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Abstract 

 

Breast and colorectal cancers are among the most common tumor types worldwide and the 

occurrence of metastases is often associated with a shortened lifespan. One of the signaling 

pathways that has been frequently associated with metastasis in these tumor entities is the 

Wnt signaling pathway. Wnt signaling can be either β-catenin dependent (canonical) or β-

catenin independent (non-canonical). In breast and colorectal cancer, tumor-promoting 

properties could be attributed to members of the non-canonical Wnt signaling pathway. 

Preliminary results showed that overexpression of ROR2 as a non-canonical Wnt receptor, 

mediated an aggressive phenotype in breast cancer cells and could significantly increase 

invasion. Accordingly, the first aim of this work was to investigate which ligand binds ROR2 

and thus triggers the invasive behavior of MCF-7 cells. RNA-seq analysis revealed increased 

expression levels of the non-canonical ligand Wnt11 in ROR2 overexpressing cells. Hence, 

Wnt11 was further investigated as a potential ROR2-ligand. Using co-immunoprecipitation 

experiments, this work demonstrated the interaction of ROR2 with Wnt11 in human breast 

cancer cells. To determine which domain facilitates the ROR2-mediated invasion, sequential 

deletions of the different ROR2 domains were induced. This demonstrated that the cysteine-

rich and the tyrosine kinase domain mediate this effect. The next step was to determine 

whether Wnt11 binds other receptors that trigger the invasive behavior of MCF-7 cells since 

ROR2 is not expressed in these cells. Furthermore, a cell line screening of different breast and 

colorectal cancer cell lines identified FZD4 and FZD6 as highly expressed non-canonical Wnt 

receptors. An interaction between Wnt11 and FZD6 was validated by using Co-IP, in which 

PTK7 appears to act as a co-receptor. To investigate functional implications of Wnt11-

mediated signaling in breast cancer, MCF-7 cells were stimulated with recombinant Wnt11, 

which caused increased invasion and migration rates, whereas loss of FZD6 resulted in a 

significant decrease of the elevated invasion rates. In line with the collected data, a signature 

with non-canonical Wnt pathway members including FZD receptors, ROR receptors, Wnt 

ligands and PI3K signaling members was defined and was analyzed for its DMFS prognostic 

values in breast and colorectal cancer patients. Therefore, the signature was applied to gene 

expression data of primary breast and colorectal cancer patients. For the primary breast cancer 

patients, the signature clustered the data set into two patient groups, among which the group 

with high Wnt11 expression was associated with poor DMFS. Considering FZD4 and FZD6 

individually, breast cancer patients with high FZD6 gene expression showed worse DMFS, 

while high FZD4 levels were associated with favorable DMFS. Interestingly, the defined 
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signature clustered the data set of the colorectal cancer patients into four groups and the 

cohort with a high FZD6 expression exhibited a poor DMFS compared to the other groups.  

Another important aspect of tumor progression is the reprogramming of the tumor 

microenvironment. It has been shown that tumor-derived extracellular vesicles can influence 

the tumor microenvironment in different ways. Preliminary data demonstrated that Wnt 

proteins can be transported via extracellular vesicles to target cells and induce Wnt signaling 

responses there. It was shown that RORs are transported on microvesicles and exosomes. 

Modulation of ROR1 and ROR2 expression resulted in altered protein compositions for both 

vesicle populations. However, no major impact on vesicle size or concentration was evident. 

Further analysis addressed functional consequences of ROR1 and ROR2 expression on 

extracellular vesicles. Tumor-derived EVs isolated from the aggressive breast cancer cell line 

MDA-MB231 induced invasiveness in MCF-7 cells, which was shown to be dependent on 

vesicular ROR1 expression. To determine whether ROR1/2 can function as a biomarker in 

breast cancer patients, plasma-derived microvesicles were analyzed for their ROR1 and 

ROR2 expression by flow cytometry, which is currently ongoing. 

In conclusion, this work demonstrated the importance of non-canonical Wnt signaling in 

breast cancer progression. Wnt11 has been identified as a novel ligand for ROR2 and FZD6 

by co-immunoprecipitation experiments, thereby mediating tumor-promoting properties in 

breast cancer. In particular, it has been shown that ROR proteins not only play an important 

role in breast cancer cells themselves, but also appear to be additionally involved in vesicle 

biogenesis and can furthermore be transferred to target cells. A clinical applicability of both 

ROR proteins regarding their usage as tumor biomarkers for breast cancer is still under 

investigation. 
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1. Introduction 

1.1 Breast cancer 

Breast cancer is the most common invasive tumor entity worldwide and limits human life 

span through tumor progression and the emergence of metastasis (Sung et al, 2021; Siegel et 

al, 2020; Peart, 2017). In women, breast cancer is one of the leading causes of cancer-related 

deaths worldwide (Alkabban & Ferguson, 2021). Molecular biological investigations help to 

characterize the respective tumor entity and molecular subtypes to estimate the prognosis and 

choose therapy options. There are various therapeutic approaches for the respective stage 

ranging from surgery, over radiation, to systemic therapies (Moo et al, 2018; Toulouie et al, 

2021). It has been shown that breast cancer cells frequently overexpress certain tumor 

markers or oncogenes that may promote increased cell growth and tumor progression (Zhou et 

al, 2020; Hasan et al, 2017; Bayerlová et al, 2017). Based on the expression of various 

markers, different subtypes of breast cancer can be distinguished, which also differ 

considerably in the prognosis of the patient. Breast cancer is thereby subdivided into four 

molecular subtypes: the two hormone-receptor-positive subtypes Luminal A and B, Her2-

enriched and triple-negative breast cancer, as shown in Figure 1. 

 

Figure 1: Schematic overview of the different breast cancer subtypes: Classical characterization of 

the different breast cancer subtypes: Luminal A and B as hormone receptor-positive with the best 
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prognosis, Her2-enriched and triple-negative with the worst prognosis. (Adapted from a template from 

biorender, created by Anna Lazaratos) 

 

The majority of patients are diagnosed with hormone receptor (HR) positive breast cancer 

(Lim et al, 2012). The HR-positive subtype is characterized by a better clinical prognosis in 

comparison to the other subtypes and affects especially older women. This subtype expresses 

either the progesterone receptor (PR), the estrogen receptor (ER) or both (Dunnwald et al, 

2007) but exhibits a low expression of proliferation markers (Prat et al, 2013). The HR-

positive subtype can be divided into the Luminal A and B subtypes. Patients diagnosed with 

Luminal A subtype have comparatively the best prognosis and respond better to hormonal 

therapy approaches than patients with Luminal B subtype. Luminal B is described as a very 

heterogeneous cancer type that shows a higher expression of proliferation markers compared 

to Luminal A subtype (Inic et al, 2014). 

The molecular feature of the Her2-enriched subtype includes the overexpression of the human 

epidermal growth factor receptor 2 (Her2), which is encoded by ERBB2 (Slamon et al, 1987). 

Her2 signaling is activated by binding of its ligand and has been associated with increased cell 

proliferation, survival and metastasis formation (Nikolai et al, 2016; Shen et al, 2020). 

Several therapy strategies target specifically Her2 and have shown to be effective in Her2-

enriched breast cancer patients, for example monoclonal antibodies like Trastuzumab or 

Pertuzumab targeting Her2 (Burstein et al, 2007; Vogel et al, 2002; Gajria & Chandarlapaty, 

2011; Ishii et al, 2019). The third group is characterized by its lack of expression of Her2, PR 

as well as ER and is therefore described as triple-negative breast cancer (TNBC). The TNBC 

subtype is often associated with a poor prognosis due to a high metastasis formation rate 

(Jitariu et al, 2017). The TBNC cells exhibit an aggressive cell phenotype, including 

increased proliferation, migration, invasion and cell survival. Interestingly, TNBC often 

occurs in young women (da Silva et al, 2020). 

 

 

1.2 Colorectal cancer 

Colorectal cancer (CRC) is the third most common cancer entity worldwide and is mostly 

diagnosed in western countries (Recio-Boiles & Cagir, 2021) and has therefore been classified 

as the second deadliest malignancy for both sexes. The emergence of CRC has been linked to 

strong environmental influences as well as mutations (Recio-Boiles & Cagir, 2021) resulting 

in disturbances of several highly regulated processes within the colon. 
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While a healthy colon reabsorbs water, minerals and nutrients, bacteria digest the proteins and 

reside within the crypts and villi of the colon. At the bottom of the crypts, colon stem cells 

with self-renewal properties are localized. To differentiate into the respective epithelial cells, 

the stem cells need to migrate up to the villus. Once they have reached the top of the villus, 

the epithelial cells participate in the digestive system. After several days, programmed cell 

death initiates apoptosis and the cells are excreted in the feces.  

In CRC, on the other hand, there occur deviations from the above-mentioned process. CRC 

mostly arises from an aberrant crypt, changing into a neoplastic precursor lesion and later into 

a benign adenoma when the cells start to proliferate aberrantly and become resistant to cell 

death. The adenoma can develop into a carcinoma, as adenomas can degenerate through 

mutations and thus become carcinomas. They are then characterized by an increased 

proliferation rate and can then metastasize through migration and invasion (Hermsen et al, 

2002; Roy & Bianchi, 2009; Mármol et al, 2017).  

Different signaling pathways, including for example Mitogen-activated protein kinase 

(MAPK), Phosphatidylinositol-3-kinase (PI3KCA) and mutations in associated genes such as 

c-MYC, Kristen Rat Sarcoma Viral oncogene homolog (KRAS) and PI3KCA have been 

linked to CRC (Kramer et al, 2017; Koveitypour et al, 2019; Wang et al, 2004; Malinowsky 

et al, 2014). However, the association of colorectal cancer with Wnt signaling is particularly 

noteworthy. Adenomatosis polyposis coli (APC) mutations were found particularly frequently 

in CRC (~70%) (Schell et al, 2016; Rowan et al, 2000). APC is an important part of the 

destruction complex in association with GSK-3, AXIN1 and CK1, thereby degrading β-

catenin (Li et al, 2012b; Gao et al, 2002; Ha et al, 2004; Liu et al, 2002). The respective 

mutation determines which therapy is the most promising. Current therapeutic strategies for 

the treatment of CRC range from surgical resection and chemotherapy to novel approaches 

like chimeric antigen receptor T cells (Car-T) (FLORESCU-ŢENEA et al, 2019; Sur et al, 

2020).  

