroids than ROR1- cells in all three size categories from both tissues (Fig 

4B).  

Furthermore, immunoblot analysis of single cells isolated from spheroids showed 

that ROR1 expression was elevated in both tissues when compared to the parental cells 

before spheroid culture (Fig 4C and 4D). Taken together, these results suggest that ROR1 

expression is associated with stem cell functional characteristics.  

To further investigate the effect of ROR1 on sphere formation, we suppressed 

expression of ROR1 in ovarian adenocarcinoma cell lines (SKOV3 and OV2008) using 

short-hairpin RNAs (shRNA), which targeted either of 2 different sequences in ROR1. 

ROR1 expression was inhibited in cells transfected with either ROR1-shRNA1 or ROR1-

shRNA2, in contrast with cells transfected with a control shRNA. We cultured 1,000 to 
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10,000 ROR1-shRNAs or Control-shRNA stably transfected expressing cells in 

suspension culture as described previously. After one week of culture, the number of 

spheres formed was calculated. We found that both cell lines transfected with ROR1-

shRNAs resulted in significantly fewer spheroids formed (Fig 5A). 

 To further investigate the difference in sphere forming capacity between ROR1-

shRNA and control-shRNA transfected cells, we analyzed Bmi1 expression level via 

immunoblot assay. Bmi1 is a polycomb group repressor essential for self-renewal of 

hematopoietic stem cells (HSCs) as well as neural stem cells (Park et al., 2003; Molofsky 

et al., 2003). Bmi1 has also been shown to be overexpressed in ovarian cancer initiating 

cells (Zhang et al., 2008). We found that Bmi1 expression level is reduced in ROR1-

shRNA cells compared to Control-shRNA cells, providing further evidence for stem cell 

characteristics in ROR1 expressing cells (Fig 5B).   

Another property of cancer stem cells is their ability to undergo epithelial-

mesenchymal transition (EMT) – the process of basement membrane attached epithelial 

cells (such as breast and ovarian cancer cells) assuming the characteristics of a 

mesenchymal cell which includes increased migratory capacity, invasiveness and 

resistance to apoptosis, all of which are seen in metastatic cancers (Kalluri and Weinberg, 

2009). Previously, we have found a role of ROR1 in regulating EMT, where poorly 

differentiated breast and ovarian cancer cells with the capacity to metastasize to other 

organs were more likely to express ROR1, suggesting that cancer cell expression of this 

onco-embryonic antigen might be associated with more aggressive tumors (Cui et al., 

2013). To examine the effects of ROR1 silencing on EMT, we looked at various markers 

(E-cadherin, Slug/Snail2, Snail1, and Vimentin), in cell lines transfected with ROR1-
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shRNAs or control-shRNA (Fig 5B). We found a decrease in expression of markers for 

mesenchymal cells and an increase in epithelial cell markers for cells with decreased 

ROR1 expression. Taken together, these results support a role for ROR1 positive cells in 

ovarian cancer metastasis and recurrence. 

Relative invasive capacity of ROR1 expressing cells 

Previously we have shown that targeting ROR1 inhibits breast cancer metastasis 

where breast cancer cell lines silenced for ROR1 using shRNAs resulted in reduced 

capacity for migration and invasion (Cui et al., 2013). To investigate the 

metastatic/invasive abilities of ROR1+ populations, we plated 50,000 viable cells from 

primary tumors in MEBM growth medium into Boyden invasion chambers. AA0857 (Fig 

6A) and sorted ROR1+ cells (Fig 6B) were more invasive than the counterparts, OV1110 

or ROR1- cells, respectively. Similarly, ROR1 silencing in both SKOV3 and 2008 

ovarian cancer cell lines resulted in significant decrease in sphere formation capacity (Fig 

6C and 6D). 