 

 

1.3 Metastasis 

Metastasis was defined as a secondary malignant cell collective that detached from the 

primary tumor through various steps and colonized then distant organs. Metastases frequently 

arise in the brain, lung, bones and liver (Lee, 1983). The occurrence of metastasis 

significantly shortens the patient’s lifespan as there is still no curative treatment available for 

metastasized cancers and is therefore very often associated with the death of the patient 
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(Dillekås et al, 2019). During metastasis, cancer cells invade through the basement membrane 

and migrate through the circumjacent tissue. Then the cells then intravasate into the vascular 

system. Once there, the circulating cells have to survive the bloodstream in order to reach 

distant organs. To colonize the organs, the cells must first adhere to the blood vessels and then 

extravasation through the endothelial barrier. In the last step, colonization in the target organ 

can then take place (Elia et al, 2018). This process is shown schematically in Figure 2. 

 

Figure 2: Simplified illustration of metastasis formation: Several steps, including the invasion of 

malignant cells into the surrounding tissue at the site of primary tumor formation, their intravasation 

into the bloodstream and the subsequent extravasation followed by colonization of the distant tissue 

are required for successful metastasis formation in secondary organs. (Created with biorender.com) 

 

An exciting aspect of metastasis formation is its organotropism, the preference of certain 

types of cancer for colonizing selected organs. In the case of breast cancer, for instance, most 

metastases are found in the lungs, brain, bones and liver (Minn et al, 2005), whereas CRC 

preferentially metastasizes to liver and lung (Penna & Nordlinger, 2002). The tumor 

microenvironment (TME) plays a decisive role in this process. It includes for instance 

endothelial cells, tumor-infiltrating immune cells, extracellular matrix (ECM) and a large 

number of others. It has been shown that cancer cells release a multitude of different signaling 

molecules such as growth factors and cytokines, as well as extracellular vesicles, which in 

turn reprogram the stroma, immune cells and fibroblasts and thus generate a tumor-promoting 

environment thereby enabling tumor progression (Neophytou et al, 2021; Menck et al, 2015; 
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Li et al, 2021). Research into the mechanisms that lead to metastasis is therefore essential and 

of central importance in today’s science. Different signaling pathways, including PI3K and 

especially concise Wnt signaling have been linked to breast and colorectal cancer, their 

progression and metastasis formation (De et al, 2016; Lamb et al, 2013; Park et al, 2020; 

Kramer et al, 2017). Moreover, the activation of those signaling pathways have been shown to 

correlate with the clinical outcome (Khramtsov et al, 2010). In fact, it is still very difficult to 

use drugs to specifically interrupt these metastasis processes in order to prevent metastasis 

formation. This is one of the reasons why intensive research is still required in order to 

develop new therapeutic strategies. Interestingly, the non-canonical Wnt / PCP signaling is 

moving more and more into focus as a promising intervention target to prevent metastasis for 

example in breast cancer and chronic lymphocytic leukemia (Fultang et al, 2019; Choi et al, 

2018; VanderVorst et al, 2019). 

It is therefore important to further understand the respective signal pathways in order to be 

able to derive possible consequences from them, to find new biomarkers for breast cancer 

and, if necessary, to develop new therapeutic strategies. 
 

 

1.4 Wnt signaling 

The Wnt signaling pathway is named after its “Wnt” ligands. “Wnt” is a composition of Wg 

for “wingless” and “Int-1”, whereby mutations in the wingless gene often lead to wingless 

mutants in drosophila (Nüsslein-Volhard & Wieschaus, 1980; Nüsslein-Volhard et al, 1984). 

The activation of the gene “Int-1”, now known as Wnt1 promotes virus-driven breast cancer 

development in mice (Nusse & Varmus, 1982). The Wnt ligand family consists of about 19 

Wnt ligands that can trigger different signaling cascades by their interaction with its receptor 

(Schubert & Holland, 2013). Wnt receptors comprise ten members of the Frizzled (Fzd) 

family and several co-receptors. The Wnt signaling pathway can be divided into the classical 

β-catenin-dependent (canonical) and the alternative β-catenin-independent (non-canonical) 

pathway (Fig.3). Non-canonical signaling was in the past and to some extent still today 

subdivided into the Ca2+ and the planar cell polarity (PCP) signaling pathway.  
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Figure 3: The Wnt signaling pathway at a glance: The β-catenin dependent/canonical Wnt 

signaling pathway is activated when a Wnt ligand (e.g. Wnt3a) binds to a FZD and a co-receptor (e.g. 

lipoprotein receptor-related protein 5 and 6 [LRP5/6]) and thereby triggers the Dishevelled (DVL) 

protein to inhibit the destruction complex, consisting of glycogen synthase kinase-3 (GSK3), Axin, 

CKI and APC. Otherwise, the destruction complex targets cytoplasmic β-catenin for degradation. In 

the presence of Wnt ligands will β-catenin accumulate in the cytosol, because the destruction complex 

does not degrade β-catenin, resulting in its translocation into the nucleus where it binds to transcription 

factors of the LEF/TCF family and initiates the transcription of target genes associated with cell 

migration, proliferation and cell survival. The β-catenin independent/non-canonical Wnt signaling 

pathway is subdivided into the PCP and Ca2+ signaling pathway. Both are activated by non-canonical 

Wnt ligands (e.g. Wnt5a, Wnt11) binding a FZD receptor and distinct co-receptor (e.g. ROR1/2, 

receptor tyrosine kinase [Ryk], protein tyrosine kinase 7 [PTK7]). In the Ca2+- signaling pathway the 

interaction of Wnt ligands with its receptors thus triggers DVL to activate phospholipase C (PLC), 

resulting in increasing Ca2+ levels in the cytoplasm. This on the other hand activates CAMKII, PKC 

and Calcineurin. Alternatively, Wnt ligands can recruit DVL that can activate the small GTPases 

RhoA (via Daam1) or Rac1, thereby inducing cytoskeletal rearrangements. (Created with 

biorender.com) 
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Wnt receptors comprise ten members of the Frizzled family (FZD) (Vinson et al, 1989) and 

the co-receptors encompass the low density lipoprotein receptor-related protein 5 and 6 

(LRP5/6), protein tyrosine kinase 7 (PTK7) (Park et al, 1996), receptor tyrosine kinase (RYK) 

(Hovens et al, 1992), muscle skeletal receptor Tyr kinase (MUSK) (Fuhrer et al, 1997) and 

receptor Tyr kinase-like orphan receptor 1 and 2 (ROR1/2) (Masiakowski & Carroll, 1992). In 

total, 16 different Wnt ligands have been identified, whereby Wnt1 and Wnt3a are mostly 

characterized as canonical Wnt ligands, while Wnt5a and Wnt11 are traditionally rather 

associated with non-canonical Wnt signaling (Nygren et al, 2007; Young et al, 1998; Baarsma 

& Königshoff, 2013; Pandur et al, 2002). The combination of ligand, receptor and available 

co-receptor ultimately determines which Wnt sub pathway will be activated (Mikels & Nusse, 

2006; Dijksterhuis et al, 2015). 

 

 

1.4.1 Canonical Wnt signaling pathway 

The best characterized Wnt signaling pathway is the β-catenin-dependent or canonical Wnt 

signaling pathway which was first described in 1982 by Nusse and Varmus (Nusse & Varmus, 

1982). Here, the interaction of a canonical Wnt ligand (e.g. Wnt3a) with a FZD receptor and 

the LRP5/6 co-receptor recruits the intracellular scaffolding protein Dishevelled (DVL) 

(Corrigan et al, 2009; Dijksterhuis et al, 2015). The interaction of Wnt with its FZD receptor 

and LRP6 triggers a ternary complex formation (Tamai et al, 2000), thereby inducing an 

aggregation of ribosome-sized LRP6 signalosomes, required for LRP6 phosphorylation (Cong 

et al, 2004; Bilic et al, 2007). Furthermore, Axin was shown to interact with LRP5/6 through 

their intracellular domain at the phosphorylated PPPSP motif (Tamai et al, 2004; Mao et al, 

2001), whereby GSK3 was shown to phosphorylate these PPPSP motifs. Interestingly, Casein 

kinase 1-γ (CK-1γ) phosphorylates on the other hand multiple sites within LRP5/6, thereby 

triggering the recruitment of Axin to LRP5/6 (Davidson et al, 2005). LRP6 not only initiates 

canonical Wnt signaling, but in addition, LRP6 was shown to inhibit non-canonical Wnt 

signaling (Bryja et al, 2009). In absence of Wnt, the destruction complex, consisting of 

GSK3, Axin, casein kinase I (CKI), and adenomatosis polyposis coli (APC) is formed. Casein 

kinase I (CKI) and GSK3 thereby phosphorylate β-catenin (Liu et al, 2002), which then 

initiates its ubiquitination and leads to its degradation in the 26S proteasome (Aberle et al, 

1997). Under Wnt stimulation, GSK3-mediated phosphorylation is suppressed, thus leading to 

the accumulation of β catenin in the cytosol (Liu et al, 2002; van Noort et al, 2002). The β-

catenin translocates into the nucleus, where it interacts with transcription factors of the T cell 
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factor (TCF) / lymphoid enhancer-binding factor (LEF) family which triggers the 

transcription of target genes associated with cell proliferation, survival and migration 

(Takemaru & Moon, 2000; Barker et al, 2001; Zhan et al, 2017).  

 

 

1.4.2 Non-canonical Wnt signaling pathway 

The non-canonical Wnt signaling pathway was mostly subdivided into the Wnt/planar cell 

polarity (PCP) and the Wnt/Ca2+ pathway. Nowadays novel non-canonical Wnt signaling 

pathways were identified, including for instance the Wnt-dependent stabilization of proteins 

(Wnt/STOP) pathway (Acebron et al, 2014; Huang et al, 2015). The activation of the 

Wnt/Stop pathway was shown to inhibit GSK3β activity, resulting in the prevention of 

GSK3β-mediated degradation of proteins, including c-MYC (Acebron et al, 2014). In 

addition, the activation of this pathway was shown to increase the protein content required for 

cell division (Huang et al, 2015). However, this pathway is still largely unexplored. 