In vivo tumorigenicity of ROR1 expressing cells 

We established xenotransplants of AA0857, AA1581, and OV1110 tumors using 

0.1 mg of minced primary tumor tissue mixed with RPMI and matrigel. Each mixture of 

tumor tissue was transplanted into 3-7 immunodeficient Rag2-/-γc-/- mice and tumor 

growth was monitored over time.  Consistent with ROR1 expression level, AA0857 gave 

rise to tumors at a greater rate than AA1581 and OV1110 (Fig 7A). OV1110 resulted in 

significantly smaller tumors with impeded growth than compared to the ROR1 

expressing tissues.  
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To investigate the tumorigenicity of the ROR1 positive population in vivo, we 

utilized fluorescene-activated cell sorting (FACS) to sort out ROR1+ and ROR1- cells 

from freshly dissociated tumor xenografts, AA0857 or AA1581 (because of the 

difficulties in sorting out ROR1+ cells due to the extremely low ROR1 expression, 

OV1110 was not used). Following sorting, various numbers of cells were injected either 

subcutaneously or orthotopically into 3-7 Rag2-/-γc-/- or NOD/SCID mice. Tumor growth 

was monitored twice a week for 3-5 months. ROR1+ cells isolated from the tumor tissues 

of both patients gave rise to tumor growth after transplantation of as few as 500 cells, 

with limited growth of small nodules from ROR1- group (Fig 7B; Table 2). Consistent 

with ROR1+ population having stem cell characteristics, immunohistochemistry staining 

of tumors generated by this population recapitulated the phenotypic heterogeneity of the 

initial tumor (Fig 7C). This indicates that the ROR1+ cells were able to generate ROR1+ 

and ROR1- cells, demonstrating self renewal and differentiation abilities. 

In vitro effects of UC-961 on ROR1+ ovarian cancer cells 

Previously, our lab has generated a high-affinity mAb (UC-961 or cirmtuzumab) 

specific for the extracellular domain of ROR1 with anti-CLL activity. UC-961 does not 

react with normal adult tissues, as assessed by immunohistochemical studies on FDA 

normal tissue arrays or fresh-frozen adult tissues, but reacted strongly with ROR1+ 

neoplastic cells (e.g. CLL cells or solid-tumor tissues) (Widhopf et al., 2013).  

In order to evaluate if UC-961 also exhibits similar effect against ovarian cancer 

cells as it does against CLL, we first tested the sphere-forming ability of ROR1+ cells 

following UC-961 treatment. ROR1+ cells isolated from AA0857 primary tumor were 

treated with or without either hIgG or UC-961 at 50µg/ml for 3 weeks. UC-961 was able 
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to significantly inhibit the sphere formation of ROR1+ cells while control groups had 

higher sphere formation capacity (Fig 8A). We then analyzed the expression of various 

markers in the spheres formed with or without UC-961 treatment using confocal 

microscopy. UC-961 treatment resulted in down-regulation of ROR1 expression in the 

spheres as well as the expression of focal-adhesion kinase (Fig 8B) and vimentin (Fig 

8C). FAK, crucial in regulating cell migration and invasion through integrating signals 

such as growth factors, integrin, or SRC-family kinases, is overexpressed in ovarian 

cancer and correlates with metastasis and poor clinical prognosis (McLean et al., 2005). 

Furthermore, comparison of the invasive property of primary cells (AA0857) treated with 

or without UC-961 using a Boyden chamber assay showed that UC-961 treated cells had 

a 75% reduction in relative invasive capacity than compared to control group (Fig 8D). 

Effect of UC-961 on ovarian cancer engraftment in vivo 

We next examined whether UC-961 is able to have a therapeutic effect on ovarian 

cancer in vivo. We transplanted 25,000 primary cells mixed with equal volumes of 

Matrigel subcutaneously and treated each mouse with either control hIgG or UC-961 

(10mg/kg) once every two weeks intravenously. Treatment of AA0857 cells with UC-961 

reproducibly impaired their ability to engraft into the immunodeficient mice (Fig 9A-C; 

F-H). Analysis of the few tumors that did develop in mice engrafted with UC-961-

treated, but not control IgG-treated, tumor cells revealed that, compared to the original 

PDX or control treated tumor samples , these tumors had lower proportions of ALDH1+ 

cells (7% for UC-961 and 15.1% for control) and reduced expression of BMI (Fig 9D-E). 