Furthermore, the Wnt/ROR signaling pathway was also described, with similarities to the 

Wnt/PCP signaling pathway and vice versa (Ho et al, 2012; Oishi et al, 2003; Menck et al, 

2021). All these pathways are characterized by a β-catenin-independent Wnt signaling 

through the binding of a Wnt ligand to its FZD receptor and non-canonical Wnt co-receptors 

like ROR (Endo et al, 2012), PTK7 (Hayes et al, 2013) and Ryk (Andre et al, 2012). 

Interestingly, LRP6 predominantly categorized as canonical co-receptor, was shown to be also 

involved in β-catenin-independent Wnt/Stop signaling (Huang et al, 2015). In Wnt/PCP 

signaling a non-canonical Wnt ligand (e.g. Wnt5a) binds to a seven-pass transmembrane 

Frizzled (FZD) receptor and alternative co-receptor (e.g. PTK7) which recruits and activates 

DVL (Vinson et al, 1989; Wong et al, 2003). DVL, in turn, activates the small GTPases Rac1 

and RhoA, the latter via Disheveled-associated activator of morphogenesis (Daam) (Liu et al, 

2008; Endo et al, 2005). The small GTPases then activate RHO kinase (Rock) and Jun-N-

terminal kinase (JNK), resulting in actin polymerization and microtubule (Marinissen et al, 

2004). As a consequence, Wnt/PCP signaling thus regulates cell polarity in morphogenetic 

processes, as well as cell movement (VanderVorst et al, 2018). For example, in breast cancer 

cells it was shown that migration and metastasis was induced by PCP signaling in response to 

stromal cells (Luga et al, 2012). The second well-known non-canonical Wnt signaling 

pathway is the Wnt/Ca2+ pathway, which can also be activated by stimulation of FZD 

receptors and its co-receptors with a non-canonical Wnt ligand, such as Wnt5a (McQuate et 

al, 2017). The translocation of PKC to the plasma membrane was shown to be induced by the 
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co-expression of FZD2 and Wnt5a in vitro, indicating an activation of PKC dependent on G 

proteins and β-catenin-independent for the first time (Sheldahl et al, 1999). This induction in 

turn initiates DVL to activate heterotrimeric G proteins, leading to an activation of the PLC 

which stimulates the production of diacyl-glycerol and inositol-1,4,5-trisphosphate (Ins(1,4,5) 

P3). As a result, intracellular Ca2+ increases and activates effectors like Ca2+- and calmodulin-

dependent kinase II (CAMKII), calcineurin and protein kinase C (PKC) (Sheldahl et al, 

2003). The activation of PKC results in actin polymerization, whereas Calcineurin activates 

the nuclear factor of activated T-cells (NFAT) that is associated with cell migration (9ou et al, 

2011). In this study NFAT was shown to regulate the induction of the cell-surface 

glycoprotein glypican 6 (GPC6) that mediates migration and invasion. CAMKII and PKC 

were shown to inhibit the canonical Wnt pathway by impeding the interaction of β-catenin 

and TCF in the nucleus. Furthermore, it was demonstrated that the PCP and the β-catenin-

dependent Wnt signaling pathway can antagonize each other. Wnt5a has been shown to 

preferentially initiate PCP signaling and can therefore inhibit the canonical Wnt signaling 

pathway (Bisson et al, 2015; Baarsma & Königshoff, 2013; Topol et al, 2003). Interestingly, 

however, Wnt5a has also been shown to induce not only non-canonical Wnt signaling but also 

canonical Wnt signaling (van Amerongen et al, 2012; Okamoto et al, 2014). As is now 

known, the classification of signaling pathways is therefore not entirely unambiguous but 

rather a rough classification. 

 

 

1.4.2.1 FZD receptors  

There are various Wnt receptors in the Wnt signaling pathway, among them the receptors of 

the FZD family. They consist of an extracellular part with an N-terminal signal sequence, a 

highly conserved cysteine-rich domain (CRD), a seven-pass membrane domain and an 

intracellular part, which interacts with DVL after the binding of a Wnt ligand (Adler et al, 

1990; Vinson et al, 1989; Wong et al, 2003). Ten different FZD receptors have been 

described so far (FZD1-FZD10). Every FZD receptor can interact with different Wnt ligands 

and therefore activate distinct subcellular Wnt signaling cascades (Dijksterhuis et al, 2015; 

Voloshanenko et al, 2017). Some FZD receptors, such as FZD1, are primarily associated with 

canonical Wnt signaling (Wang et al, 2005), while others tend to activate non-canonical Wnt 

signaling. There are also FZD receptors, like FZD2, that mediate both canonical and non-

canonical Wnt responses (Gujral et al, 2014; Bazhin et al, 2010; Li et al, 2008). However, 

since most studies have focused primarily on Wnt3a and Wnt5a, it still remains unclear which 
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FZD receptors interact with which other Wnt ligands and which Wnt signaling response is 

activated by these interactions.  

 

 

1.4.2.2 Wnt co-receptors 

For some receptors, it is unclear whether they can bind Wnts themselves, although they are 

more likely to interact with Wnts via FZDs and to induce signal transduction through this 

interaction. However, there are also co-receptors such as ROR1/2 and PTK7 that gain a Wnt-

binding domain. This group of receptors was shown to interact directly with Wnts and partly 

also with each other (Bai et al, 2014; Martinez et al, 2015; Yu et al, 2017). Whether this 

group then still needs Fzds as interaction partners at all has not yet been conclusively 

clarified. 

As mentioned before, Wnt co-receptors include LRP5/6, Ryk, PTK7 and ROR receptors. 

LRP5/6 primarily belong to canonical Wnt signaling, while ROR receptors, for example, are 

primarily assigned to non-canonical Wnt signaling (Sebastian et al, 2017; Bryja et al, 2009). 

LRP5/6 directly bind to FZD receptors and function as co-receptors for Wnt ligands. A 2015 

study showed that the interaction of LRP5/6 with FZD8 prevents the FZD-regulated non-

canonical Wnt signaling activation and therefore suppresses migration and metastasis of 

tumor cells (Ren et al, 2015). This in turn underlines the importance of the non-canonical Wnt 

signaling pathway with regard to metastasis and tumor progression (Binda et al, 2017; Liu et 

al, 2020). Receptor-like tyrosine kinases (Ryks) are highly conserved receptors and play a 

crucial role in embryogenesis (Lin et al, 2010). Ryk was shown to interact with the non-

canonical Wnt ligand Wnt5a and FZD5 in prostate cancer and promotes non-canonical Wnt 

signaling (Thiele et al, 2018). It has been demonstrated that the knockdown of Ryk leads to 

inhibited cell migration, invasion and EMT in gastric cancer cells and suppresses 

tumorigenesis and liver metastasis in vivo (Fu et al, 2020). Protein tyrosine kinase 7 (PTK7) 

is another evolutionarily conserved non-canonical Wnt receptor that was previously found in 

colon cancer cells (Mossie et al, 1995). In several studies the importance of PTK7 in tumor 

progression was demonstrated by describing the effects of PTK7 on cell-cell communication, 

migration, tissue regeneration and cell polarity (Hayes et al, 2013, 7; Lhoumeau et al, 2015; 

Lander & Petersen, 2016; Lu et al, 2004). It was shown that high PTK7 expression is 

associated with carcinogenesis, tumor progression and metastasis in several cancer cell 

contexts (Shin et al, 2018; Tian et al, 2016; Lhoumeau et al, 2015; Ataseven et al, 2013). A 

further important family of non-canonical Wnt receptors are receptor tyrosine kinase-like 
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orphan receptors (ROR1/2), which play a crucial role in embryogenesis and are often 

associated with cancer progression and metastasis (Menck et al, 2021).  

 

 

1.4.2.3 ROR receptors – a family of its own  

ROR receptors consist of an extracellular domain, containing the Ig-like domain, the cysteine-

rich domain (CRD) and the kringle domain. The intracellular domain possesses a tyrosine 

kinase domain (TKD), two serine-threonine rich domains and frequently an interposed 

proline-rich domain (PRD) (Masiakowski & Carroll, 1992). It has been shown, that Wnt5a 

interacts with the ROR receptors via the cysteine-rich domain and triggers non-canonical Wnt 

signaling (Oishi et al, 2003; Mikels & Nusse, 2006; Enomoto et al, 2009; Fukuda et al, 2008). 

Both ROR receptors induce non-canonical Wnt signaling, but predominantly ROR2 seems to 

inhibit β-catenin-dependent WNT signaling (Yuan et al, 2011). Nevertheless, some studies 

demonstrated an Wnt3a-induced canonical Wnt signaling with ROR2, suggesting that ROR 

receptors cannot exclusively induce one signaling, but can induce different signaling by 

interacting with the corresponding Wnt ligand. (Li et al, 2008; Rasmussen et al, 2013; Flores-

Hernández et al, 2020). Again, it is hypothesized that the output of Wnt/ROR signaling 

depends on the cellular context and the combination of available ligands and receptors. ROR 

receptors have been found to be overexpressed in several cancer entities and trigger 

tumorigenic processes such as cancer cell survival, migration, proliferation and invasion 

(Zhou et al, 2020; Hasan et al, 2017; Bayerlová et al, 2017). In fact, some studies have been 

able to show the association between high ROR1/2 expression and poorer survival in breast 

cancer (Henry et al, 2015b; Chien et al, 2016) Although most studies have acknowledged 

ROR1 as an oncogene, the role of ROR2 in cancer has been controversially discussed. For 

instance, in prostate cancer ROR2 was shown to suppress cell invasion, migration and 

epithelial–mesenchymal transition (EMT) (Tseng et al, 2020) and moreover inhibited the 

proliferation of gastric cancer cells through non-canonical Wnt signaling (Yan et al, 2016b). 

Other studies indicated the opposite, with ROR2 showing tumor-promoting properties. In 

contrast, preliminary results from our group demonstrated that ROR1/2 with its Wnt ligands 

Wnt5a/b mediates a highly motile and invasive phenotype in breast cancer cells via non-

canonical Wnt signaling (Bleckmann et al, 2016; Bayerlová et al, 2017; Klemm et al, 2011). 

In 2017, RNA-seq analysis of MCF-7 cells overexpressing ROR2 revealed upregulation of 

Wnt11 (Bayerlová et al, 2017). This suggests a possible interaction of ROR2 with the non-

canonical Wnt ligand Wnt11, although such an interaction has so far only been shown in 
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zebrafish (Bai et al, 2014). The question of whether Wnt11 also functions as a ligand for 

ROR2 in the human context remains unresolved. 

 

 

1.4.2.4 Wnt11 – a non-canonical Wnt ligand  

The large Wnt family comprises at least 19 different Wnt proteins that are involved in 

different cellular processes, in particular during development. In one study WNT11 was found 

to play an important role in various steps in embryogenesis through non-canonical or 

canonical Wnt signaling (Tao et al, 2005; Lako et al, 1998). The misregulation of Wnts, in 

contrast, has been linked to cancer (Parsons et al, 2021; Enomoto et al, 2009; Gorroño-

Etxebarria et al, 2019). Wnt11 was described as a ligand that can activate non-canonical Wnt 

signaling and can inhibit the canonical Wnt signaling pathway (Bisson et al, 2015). Wnt11 

was thereby shown to trigger PCP signaling (Luga et al, 2012) and in its function as non-

canonical Wnt ligand, it was demonstrated to activate PKC and JNK thereby increasing 

ATF2-dependent gene expression (Flaherty et al, 2008; Geetha-Loganathan et al, 2014; Zhou 

et al, 2007).  

Not only non-canonical Wnt signaling itself, but specifically Wnt11 as non-canonical Wnt 

ligand itself, seems to hold importance in this regard. For instance, it has been shown that the 

overexpression of Wnt11 in vitro was associated with proliferation and migration of various 

tumor cells, including prostate, breast and colon cancer cells (Dwyer et al, 2010; Wei et al, 

2016). In addition, Wnt11 could further be associated with proliferation and transformation of 

intestinal epithelial cells (Ouko et al, 2004). Consistent with these findings, it is suggested 

that Wnt11 occupies a critical role in metastasis and tumor progression. 

Moreover it has been shown that Wnt11 is upregulated in different cancer entities and might 

function as prognostic biomarker or therapeutic target, for example in colorectal cancer 

(Gorroño-Etxebarria et al, 2019; Bond et al, 2003; Rodriguez-Hernandez et al, 2020). As a 

non-canonical Wnt ligand, Wnt11 can bind diverse receptors and thereby induce Wnt 

signaling. Which receptors Wnt11 can bind has not yet been conclusively determined. 

However, several receptors have already been linked to Wnt11, although not all studies have 

demonstrated a direct interaction. For example, one study investigated which FZD receptors 

can integrate Wnt11 and thereby induce transforming growth factor-β signaling in prostate 

cancer. Silencing of FZD8 had the largest effect reducing Wnt11 activation of ATF2-

dependent transcription the most. A slight effect could also be induced by FZD2 silencing, 

whereas silencing of FZD3, FZD4, and FZD5 had no effect. Interestingly, FZD8 silencing 
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also led to a reduction in FZD5 expression. Co-localization and co-immunoprecipitation 

experiments confirmed the interaction of FZD8 and Wnt11 in vitro (Murillo-Garzón et al, 

2018). However, Wnt11 has been shown to interact with FZD4 and FZD8 in mice (Ye et al, 

2011), with FZD7 in Xenopus (Djiane et al, 2000; Yamanaka & Nishida, 2007), and 

moreover with FZD5 in zebrafish (Cavodeassi et al, 2005). An association between Wnt11 

and FZD6 has been suggested in colorectal cancer, although a direct interaction of the 

proteins has not been demonstrated (Gorroño-Etxebarria et al, 2019). In addition, Wnt11 was 

shown to interact with ROR2 in zebrafish (Bai et al, 2014) and also with Ryk in Xenopus 

(Kim et al, 2008). Consistent with these findings, these results suggest that Wnt11 acts in a 

highly context-dependent manner and requires further investigation. Preliminary results have 

shown that Wnt11 is upregulated in ROR2 overexpressing MCF-7 cells, suggesting an 

interaction of the proteins (Bayerlová et al, 2017). However, which receptor of Wnt11 

triggers the non-canonical Wnt signaling and thereby the aggressive behavior in breast cancer 

is still unclear and will be further investigated in this work. 

 

 

1.5 Extracellular vesicles 

The progression of cancer is based on the crosstalk of cancer cells and their 

microenvironment to generate a tumor-supporting setting which allows metastasis formation. 

To ensure this, extracellular vesicles (EV) can be secreted from tumor cells (Menck et al, 

2013, 2015). EVs are small submicron particles that are surrounded by a lipid bilayer and 

released by all living cells. They were found in almost all body fluids like urine (Viñuela-

Berni et al, 2015), blood (Wolf, 1967), breast milk (Zonneveld et al, 2014), ejaculate (Höög 

& Lötvall, 2015), bronchoalveolar lavages (Lyberg et al, 1990), and synovial fluid (György et 

al, 2011) and used for biomarker identification (Cheng et al, 2019). Their composition and 

size can vary, depending on the cell of origin and type of vesicle (Yáñez-Mó et al, 2015; 

Antonyak & Cerione, 2014) and they carry various cellular components such as DNA, RNA 

and proteins. There are different EV populations, which are divided into different categories: 

exosomes, microvesicles and large vesicles, as shown in Figure 4.  
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Figure 4: An overview of the various EV subtypes: Every living cell can secrete different 

populations of EVs which differ in size and biogenesis. EXOS are small Evs and derive from 

intraluminal budding processes at late endosomal membranes thus creating the multivesicular body 

(MVB). EXOs are further released from fusion with the plasma membrane. In comparison, 

microvesicles (MV) and large vesicles (LV) originate by outward shedding from the cell membrane. 

(created with biorender.com) 

 

EVs can release their cargo into target cells to perform various functions. For example, it was 

demonstrated that tumor-derived vesicles can generate a tumor-promoting microenvironment 

in target cells and thus drive cancer progression and metastasis (Abels et al, 2019; Hoshino et 

al, 2015). It has been shown that HeLa cells take up a variety of EVs, which are originally 

produced by different cells (Costa Verdera et al, 2017; Svensson et al, 2013). This argues for 

generic targeting, as EV uptake can also occur between different species such as human and 

mouse (Valadi et al, 2007). Most studies suggest internalization of EVs by target cells, 

although it is not yet clear how the uptake occurs. However, several surface proteins on EVs 

and target cells have been identified that appear to be involved in EV uptake and therefore 

could also be causative for specificity. For example, proteoglycans (Christianson et al, 2013) 

or integrins (Antonyak et al, 2011; Hoshino et al, 2015) have been identified as such. 

Currently, it is mostly assumed that EV uptake by endocytosis functions either in a clathrin-

dependent or -independent manner (Tian et al, 2014; Costa Verdera et al, 2017), suggesting 

that the kind of uptake might be more acceptor cell type dependent than EV-dependent. So 

far, it has not been possible to elucidate what exactly happens during EV uptake. However, 

most studies suggest that EVs enter target cells through internalization and then deliver their 

cargo, presumably to the endosome. Lipids such as cholesterol and phosphatidylserine are 
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also thought to be involved in membrane fusion, as annexin V, predominantly present on 

many EV surfaces, has been shown to bind to phosphatidylserine and mediate the fusion of 

monocyte-derived EVs and activated platelets (Del Conde et al, 2005). Due to the fact that not 

all EVs contain phosphatidylserines (Arraud et al, 2014), it is most likely that other proteins are 

involved in this process. Interestingly, a direct transmission of EV components to the 

endoplasmic reticulum (Heusermann et al, 2016) or nucleus (Santos et al, 2018) was shown, 

although this should be investigated further.  

 

 

1.5.1 Exosomes 

The endosomal-derived small exosomes (EXOs) have a size of 50-150 nm and can be isolated 

by differential ultracentrifugation from cell culture supernatants or body fluids at 100.000xg 

(Théry et al, 2006). EXOs originate from intraluminal vesicles (ILVs) that are formed through 

inward budding of the membrane of late endosomes which thus become multivesicular bodies 

(MVB). These MVBs can then either fuse with the lysosome which leads to the degradation 

of their cargo, or they can fuse with the plasma membrane and release the ILVs as EXOs. 

They can be characterized by specific marker proteins like the CD63, CD9, CD81, syntenin 

and ALG-2 Interacting protein X (Alix) (Deng & Miller, 2019). 

Syndecans belong to the proteoglycans, which are multiply localized on the cell membrane 

(Brauker et al, 1991). When a ligand such as EGFR binds to syndecans by their heparan-

sulfate chains (Wang et al, 2015), initiating a chain reaction that can ultimately emerge 

exosomes. Interestingly, EGFR is frequently mutated in several cancer types and can also be 

found on EXOs from cancer-derived tumor cells or patient blood samples (Ortega et al, 2019; 

Li et al, 2020; Nanou et al, 2020). The exosome biogenesis is initiated by this interaction of 

syndecan with its ligands. Through endocytosis receptor-bound and soluble cargo proteins are 

transported into the cell within and at the membrane of so-called “early endosomes”, on 

which many syndecans are now localized (Baietti et al, 2012). The small GTPase ADP-

ribosylation factor 6 (ARF6) and the tyrosine kinase SRC phosphorylate PLD2, which in turn 

catalyzes Phosphatidic acids (Pas) on the membrane (Imjeti et al, 2017; Roucourt et al, 2015). 