UC-961 treatment also changed the expression level of markers associated with EMT 

(e.g. vimentin). 
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Effect of UC-961 on cancer stem cell self renewal in vivo 

We next examined the effect of UC-961 on self renewal ability of ovarian cancer 

stem cells in vivo. We separated single cell suspensions obtained from the tumor that 

were treated with either control treatment of UC-961 into ALDH1+ or ALDH1- 

populations using FACS in conjunction with the Aldefluor assay. Serial transplantation of 

sorted ALDH+ or ALDH- cells into secondary Rag2-/-γc-/- mice, revealed that ALDH1+ 

AA0857 cells that received UC-961 treatment formed tumors in 3 out of 13 mice while 

the ALDH1+ cells from the control treated tumors subsequently formed tumors in 10 out 

of 12 mice (Table 3). Subsequently, we isolated single cells from these tumors of the 

secondary transplantation and analyzed them for ALDH1 expression via the Aldefluor 

assay. We found a decrease in the ALDH1+ population after prior treatments with UC-

961 (Fig 10A). Immunoblot analysis of the tumors also showed that UC-961 decreased 

expression of Bmi1, ROR1 and Vimentin while increasing expression of E-cadherin (Fig 

10B). Taken together, these results suggest that UC-961 is able to inhibit self renewal and 

metastatic abilities of ROR1 expressing tumor initiating cells.   
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DISCUSSION 

 The cancer stem cell hypothesis proposes that a particular small subset of cells in 

tumors contributes to tumor initiation, metastasis, and resistance to therapeutic attempts. 

This population also has capabilities similar to normal stem cells, able to differentiate 

into heterogeneous progenies that are more chemotherapy sensitive and make up most of 

the tumor mass. The CSC hypothesis is particularly attractive for ovarian cancer therapy 

due to the high lethality and relapse rates seen in ovarian cancer patients caused by the 

proposed cancer stem cell population. Isolation of such population can allow for 

elucidations of the biological pathways underlying therapeutic resistance and for future 

therapeutic directions.  

 Currently, several putative ovarian cancer stem cell markers have been identified 

for their enhanced capacity in tumorigenicity and chemoresistance, including ALDH1, 

and CD133. Conflicting results, however, have been reported for CD133, where CD133 

expression levels were found to be inversely associated with tumor grade in 108 fresh 

human ovarian cancer samples while no correlation with progression free or overall 

survival was found (Ricci et al. 2013). In a separate study, immunohistochemical analysis 

of CD133 expression in 160 cases of ovarian cancer found that only 31.2% of the cases 

were CD133 positive and no statistical significance in correlation with progression and 

overall survival status was found (Ferrandina et al. 2009). In this study, however, we 

found that of the 285 cases of human ovarian cancer patients analyzed, ROR1 expression 

was correlated with the recurrence-free and overall survival. Furthermore, our previous 

studies found that ROR1 was expressed in 54% of ovarian cancer (n=144). ROR1 

expression was also found to be associated with tumors that had high-grade, less-
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differentiated histology, including ovarian serous papillary carcinomas where 62% of 

poorly differentiated carcinomas were ROR1 positive and only 21% of tumors with grade 

1 or 2 histology expressed ROR1 (Zhang et al. 2012). Taken together, our findings 

suggest that ROR1 can serve as a more suitable marker for ovarian cancer stem cells and 

a practical clinical diagnostic and prognostic marker.  

 Consistent with our previous findings that targeting ROR1 inhibits EMT and 

metastasis in breast cancer (Cui and Zhang et al. 2013), our results here also show that 

silencing ROR1 in ovarian cancer results in downregulation of Snail1 and Snail 2, both of 

which are transcriptional repressors of E-cadherin, a marker for epithelial cells (Medici et 

al. 2008 ). Nevertheless, our results presented here are among the first to show the 

relationship between CSC marker and EMT as well as the invasive capacity of ROR1+ 

cells using early passage primary tumors.  

In further support of ROR1 as a CSC marker, our transplantation studies show 

that injection of 500 ROR1+ primary cells were able to give rise to tumors 85.7% of the 

time whereas 500 cells of ALDH+CD133+ combination were only able to give rise to 

tumors in 44.4% of the cases (Silva et al. 2011). The occurrence of tumors in ROR1- cell 

transplantation could be due to the plasticity of cancer stem cells where ROR1- cells were 

able to revert to a stem-like state. However, given the lack of differentiating conditions 

the cells were exposed to between the isolation of single cells from primary tumors to 

transplantation into immunodeficient mice, the more likely explanation is that tumor 

incidence is a result of contamination with ROR1+ cells during FACS process. 