This results in enriched amounts of tetraspanins like CD63 and CD9 at the endosomal 

membrane (Abels & Breakefield, 2016), which is why these proteins are used as marker 

proteins for EXOs. The adapter scaffold protein syntenin binds then to the C-terminus of 

syndecans (Baietti et al, 2012), initiating Alix to bind syntenin and therefore the syndecan-

syntenin-ALIX complex is formed, which in turn can interact with the ”Endosomal Sorting 
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Complexes Required for Transport’’ (ESCRT) machinery. This leads to reconstruction in the 

late endosome, resulting in intraluminal vesicles (ILVs) in the now designated multivesicular 

body (MVB) (Baietti et al, 2012). These MVBs can then either be degraded in the 

endolysosome or fuse with the membrane with the help of Rab proteins and can then release 

their ILVs as EXOs (Baietti et al, 2012). The ESCRT-independent pathway is associated with 

a sphingolipid ceramide and raft-based microdiams that cause a membrane constriction 

(Trajkovic et al, 2008). Although the entire process is not yet fully understood, it has been 

shown that ceramides seem to be important for reprogramming the tumor microenvironment 

and that they can be found on lipid rafts in EXO membranes (Elsherbini & Bieberich, 2018). 

 

 

1.5.2 Microvesicles 

Microvesicles (MVs) are characterized by a size range of 100 – 1000 nm and they can be 

isolated by differential ultracentrifugation at 10.000-20.000xg from cell culture supernatants 

or patient blood samples. The biogenesis of MVs differs significantly from that of EXOs, as 

the MVs are generated by outward budding of the cell membrane (Raposo & Stoorvogel, 

2013) and their release can be triggered by proliferation, inflammation, shearing stresses and 

increased cytosolic calcium levels (George et al, 1982; Holme et al, 1997; Yu et al, 2006; 

Ginestra et al, 1999; Crawford et al, 2010). Through intracellular Ca2+ increase the cysteine 

protease calpain is activated, which leads to Talin degradation (Miyoshi et al, 1996) and 

therefore destabilizes the membrane (Piccin et al, 2007; Kunzelmann-Marche et al, 2001). 

Interestingly, calpain translocates to the membrane cytoskeleton interface and co-localizes 

with the Ca2+ channel TRPM7. Moreover, its activation was shown to be associated with 

increased vesicle shedding (Taylor & Bebawy, 2019). TRPM7 was shown to be 

overexpressed in several human cancers and regulates cell migration through calcium influx 

(Rybarczyk et al, 2012; Chen et al, 2017a; Gao et al, 2017). This might be the explanation of 

increased vesicle shedding of cancer cells compared to benign cells. 

Furthermore, the formation and shedding of MVs were shown to be associated with 

cholesterol and ceramide (Del Conde et al, 2005). Inhibition of the neutral sphingomyelinase 

activity, and therefore the reduced hydrolysis of lipid sphingomyelin into phosphorylcholine 

and ceramide, led to a reduction of EXO concentrations, but at the same time increased MV 

release (Menck et al, 2017), indicating that reduced ceramide lead to increased MV release. 

This indicates that ceramide triggers the budding of MVs. Moreover, it has been demonstrated 

that the small GTPase protein ARF6 activates a signaling cascade, resulting in a contraction 
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of actomyosin, which stimulates MV release at the cell membrane (Muralidharan-Chari et al, 

2009). Furthermore, Ras homolog family member A (RhoA) and further downstream proteins 

regulate actin cytoskeletal movement and are therefore important for MV release (Li et al, 

2012a). In conclusion, this leads to the suggestion that cytoskeletal movements and dynamics 

are important for MV budding and their release.  

Based on the fact that ARF6 is associated with MV and EXO biogenesis, although it was 

higher expressed on MVs and LVs (Di Vizio et al, 2012), the question of suitable markers 

arose. Preliminary results of this working group indicated Kif4 as a promising marker protein 

for the characterization of MVs. Rgap1 and α-Actinin4 have already been described as MV 

marker (Kowal et al, 2016; Dozio & Sanchez, 2017) Both LVs and MVs are shed off by the 

plasma membrane, so it is not surprising that these two EV populations show similarities 

regarding their protein composition (Minciacchi et al, 2015).  

 

 

1.5.3 Large vesicles 

Comparable to MVs, large vesicles (LVs) shed off directly from the plasma membrane (Di 

Vizio et al, 2009). They exhibit a size of 1 – 10 µm and can be isolated by centrifugation at 

1.500-2.000xg. They have been found in a variety of different tumor entities, including 

glioma (Yekula et al, 2020), melanoma (Surman et al, 2018) as well as breast (Wright et al, 

2014), colorectal (Kang et al, 2019) and prostate cancer (Ciardiello et al, 2019). It appears 

that all cancer cells and benign cells, as well as cells from the tumor microenvironment are 

able to secrete LVs (Ciardiello et al, 2016).  

Since LVs, like MVs, are directly shed from the plasma membrane, it is not entirely clear to 

what extent the biogenesis of both EV populations differs. Again, the intracellular calcium 

increase is thought to enable the shedding of LVs by activating divergent proteins involved in 

plasma membrane remodulation (Surman et al, 2018; Ender et al, 2019). In line with this, it is 

reasonable to assume that calcium-dependent activation of calpain also enables remodulation 

of the plasma membrane. Alterations of the cytoskeleton and increased cholesterol in the 

plasma membrane (Ciardiello et al, 2020) was demonstrated to lead to an increased release of 

LVs (Ciardiello et al, 2019). Cytokeratin 18 (CK18) was detected as a marker for LVs from 

tumor cells or plasma (Minciacchi et al, 2015). Although Rgap1 and α-Actinin4 have been 

used as MV markers, they seem to be expressed on LVs as well (own unpublished 

observation). Therefore, Rgap1, α-Actinin4 and CK18 were used as LV markers in this study. 
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1.5.4 Extracellular vesicles in cancer 

The communication between cells is very important and EVs are one of the communication 

tools of cells. EVs are released not only from benign cells but also from tumor cells, which 

use EVs to modulate the surrounding stroma cells and thus create a permissive 

microenvironment for cancer progression and metastasis. Interestingly, it could be shown that 

the concentration of several cancer cell-derived EVs is considerably higher than that of benign 

cells (Baran et al, 2010; Tesselaar et al, 2007; Galindo-Hernandez et al, 2013; König et al, 

2017). In tumor progression, the tumor microenvironment (TME) plays a crucial role. In early 

stages, the microenvironment assumes antitumor features by controlling tumor growth. As 

this progression develops, the characteristics of the TME shift to tumor-promoting features, 

with various regulators coming into play (Sullivan et al, 2017). It has been shown that 

signaling exchange occurs not only through direct contact between tumor cells and benign 

cells of the TME, but also through secreted EVs that act as intercellular communication 

mediators (Menck et al, 2015; Sullivan et al, 2017). In this process, they contain various 

cargoes such as proteins, lipids and nucleic acids, which are protected from enzymatic 

degradation by the lipid bilayer (Raposo & Stoorvogel, 2013). Cancer-derived EVs mediate 

tumor-promoting effects in target cells, such as increased proliferation, invasion and 

angiogenesis (Corcoran et al, 2012; Al-Nedawi et al, 2008; Maji et al, 2017). Wnt signaling 

was found to trigger cell proliferation and was therefore linked to a higher EV release (Sándor 

et al, 2021). Tumor-derived EVs (MVs and EXOs) have been shown to induce Wnt5a in 

tumor-associated macrophages. Also the macrophage-derived EVs transferred Wnt5a to target 

cells and induced non-canonical Wnt signaling, resulting in increased cell invasiveness 

(Menck et al, 2013). This indicates a bidirectional communication between the tumor 

microenvironment and tumor cells via EVs. 

Since EVs can be secreted by all cells and induce tumor-supporting effects in target cells, EVs 

have become the focus of attention in the search for suitable biomarkers. EVs can be isolated 

from various body fluids and subsequently analyzed. One example displays the extracellular 

matrix metalloproteinase inducer (EMMPRIN) as it was found to be enriched on tumor MVs 

and was also associated with poorer overall survival in breast cancer (Zhao et al, 2013).  

In addition, cancer cell-derived MVs have been shown to induce breast cancer cell invasion 

via EMMPRIN (Menck et al, 2015), suggesting that EMMPRIN might function as an 

interesting biomarker for breast cancer. This raises the question of what other proteins are 

transferred via EVs and whether they can be used as biomarkers and possibly as potential 

targets for cancer therapies. 
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1.5.5 Interaction of Wnt proteins and EVs 

Aberrant activation of Wnt signaling has been associated with tumor development and 

progression in several cancer entities, including breast and colorectal cancer. Wnt ligands 

belong to the lipid-modified glycoproteins, which bind the cell surface receptor protein FZD. 

Lipid modifications are required for the binding to its FZD receptors, which involves covalent 

binding of palmitic acid to the first cysteine residue and, in addition, binding of palmitoleic 

acid to the highly conserved serine residue. In addition, glycosylation of Wnts was shown to 

be necessary for their secretion (Kurayoshi et al, 2007). These lipid modifications render the 

proteins hydrophobic; and moreover they are chaperoned in vivo by heparan sulfate 

proteoglycans to prevent clumping (Fuerer et al, 2010). Accordingly, the question arose as to 

how Wnt proteins, despite their hydrophobic properties, can be transported from cell to cell 

and continue to functionally induce Wnt signaling at their target cells. It has been 

demonstrated that Wnt ligands, such as Wnt3a and Wnt5a can be transferred to distant cells 

on EVs (Gross et al, 2012; Menck et al, 2013). EVs carrying Wnt proteins were shown to 

mediate Wnt signaling in different cancer subtypes, including breast cancer (Luga et al, 2012; 

Chen et al, 2017b), colorectal cancer (Harada et al, 2017), B-cell lymphoma (Koch et al, 

2014) and further subtypes. Interestingly, EXOs secreted by fibroblasts enhanced the motility 

and metastasis in breast cancer cells by the activation of PCP/Wnt signaling. Therefore, the 

association of these EXOs with Wnt11 was indispensable, indicating a crosstalk between 

stroma and tumor cells (Luga et al, 2012). Moreover, it was shown that Wnt5a is not only 

transferred to target cells on EXOs and MVs, but furthermore that EV-transferred Wnt5a was 

shown to be signal active in SKBR3 breast cancer cells (Menck et al, 2013). Not only Wnt 

ligands themselves, but also Wnt receptors were recently detected on EVs. Scavo and 

colleagues identified FZD10 on EVs and observed it to trigger cell proliferation in gastric, 

hepatic, colorectal and bile duct cancer cells (Scavo et al, 2019). This finding raised the 

question of whether EVs carrying FZD10 can function as biomarkers in intestinal cancer 

patients. Indeed, FZD10-positive EVs were found to be increased in plasma of colorectal and 

gastric cancer patients and were associated with tumor progression (Scavo et al, 2019a). 