A functional characteristic of cancer stem cells is the ability to resist 

chemotherapy that eliminates the majority of the tumor mass, but leaves behind the CSC 
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population. Surviving CSCs are thought to be able to give rise to new heterogeneous 

tumors capable of metastasis, causing disease relapse. Mechanistically, this favorable 

selection of CSCs could be a result of chemotherapy targeting rapidly dividing non-CSC 

cells, but not CSCs due to their stem cell- like quiescent nature (Moore and Lyle 2011). 

Therapy resistance could also be explained by side population (SP) cancer cells which 

express ABCG2, a member of the ATP-binding cassette transporters (Kobayashi et 

al.2005). In ovarian cancer, up to 80% of patients respond well to first round 

chemotherapy, but with each successive round of therapy following relapses, response to 

treatment decreases with increasing chemoresistence (Agarwal and Kaye 2003). Analysis 

of SP cells from patient ascites following chemotherapy and at relapse showed an 

enrichment of SP cells while carboplatin treatment of ovarian tumor cell lines also 

resulted in increased SP and resistance (Rizzo et al. 2011). Consistent with these data, our 

current findings show that primary ovarian tumor derived spheroids are enriched in 

ROR1 compared to parental cells. Furthermore, of the 3 PDX we studied, AA0857, 

which had the highest expression of ROR1, has previously undergone platinum based 

chemotherapy. Immunoblot analysis of 14 ovarian cancer patients also yielded similar 

findings where the highest ROR1 expression was found in the patient with prior therapy. 

Lastly, cisplatin treatment of ovarian cancer cell line (OV2008) also resulted in an 

increase of ROR1 expression (data not shown). As such, our findings show that ROR1 is 

indeed associated with CSCs.  

  The current markers for ovarian CSCs (CD133, CD33, CD24, ALDH1 and 

ABCG2, CD117) are also expressed on normal tissues, including stem cells, thereby 

complicating targeted therapies and requiring careful optimization to minimize excessive 
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adverse side effects. Recently, immunotherapy has gained popularity in the treatment of 

cancer, including targeted therapy against RTKs or cancer stem cells using mAbs. Given 

the expression of ROR1 by fetal and neoplastic tissues, but not non-malignant post-

partum tissues, it is a promising target for cancer therapy. In CLL, mAbs against ROR1 

are able to induce apoptosis in leukemia cells (Daneshmanesh et al. 2012) suggesting a 

ROR1 as a target in ROR1 expressing diseases. Indeed, our study show that UC-961, the 

humanized version of a ROR1 mAb (D10) that is able to down-modulate ROR1 and 

impair CLL engraftment capacity (Widhopf et al. 2013), also displayed anti-tumor 

engraftment effects while also reducing expression of self renewal markers, specifically 

Bmi1, and EMT markers. This is consistent with our previous studies showing D10 

having anti-metastatic effects against breast cancer cell lines both in vitro and in vivo 

(Cui and Zhang et al. 2013).  

Our previous studies in CLL identified ROR1 as a receptor of Wnt5a (Fukuda et 

al. 2008), which is part of the β-catenin dependent Wnt signaling pathway that plays an 

important role in developmental process of various tissues. Wnt5a has been shown to be 

involved in cell migration and adhesion where a Wnt5a knockdown impaired 

phosphorylation of focal adhesion kinase (FAK), an important component in cellular 

adhesion (Matsumoto et al. 2010). Expression of Wnt5a has also been linked to 

aggressive disease and poor clinical prognosis of gastric cancer (Kikuchi et al. 2012). 

Furthermore, Wnt5a is also thought to be involved with invasion and metastasis of cancer 

cells where Wnt5a knockdown resulted in suppressed metastasis of gastric cancer cells 

(Yamamoto et al. 2009). Moreover, the Wnt signaling pathway may also contribute to 

chemoresistance in ovarian cancer where imatinib induced inhibition of CD117 (or c-
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Kit), and consequently Wnt signaling through β-catenin, resulted in CD117+ ovarian 

CSCs to become more sensitive to cisplatin and paclitaxel (Chau et al. 2013). In line with 

the quiescent feature of cancer stem cells, Wnt5a was also found to promote cellular 

senescence, thereby rendering traditional chemotherapy agents ineffective (Bitler et al. 

2011). Further studies are needed to characterize the role of ROR1 and Wnt5a in ovarian 

CSC. However, given these findings, it may be that ROR1 functions in ovarian CSC as a 

receptor for Wnt5a, promoting chemotherapy resistance, metastasis, as well as self-

renewal. Indeed, our findings show that UC-961 is able to down-regulate FAK 

expression, inhibit tumor engraftment, and reduce invasive capacity. As previously 

stated, cisplatin treatment resulted in increased ROR1 expression, pointing to a possible 

involvement of Wnt signaling in drug resistance.  

Collectively, our findings indicate that ROR1 is associated with cancer stem cells 

and may serve as a marker for the tumor initiating cells. Furthermore, due to its selective 

expression by neoplastic cells and its apparent role in promoting tumor-cell growth, 

ROR1 can serve as a therapeutic target for not only ovarian cancer, but also other ROR1 

expressing cancers.  
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FIGURES 

 

	  
	  
Figure 1. ROR1 expression is associated with poor clinical outcome of ovarian 
cancer. 
 
(A-B) graph was derived from published data available through the PubMed GEO 
database (GSE9891). Kaplan–Meier curves depict the prognostic impact of ROR1 
expression on recurrence-free survival (A) or overall survival (B). For each analysis, 285 
cases were segregated into tertiles with group designated ROR1 H representing the one-
third of the patients who had tumors with the highest levels of ROR1 mRNA and the 
group designated ROR1 L representing the one-third of patients who had cancers with the 
lowest levels of ROR1 mRNA. The one-third of patients who had tumors with 
intermediate expression of ROR1 mRNA was designated as ROR1 M. Recurrence-free 
survival or overall survival was determined by Kaplan–Meier analyses, and statistical 
differences were determined by log-rank test. (C) Lysate of 14 tumor tissues from patient 
with ovarian cancer either who has relapsed disease or did not were probed with ROR1. 
Jeko-1 cell serves as positive control for ROR1 expression. β-actin serves as loading 
control. 
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Figure 2. ROR1 expression is associated with ALDH1 expression 
 
(A) Fresh frozen tissues AA0857, AA1581 and OV1110 were stained with either HE or 
ROR1 monoclonal antibody (4A5). Tissue-bound 4A5 is shown in red and the nuclear 
staining with hematoxylin is in blue. Cytoplasm staining is shown in pink. (Scale bar in 
the top left picture represents 35 µm). (B) Single cells isolated from different tissues were 
stained with ROR1 and ALDH1. DEAB, an inhibitor of ALDH1, was used to identify 
ALDH1+ population. Shaded histogram depicts isotype control staining. Open histogram 
represents cells stained with 4A5, an antibody specifically against ROR1. 
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Figure 3.  ROR1+ cells have high level expression of ALDH1. 
 
(A) Gating strategy of primary cells from PDX model. Single cells isolated from tumor 
tissues were stained with PI, FDA, H2Kd, EpCam, ROR1 and ALDH1 or control 
staining. Cell debris was excluded based on SSC/FSC gating (first panel). PI-/FDA+ cells 
were then gated for viable cells analysis (second panel), following exclusion of mouse 
cells by gating on H2Kd- population. Finally, EpCam+ human viable cells were used for 
further analysis. (B) EpCam+ human cells were further analyzed for ROR1 and ALDH1 
expression. Expression levels of ALDH1 were analyzed on ROR1+ versus ROR1- cell 
population (top panel). Shaded histogram depicts cells with ALDH1 staining on cells 
treated with DEAB. Open histogram represents cells stained with ALDH1 without DEAB 
treatment 
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Figure 4. ROR1+ cells give rise more spheroids than ROR1- cells 
 