Considering the fact that Wnt proteins are transferred to target cells by EVs and can trigger 

there non-canonical Wnt signaling, the question arises to what extent the transport of Wnt 

proteins and the associated activation of Wnt signaling influences the MV biogenesis itself. 

Several studies have demonstrated that ROR/Wnt signaling affects the activation of RhoA and 

Rho-Associated Coiled-Coil Kinase 1 (ROCK1) in breast cancer (Roarty et al, 2017). This 

point seems particularly interesting because it has also been demonstrated that RhoA itself 
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plays a central role in MV biogenesis. RhoA was shown to trigger a specific signaling 

pathway that is crucial for MV biogenesis. Inhibiting the activation of different proteins in 

this pathway blocks the MV biogenesis and consequently tumor progression in mice through 

RhoA activation (Li et al, 2012a). Therefore, it would be interesting to investigate whether 

Wnt receptors can also be transferred via EVs and induce Wnt signaling in target cells.  

 

 

1.6 Aims of this work 

Breast and colorectal cancer are linked to Wnt signaling expression (Koveitypour et al, 2019; 

Bleckmann et al, 2016; Bayerlová et al, 2017, Bienz & Clevers, 2000). Several members of 

the Wnt signaling pathway like ROR1/2 or FZD receptors have been linked to an aggressive 

cancer cell phenotype and poor clinical outcome (Zhang et al, 2012; Chien et al, 2016; 

Bayerlová et al, 2017; Yang et al, 2011; Yin et al, 2013). Non-canonical signaling appears to 

play an important role in metastasis in breast cancer (Bleckmann et al, 2016; Klemm et al, 

2011; Bayerlová et al, 2017) whereas its relevance in CRC has not yet been clearly 

elucidated, as predominantly canonical Wnt signaling has been identified as a main driver. 

Preliminary data have shown that in breast cancer, ROR1+2 in particular may play an 

important role in metastasis, as they are highly expressed here. ROR1/2 was shown to be 

associated with poorer patient survival in breast cancer (Chien et al, 2016; Zhang et al, 2012a; 

Henry et al, 2015b). In search of the underlying molecular mechanisms of ROR signaling, 

RNA-Seq analysis has shown that high expression of ROR2 leads to upregulation of Wnt11 

(Bayerlová et al, 2017). This finding was very surprising, since this interaction had not been 

identified yet in humans. Studies in zebrafish have shown that Wnt11 may be a novel ligand 

for ROR2 (Bai et al, 2014). Whether other receptors for WNT11 exist in breast cancer is not 

yet known. In addition, the question arises whether WNT receptors (Menck et al, 2013), 

similar to WNT ligands, can also be transferred to surrounding cells via EVs and may be 

functionally involved in the establishment of a promoting microenvironment here.  

 

These objectives are to be achieved by answering the following questions: 

 

E) Which ligand binds the non-canonical receptor ROR2? 

In order to answer this question, a gene expression analysis of several breast and colorectal 

cancer cell lines will first provide information about available Wnt receptors and co-receptors. 

Based on previous data, Wnt11 might act as a promising ligand for ROR2 and further FZD 
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receptors. Subsequently, a co-immunoprecipitation (Co-IP) protocol will be established to 

detect a possible interaction of the potential ligand for ROR2 and further receptors.  

 

 

2) What impact do these interactions have on tumor progression of breast cancer cells? 

The functional impact of the identified interactions on breast cancer cell proliferation, 

migration and invasion will be clarified by performing different cell line modifications (i.e. 

overexpression, knockdown, stimulation) followed by analysis of their effect in functional 

assays. Sequential deletions of the individual receptor domains can then be used in structure-

function-analyses to further pin down the exact domains implicated in receptor function. In 

addition, various gene expression analyses of microarray data from primary breast cancer 

patients will be performed in cooperation with bioinformatics to determine whether there is a 

correlation between the expression of those non-canonical Wnt receptors investigated here 

and the clinical outcome regarding overall and metastasis-free survival of breast cancer 

patients. 

 

 

3) Are ROR receptors expressed on extracellular vesicles and are they involved in EV 

biogenesis? 

The next step is to clarify whether ROR receptors can also be transferred via EVs and, if so, 

on which EV subpopulation they are expressed. Cell line modifications will then help to 

determine whether ROR1/2 have an influence on the respective vesicle composition, size or 

concentration. 

 

 

4) Does ROR1 have a functional impact on EVs in regards to cancer cell invasiveness? 

In line with the preliminary results, showing that tumor cell-derived EVs are able to increase 

the cell invasiveness of surrounding cells, the question is if ROR1/2 plays a role in this effect. 

Therefore, the last step will then elucidate whether and to what extent EVs of ROR1-modified 

cells affect the invasiveness of MCF-7 cells.
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2. Material and Methods 

2.1 Material 

2.1.1 Cell lines 

Table 1: Cell lines 

Cell line  Cell type characteristics Obtained 

from 
Reference 

MCF-7 Human breast 
cancer cell line 

ER+, PR+, 
Her2- 

ATCC (Soule et al, 
1973; Brooks 
et al, 1973)  

MDA-MB231 Human breast 
cancer cell line 

ER-, PR-, Her2- ATCC (Cailleau et 

al, 1974) 
SKBR3 Human breast 

cancer cell line 
ER-, PR-, 
Her2+ 

ATCC (Trempe, 
1976) 

T47d Human breast 
cancer cell line 

ER+, PR+, 
Her2- 

AG Götte (Freake et al, 
1981, 47) 

SW48 
 

Human 
colorectal 
cancer cell line 

CSAp negative AG Prof. 
Felix 
Brembeck 

(Leibovitz et 

al, 1976) 

MCF-7 pROR2 Human breast 
cancer cell line 

overexpression 
of hROR2 

Alexandra 
Schambony 

(Bleckmann 
et al, 2016; 
Bayerlová et 

al, 2017) 
MCF-7 pcDNA3.1 Human breast 

cancer cell line 
overexpression 
of empty vector 

AG Prof. 
Claudia 
Binder 

(Bleckmann 
et al, 2016; 
Bayerlová et 

al, 2017) 
MCF-7 pROR2 Δig Human breast 

cancer cell line 
overexpression 
of hROR2 with 
deletion of Ig-
like domain 

Obtained 
from this 
work 

(Menck et al, 
2020) 

MCF-7 pROR2 Δig 
ΔCRD  

Human breast 
cancer cell line 

overexpression 
of hROR2 with 
deletion of Ig-
like and 
cysteine-rich 
domain 

Obtained 
from this 
work 

(Menck et al, 
2020) 

MCF-7 pROR2 Δig 
ΔCRD ΔKr 

Human breast 
cancer cell line 

overexpression 
of hROR2 with 
deletion of the 
extracellular 
domain 

Obtained 
from this 
work 

(Menck et al, 
2020) 

MCF-7 pROR2, 
pROR2_ΔPRDΔTKD 

Human breast 
cancer cell line 

overexpression 
of hROR2 with 
deletion of the 
proline-rich and 
tyrosine kinase 
domain 

Obtained 
from this 
work 

(Menck et al, 
2020) 
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MCF-7 pROR2, 
pROR2_ΔPRD 

Human breast 
cancer cell line 

overexpression 
of hROR2 with 
deletion of the 
proline-rich 
domain 

Obtained 
from this 
work 

(Menck et al, 
2020) 

MCF-7 pWnt11 Human breast 
cancer cell line 

overexpression 
of hWnt11 

AG Prof. 
Claudia 
Binder 

(Kim et al, 
2020) 

MCF-7 pcDNA3.2 Human breast 
cancer cell line 

overexpression 
of empty vector 

AG Prof. 
Claudia 
Binder 

 

MCF-7 V5-Wnt11 Human breast 
cancer cell line 

overexpression 
of V5-tagged 
Wnt11 

AG Prof. 
Claudia 
Binder 

(Menck et al, 
2020) 

MCF-7 pCMV Human breast 
cancer cell line 

overexpression 
of empty vector 

Obtained 
from this 
work 

 

MCF-7 pROR1 Human breast 
cancer cell line 

overexpression 
of hROR1 

Obtained 
from this 
work 

 

MCF-7 pFZD6-Flag Human breast 
cancer cell line 

overexpression 
of FLAG-tagged 
hFzd6 

Obtained 
from this 
work 

 

MCF-7 CRISPR 
FZD6 

Human breast 
cancer cell line 

Knockout of 
FZD6 

Obtained 
from this 
work 

 

MCF-7 CRISPR ctl Human breast 
cancer cell line 

transfection of 
empty vectors 
without sgRNA 

Obtained 
from this 
work 

 

MDA-MB231 
CRISPR ROR1 
 

Human breast 
cancer cell line 

Knockout of 
ROR1 

Obtained 
from this 
work 

 

MDA-MB231 
CRISPR ctl 

Human breast 
cancer cell line 
 

transfection of 
empty vector 
without sgRNA 

Obtained 
from this 
work 

 

 

 

2.1.2 Cell culture media and additives 

Table 2: Media and additives for cell culture 

Name   Company 

DMEM/F12   PAN TM Biotech 

FCS   Anprotec 

FugeneHD   Promega (#E231A) 
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K4® Transfection System   Biontex (#T080-1.0) 

OptiMEM   Gibco 

PBS w/o Ca2+, w/o Mg2+   PAN TM Biotech 

Recombinant Wnt11 (rWnt11)   R&D (#6179-WN/CF)  

RPMI-1640   PAN TM Biotech 

RNAimax Lipofectamine   Thermo Fisher (#2067506) 

Trypan blue   Sigma 

Trypsin 10x   Biochrom 

 

 