(A) Single cells isolated from fresh tissues AA0857, AA1581 and OV1110 were cultured 
in MEBM with various growth factor for two weeks. Spheroid numbers with different 
size were calculated. Left panel provides representative image of spheroid from each 
tissue. Data shown in right bar graph indicates mean of spheroid number from each well 
in three independent experiment ± SEM. Scale bar: 100µm (B) ROR1+ versus ROR1- 
cells sorted from AA0857 or AA1581 were cultured in cancer stem cell culture condition 
for two weeks and spheroid numbers were calculated. Data shown in bar graph is mean of 
spheroid number from each well in three independent experiment ± SEM. (C) ROR1 
expression level in parental cells or spheroid were examined by immunoblot analysis. β-
actin serves loading control. Jeko and Ramos were used for positive or negative control 
for ROR1 expression. (D) ROR1 expression examined via confocal microscopy. ROR1 
staining is in green. Nuclear staining is in blue. Scale bar: 10 µm 
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Figure 5. Silence ROR1 inhibits spheres formation and alters the expression of EMT 
makers and Bmi1. 
 
(A) The number of spheres formed by SKOV3 or 2008 cells that are stably expressing 
different shRNA were calculated after one week in culture. The average of sphere 
number from different well with SEM is shown. (B) Immunoblot analysis for various 
markers expression for lysate of SKOV3 or 2008 ovarian cancer cell line that are stably 
expressing either control-shRNA or ROR1-shRNAs. 
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Figure 6. Relative invasive capacities of different cells.  
(A-D) Relative invasive capacity of primary cells from AA0857 and OV1110 (A), 
ROR1+  cells versus ROR1+ cells isolated from AA0857 (B), 2008 cells expressing 
control-shRNA or ROR1-shRNA (C) or SKOV3 cells expressing control-shRNA or 
ROR1-shRNAs (D). All data were normalized to results of data from first bar of each 
graph.. Data are shown as mean of result from three independent experiment ± SEM 
(n=3); * indicates P < 0.05; ** indicates P<0.01 and *** indicates P<0.001. 
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Figure 7. ROR1+ cells give rise to tumors in immunodeficient mice. 
 
(A) 0.1mg of each primary tumor tissue was minced and then resuspended in 150ul 
RPMI. Equal volumes of matrigel were mixed with tissues and then this mixtures from 
different tumors were transplanted into rag/rc KO mice (n=3-7) . Tumor growth was 
monitored over time. Star indicates the statistical significance of difference of tumor size 
between either AA0857 or AA1581 with OV1110. (*<0.05, **<0.01, ***<0.001 by 
student T Test). (B) Representative images of tumors formed on the mice receiving 
ROR1+ versus ROR1- cells sorted from primary tumor. Top panel provides tumors 
formed on the flank of mice. Bottom panel provides tumor formed on the ovaries. (C) 
Immunohistochemistry staining for ROR1 expression in tumors formed from mice 
received ROR1+ cells. Tissue-bound 4A5 is shown in red and the nuclear staining with 
hematoxylin is in blue (Scale bar in the top left picture represents 35 µm). 
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Figure 8.  ROR1 antibody UC-961 can inhibit spheres formation of ROR1+ cancer 
cells. 
 
(A) Representative images of spheres formed by AA0857 primary cells with or without 
hIgG or UC-961 50ug/ml treatment for 3 weeks (upper panel).  Number of spheres with 
or without treatment as indicated on the top right in bar graph (lower panel) were 
calculated. Scale bar: 100µm. (B-C) Confocal microscopy analysis for ROR1 and FAK 
(B) or Vimentin (C) expression on spheres with or with UC-961 treatment for 48 hours. 
Scale bar: 10µm. (D) Relative invasive capacity of AA0857 primary cells treated with or 
without UC-961. Data were normalized to results of control-treated cells. Data are shown 
as mean of result from three independent experiment ± SEM (n=3); P < 0.05. 

D 
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Figure 8.  ROR1 antibody UC-961 can inhibit spheres formation of ROR1+ cancer 
cells. Continued.  
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Figure 9. ROR1 mAb inhibits tumor engraftment. 
 