2.1.3 Bacteria  

Table 3: Bacteria 

Name   Company 

E. coli 5-alpha F’Iq   NEB 

E. coli 10-beta   NEB 

E. coli DH5α   Thermo Fisher 

E. coli Stable3   Thermo Fisher 

E. coli Top10   Thermo Fisher 

 

 

 

   

2.1.4 Plasmids 

Table 4: Plasmids 

Name Backbone Insert Reference 

active Wnt11-V5 pcDNA3.2/V5-
DEST 

active form of 
hWnt11 

Active Wnt11-V5 was 
a gift from Xi He 
(Addgene plasmid 
#43824; 
http://n2t.net/addgene:4
3824; RRID: 
Addgene_43824) 

pCMV3 pCMV3-hSMPD3 hSMPD3 
sequence cut out 
by KpnI+XbaI 

Kerstin Menck 

pcDNA3.1 pcDNA3.1/Zeo (+) none Invitrogen 
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pcDNA3.2 pcDNA3.2 sequence of 
hWnt11 
removed by 
SacII from 
Addgene 
#35922 

Florian Klemm 

pFZD6-FLAG pCMV3 hFZD6 full 
length with C-
terminal FLAG-
tag 

Sinobiological 
#HG16004-CF 

pROR1 pCMV3 hROR1 full 
length 

Sinobiological 
#HG13968-UT 

pROR2 pcDNA3.1 neo hRor2 full 
length 

kindly provided by A. 
Schambony 

pROR2_Δlg pcDNA3.1 neo hRor2 with 
deletion of bp 1-
435 

Obtained from this 
work 

pROR2_ΔIgΔCRD pcDNA3.1 neo hRor2 with 
deletion of bp 1-
909 

Obtained from this 
work 

pROR2_ΔIgΔCRDΔKr pcDNA3.1 neo hRor2 with 
deletion of bp 1-
1182 

Obtained from this 
work 

pROR2_ΔPRDΔTKD pcDNA3.1/Zeo (+) hRor2 with stop 
codon at amino 
acid position 
467 

hRor2 mit Stop codon 
bei AS 783, non-tagged 

pROR2_ΔPRD pcDNA3.1/Zeo (+) hRor2 with stop 
codon amino 
acid position 
783 

hRor2 mit Stop codon 
bei AS 783, non-tagged 

pWnt11 pcDNA3.2 hWnt11 full 
length 

pcDNA-Wnt11 was a 
gift from Marian 
Waterman (Addgene 
plasmid #35922; 
http://n2t.net/addgene:3
5922; RRID: 
Addgene_35922) 

PX461-GFP_hFzd4_#1 pSpCas9n(BB)-
2A-GFP  

sgRNA for 
hFzd4 (targeting 
Exon 1) 

Obtained from this 
work 

PX461-mCh_hFzd4_#2 PX461-mCh sgRNA for 
hFzd4 (targeting 
Exon 1) 

Obtained from this 
work 

PX461-GFP_hFzd4_#3 pSpCas9n(BB)-
2A-GFP  

sgRNA for 
hFzd4 (targeting 
Exon 1) 

Obtained from this 
work 

PX461-mCh_hFzd4_#4 PX461-mCh sgRNA for 
hFzd4 (targeting 
Exon 1) 

Obtained from this 
work 
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PX461-GFP_hFzd6_#1 pSpCas9n(BB)-
2A-GFP  

sgRNA for 
hFzd6 (targeting 
Exon 2) 

Obtained from this 
work 

PX461-mCh_hFzd6_#2 PX461-mCh sgRNA for 
hFzd6 (targeting 
Exon 2) 

Obtained from this 
work 

PX461-GFP_hFzd6_#3 pSpCas9n(BB)-
2A-GFP  

sgRNA for 
hFzd6 (targeting 
Exon 2) 

Obtained from this 
work 

PX461-mCh_hFzd6_#4 PX461-mCh sgRNA for 
hFzd6 (targeting 
Exon 2) 

Obtained from this 
work 

PX461-GFP pSpCas9n(BB)-
2A-GFP 

Cas9n (D10A 
nickase mutant) 
from S. 
pyogenes with 
2A-EGFP, 
cloning 
backbone for 
sgRNA 

pSpCas9n(BB)-2A-
GFP (PX461) was a gift 
from Feng Zhang 
(Addgene plasmid 
#48140; 
http://n2t.net/addgene:4
8140 ; 
RRID:Addgene_48140) 

PX461-
GFP_hROR1_#1 

pSpCas9n(BB)-
2A-GFP  

sgRNA for 
hRor1 (targeting 
Exon 1) 

Obtained from this 
work 

PX461-
mCh_hROR1_#2 

PX461-mCh sgRNA for 
hRor1 (targeting 
Exon 1) 

Obtained from this 
work 

PX461-
GFP_hROR1_#3 

pSpCas9n(BB)-
2A-GFP  

sgRNA for 
hRor1 (targeting 
Exon 2) 

Obtained from this 
work 

PX461-
mCh_hROR1_#4 

PX461-mCh sgRNA for 
hRor1 (targeting 
Exon 2) 

Obtained from this 
work 

PX461-mCherry pSpCas9n(BB)-
2A-GFP 

GFP substituted 
for mCherry 

kindly provided by P. 
Zimmermann 

 

 

2.1.5 Antibodies 

Table 5: Antibodies 

Target Conjugat  Dilution Host 

species 

Company 

a-Actinin 4  1:1000 mouse #sc-390205, Santa cruz 
Alix  1:1000 mouse #sc-53540, Santa cruz 
Calregulin   1:1000 mouse #sc-166837, Santa cruz  
CD9  1:1000 mouse #sc-13118, Santa cruz  
CD63  1:1000 mouse #sc-5275, Santa cruz 
CD81  1:1000 mouse #sc-166028, Santa cruz 
FLAG  1:1000 mouse #9A3, cell signaling 
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FZD6  1:1000 rabbit #5158S, cell signaling 
GAPDH  1:1000 mouse #sc-3233, Santa cruz 
GM130  1:1000 rabbit #12480, cell signaling 
IgG  1 µg Co-IP rabbit #2729, cell signaling 
IgG  1,5 µg Co-IP mouse # M 5284, Sigma 
rabbit IgG 
(Conformation-
specific)  

 1:2000 mouse #3678, cell signaling 

RGap1  1:1000 mouse #sc-76335, Santa cruz 
ROR1  1:2000 rabbit #4102, cell signaling 
ROR2  1:1000 rabbit #sc-98486, Santa cruz  
ROR2  1:1000 mouse #sc-374174, Santa cruz  
ROR2  1:2000 mouse #FAB20641G, R&D 
Syntenin  1:2000 rabbit #133267, abcam 
Tubulin  1:1000 mouse #sc-8035, Santa cruz 
V5  1:2000 

1 µg (Co-IP) 
rabbit #13202, cell signaling 

V5  1,5 µg (Co-IP) mouse #SAB2702199, Sigma 
rabbit  HRP 1:10.000 goat #7074, cell signaling 
mouse  HRP 1:10.000 horse #7076, cell signaling  
mouse IgG FITC 1:500 goat #sc-2010, Santa cruz 
CD326/EpCAM- APC  mouse #324208, BioLegend  
CD340/Her2- APC  mouse #324407, BioLegend  
IgG1κ - APC  mouse #324407, BioLegend  
IgG1κ  PE  mouse #400113, BioLegend  
IgG2a  AlexaFluor488  mouse #IC003G, R&D systems  
Ror1 PE  mouse #357803, BioLegend  
Ror2 AlexaFluor488  mouse #FAB20641G, R&D 

systems  
 

 

2.1.6 Equipment 

Table 6: Equipment 

Type Name Company 

Agarose Gel Imager Epichemi 3 Darkroom Intas 

Autoclave  Systec VX-95 Systec 

cell counting chamber Neubauer cell counting chamber Brand 

Centrifuge Labofuge M Heraeus 
SEPATECH 

Centrifuge Universal 320R Hettich Zentrifugen 

Centrifuge BIOFUGE fresco Heraeus 

Chemiluminescence imager Amersham Imager 600 GE Healthcare 

Chemiluminescence imager ChemoStar Intas 
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Confocal microscope FV 1200 Olympus 

Ultracentrifuge Optima XPN-60 Beckman Coulter 

Flow cytometer   Attune Nxt Thermo Scientific 

Incubator   BBD 6220 Heraeus 

Incubator BB 6620 Heraeus 

Incubator Function line Function line 

Laminar flow HS12 Heraeus 

Laminar flow CleanAir PMV 

Microscope Axio Cam Mrm Zeiss 

Microplate photometer Victor X3 PerkinElmer 

NanoDrop NanoDrop 1000 Thermo Scientific 

Nanoparticle tracking device ZetaView videomicroscope PMX-120 ParticleMetrix 

PCR cycler Mastercycler personal Eppendorf 

Pipetting aid Pipetboy 2 Integra 

pH meter FiveEasy  Mettler Toledo 

Photometer bio Photometer Eppendorf 

Photometer Photometer infinite F50 Tecan 

qRT-PCR cycler 7500 Fast Real-Timer PCR system Applied Biosystems 

Rotor TLA-55 Beckman Coulter 

Rotor SW 32/32.1 Ti Beckman Coulter 

Shaking plate BenchRocker Benchmark 

Thermomixer Thermomixer compact Eppendorf 

Ultracentrifuge Optima MAX-XP Beckman Coulter 

Water bath Water bath Köttermann Jürgens 
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2.1.7 Kits 

Table 7: Kits 

Kits   Company 

CellTrace™ Violet Cell Proliferation Kit   Thermo Scientific 

DC Protein Assay (Lowry assay)   BioRad 

High Pure RNA isolation Kit   Roche 

innuPREP Plasmid Mini Kit 2.0   Analytik Jena 

Monarch® PCR & DNA Cleanup Kit   New England Biolabs 

Monarch® Plasmid Miniprep Kit   New England Biolabs 

NucleoSpinTM Gel and PCR Clean-up Kit   Macherey-Nagel 
 
 
 