(A,D) AA0857 cells (2.5X10e4) were transplanted into Rag2-/-γc-/- mice and treated with 
control or UC-961 antibody (10mg/Kg) once every two weeks. Tumor volume was 
monitored over time. (B,E) Representative images of tumors from mice with or without 
UC-961 treatment. (C,F) Tumor weight of tumors from mice with control treatment or 
UC-961 treatment dissected and weighed at experiment termination. (G) Cells were 
isolated from tumors formed from mice receiving either control or without 10mg/Kg UC-
961 treatments. The expressions of ALDH1 (G), FAK or ROR1 (H) were examined by 
flow cytometry or immunoblot analysis. β-Actin serves as loading control.  
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Figure 10. UC-961 affects cancer stem cell self-renewal. 
 
(A) Single cells isolated from tumors in mice with second-transplantation as described 
above were stained for ALDH1 with or without DEAB. Left panel provides 
representative ALDH1 staining with or without DEAB.  Percent of ALDH1+ population 
were identified based on DEAB treatment. Bar graph in right panel provided mean 
ALDH1+ population of tumor cells from different mice (n=3-5) ± SEM. * indicates 
P<0.05 as determined by student T Test. (B) Histogram (top left panel) depicts relative 
fluorescence intensity of E-cadherin on cells from control group (shaded histogram) or 
99961 treated group from tumors formed after second transplantation.  Histogram in dash 
line depicts isotype control staining. Mean fluorcensence intensity ratio (MFIR) 
represents mean fluorscesence intensity (MFI) of E-Cadherin staining  divided by MFI of 
isotype control staining. Bar graph on the rop right indicated average of MFIR of E-
cadherin on cells from different group (n=3) ± SEM. * indicates P<0.05 as deterimined 
via student T Test. Cells from control or UC-961 treated group were lysed and then 
subjected to immunoblot analysis for proteins as indicated on the right margin (bottom). 
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Figure 10. UC-961 affects cancer stem cell self-renewal. Continued. 
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Table 1. Characteristics of primary ovarian cancer tumor used for PDX model. 
 
This project was The project was reviewed and approved by one of University of 
California, San Diego’s (UCSD) Institutional Review Boards (IRB no.080918).: Toll-
like receptors: ligands and associated proteins 

Tumor 
ID 

Grade Diagnosis Prior Treatment 

AA0857 III Serous adenocarcinoma Taxane/Platinum 
AA1581 III serous papillary carcinoma from endometrial 

primary (Metastatic tumor) 
None 

OV1110 III Carcinosarcoma, malignant mixed Müllerian 
tumor 

None 
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Table 2. In vivo tumorigenecity of ROR1+/- cells.  
 
Different numbers of ROR1+ or ROR1- single cells isolated from different primary 
tumor were transplanted into immunodeficient mice via subcutaneous (S.C.) injection. 
Tumor incidences were recorded after 2-3 months. Frequency of tumorigenic cell was 
calculated using the Extreme limiting dilution assay.	  
Table 1: Expression of TLR7 in human and mouse 

 
 
 

  

Tissue 
ID 

ROR1 
Status 

Cell number Frequency of 
Tumorigenic 

Cell 
P value 

5000 1500 500 

AA0857 
ROR1+ 6/6 (100%) 2/3 (67%) 6/7 (86%) 1/515 

0.0004 
ROR1- 4/5 (80%) 0/3 (0%) 1/7 (14%) 1/4158 

AA1581 ROR1+ n.d 4/5 (80%) 3/5 (60%) 1/747 0.003 
ROR1- n.d 1/5 (20%) 0/5 (0%) 1/9230 
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Table 3.  UC-961 affects cancer stem cell self-renewal ability. 
 
Single cell suspension obtained from tumors cells (AA0857) transplanted in mice 
received either control or humanized 99961 treatments, were segregated into ALDH1+ 
versus ALDH1- group by FACS. Different numbers of cells were injected into mice and 
then tumor incidences were measured at 3 to 5 months post- transplantation. 
 
 

 ALDH1+  ALDH1-  
Cell number  Control  UC-961  Control  UC-961  
500  5/5 (100%)  2/5 (40%)  1/4 (25%)  1/5 (20%)  
50  5/7 (71%)  1/8 (13%)  2/7 (28%)  0/8 (0%)  
 
 
Ta 

 

 

 

2: Mouse models of autoimmune disease in which TLR7 ligands are effective 
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