2.1.8 Chemicals, Materials and Reagents 

Table 8: Chemicals, Material and Reagents 

Chemicals   Company 

2-ß-Mercaptoethanol 
Acrylamide 
Agarose 
Albumin Fraktion V (BSA) 
Calcium Chloride 
Mounting medium with DAPI 
DMSO 
Ethanol 
Formic acid 
1 kb plus DNA Ladder 
Gel loading dye, purple (6x) 
Glycine 
Glycerol 
HEPES 
IGEPAL® CA-630 (NP-40) 
Isopropanol 
Laemmli Buffer 4x 
LB-Agar/Medium 
Midori Green Advance DNA Stain 
MTT 
Natriumchlorid 
Nitrocellulose membrane 
PFA 
Phalloidin 

PanReac AppliChem 
PanReac AppliChem 
Biozym 
Roth 
PanReac AppliChem 
Abcam 
PanReac AppliChem 
PanReac AppliChem 
Chemsolute 
New England Biolabs 
New England Biolabs 
PanReac AppliChem 
PanReac AppliChem 
Sigma 
Sigma 
Merck 
BioRad 
Roth 
Nippon Genetics 
Sigma 
Sigma 
Amersham 
Santa cruz 
Sigma 
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PhosStop Phosphatase Inhibitor 
Pierce TM DSS 
Ponceau S Solution 
Precision Plus ProteinTM Dual Color Standards 
Protease Inhibitor Cocktail 
SDS Solution 20% 
Skimmed milk powder 
Sodium azide 
TEMED 
Triton X-100 
TRIS Base 
Trypan blue 
Tween 20 

Roche 
Thermo Scientific 
PanReac AppliChem 
Bio-Rad 
Sigma 
PanReac AppliChem 
Sucofin 
Merck 
PanReac AppliChem 
PanReac AppliChem 
Fisher BioReagents TM 

Sigma 
Merck 
 

2.1.9 Enzymes 

Table 9: Enzymes 

Enzymes Company 
AgeI-HF 
BamHI-HF 
DpnI 
EcoNI 
EcoRI-HF 
HindIII-HF 
Hot FIREPol DNA-polymerase 
KpnI-HF 
NheI-HF 
Phusion polymerase 
Primestar polymerase 
Q5 polymerase 
T4 ligase 
XbaI 
XhoI 

NEB 
NEB 
NEB 
NEB 
NEB 
NEB 
Solis BioDyne 
NEB 
NEB 
NEB 
TaKaRa 
NEB 
NEB 
NEB 
NEB 
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2.1.10 Antibiotics 

Table 10: Antibiotics 

Antibiotics 
Working 

Concentration 

Company 

Ampicillin  100 µg/ml Roth 
Geneticin Disulfate (G418) 750 µg/ml Roth 
Hygromycin 300 µg/ml Roth 
Kanamycin 50 µg/ml Roth 
Penicillin-Streptomycin 100 µg/ml Anprotec 
Zeocin 130 µg/ml Invitrogen 
 
  

 

2.1.11 Primer pairs for qRT-PCR 

Table 11: Primer pairs for qRT-PCR 

Name Forward primer Reverse primer 
hsFZD1_52 CACACCACCAATAATAACCTG TATTCCACCTTCTTTACCTCC 
hsFZD2_70 TTCCCTACTCATTTGTCCTG TTTCCACGTCTTCATCTCTG 
hsFZD3_72 TATGACCAACAGACAGCAG AATCCCGAGAACAATCCAG 
hsFZD4_78 AGCTGACAACTTTCACACC GGCACATAAACAGAACAAAGG 
hsFZD5_75 ACAACCACATCCACTACGA ATGCCGAAGAAGTAGACCA 
hsFZD6_128 ACCTTGTCGTAAACTTTGTGAG GTTACAGGAACAGTCTCATCAC 
hsFZD7_122 GCCTCTGTTCGTCTACCTC ATGAGCTTCTCCAGCTTCTC 
hsFZD8_121 TACAACTACACCTACATGCC AGGAAGAACTTGAGATCGG 
hsFZD9_56 GTCTTCTCCATCCTCTACAC GTAGACATAGCAAACGATGAC 
hsFZD10_117 TAGTTGATTCAGCCCTCAG GCAAAGCAGTTATCTGTCC 
hsGN2BL1_84  AAC CCTATCATCGTCTCCT CAATGTGGTTGGTCTTCAG  
hsHPRT1_89 TATGCTGAGGATTTGGAAAGG CATCTCCTTCATCACATCTCG 
hsPTK7_63 CATGGTGCTGGAATATGTG CTTGCTCTTGGAAATCCTC 
hsROR2_143 TTCTTCTTGGTTTGCATGTG CTGATCTCTTTGAGTTTGGC 
hsROR1_115 CGTCTATATGGAGTCTTTGCAC GAATGGCGAACTGAGAACAC 
hsRyk_103 ACCTTATTAGTCACTACGCTC CAGCTTATATTCAACCTTGGAC 
hsWNT4_150 CTGAAGGAGAAGTTTGATGGTG TGTCCTGCTCACAGAAGTC 
hs Wnt5a_109 AGGGCTCCTACGAGAGTGCT GACACCCCATGGCACTTG 
hs Wnt5b_102 AGAAGAACTTTGCCAAAGGA CTACGTCTGCCATCTTATACAC 
hsWNT6_150 GGAGCGTTTAAAGGACACTG GATACTAACCTCACCCACCA 
hsWNT7a_113 CTTCGCCAAGGTCTTTGTG TCCAGCTTCATGTTCTCCTC 
hsWNT7b_94 CGCAGATCTTTCTCCTCCT GCCAGGAATCTTGTTGCAG 
hsWnt11_102 CTCGGAACTCGTCTATCTG GTTGGATGTCTTGTTGCAC 
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2.1.12 Primer pairs for PCR-based cloning 

Table 12: Primer pairs for PCR-based cloning 

Name Sequence 
hsRor2-dIG_fw TACTCAGCTAGCACCATGGCCACTGGCGTCCTG 
hsRor2-dIG_rev TGCTTACTCGAGTCAAGCTTCCAGCTGGACTTGGG 
hsRor2-dIG-dCRD_fw TACTCAGCTAGCACCATGGGCATCCCAGCCGAGA 
hsRor2-dIG-dCRD_rev TGCTTACTCGAGTCAAGCTTCCAGCTGGACTTGGG 
hsRor2-dIG-dCRD-dKr_fw TACTCAGCTAGCACCATGAGTCCCCGAGACAGCAGC 
hsRor2-dIG-dCRD-dKr_rev TGCTTACTCGAGTCAAGCTTCCAGCTGGACTTGGG 
hsRor2_467Stop_fw GGCCAAACTCAAATAGATCAGCCTGTCTGCGGTGAGG 
hsRor2_467Stop_rev CCTCACCGCAGACAGGCTGATCTATTTGAGTTTGGCC 
hsRor2_783Stop_1x_fw CCAGTGAGCAATGTGAGCTACGCCCGCTACGTGG 
hsRor2_783Stop_1x_rev CCACGTAGCGGGCGTAGCTCACATTGCTCACTGG 
hsRor2_783Stop_fw CCAGTGAGCAATGTGAGCTAGGCCCGCTACGTGG 
hsRor2_783Stop_rev CCACGTAGCGGGCCTAGCTCACATTGCTCACTGG 
 
 
 

 

2.1.13 Oligonucleotides with sgRNA sequences 

Table 13: Oligonucleotides with sgRNA sequences 

Name Sequence 
sgRNA_ hsFZD6_1_fw CACCGTGAGTAAAATAGTGAAATG 
sgRNA_ hsFZD6_1_rev AAACCATTTCACTATTTTACTCA 
sgRNA_hsFZD6_2_fw CACCGCTTTCCTGAAAATGAGTCC 
sgRNA_hsFZD6_2_rev AAACGGACTCATTTTCAGGAAAG 
sgRNA_hsFZD6_3_fw CACCGAGTATTGCCGCGGTGGAAA 
sgRNA_hsFZD6_3_rev AAACTTTCCACCGCGGCAATACT 
sgRNA_hsFZD6_4_fw CACCGCATAATGACCCATCAGATT 
sgRNA_hsFZD6_4_rev AAACAATCTGATGGGTCATTATG 
sgRNA_hsROR1_1_fw CACCGCGCTGCTGCTGGCCGCACG 
sgRNA_hsROR1_1_rev AAACCGTGCGGCCAGCAGCAGCGC 
sgRNA_hsROR1_2_fw CACCGGAGCGGCGGGCGCGTCCCG 
sgRNA_hsROR1_2_rev AAACCGGGACGCGCCCGCCGCTCC 
sgRNA_hsROR1_3_fw CACCGAAGAGCCCGGCTGAGCCTG 
sgRNA_hsROR1_3_rev AAACCAGGCTCAGCCGGGCTCTTC 
sgRNA_hsROR1_4_fw CACCGTACCGGCTCAGACGCAGCA 
sgRNA_hsROR1_4_rev AAACTGCTGCGTCTGAGCCGGTAC 
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2.2 Methods 

2.2.1 Cultivation of E. coli  

E. coli (see 2.1.3) was cultivated in autoclaved LB medium under aerobic conditions or plated 

on LB agar plates and incubated at 37 °C. If necessary, 100 μg / ml ampicillin or 50 µg/ml 

kanamycin were added to the medium for selection. For long-term storage a glycerol (100 %) 

solution was diluted in 60 % ddH2O. 500 µl bacteria suspension and 500 µl glycerol (60 %) 

solution were then mixed in 2 ml safety tubes and frozen at -80 °C. 

 

 

2.2.2 Generation of chemocompetent bacteria  

In order to generate chemocompetent E. coli bacteria, the bacteria were treated with 100 mM 

CaCl2 solution, according to the method established by (Hanahan et al, 1991). An excess of 

calcium ions changes the permeability of the membrane and increases the ability of the cells 

to uptake foreign DNA under heat-shock at 42 °C. The E. coli were first grown in LB medium 

without magnesium up to an OD600 of 0.3. Then the bacteria were incubated on ice for 10 min 

and centrifuged at 4 °C for 10 min (6080 g). To dissolve the cell pellet 100 mM CaCl2 were 

used and the mixture was then incubated again for 20 min on ice. The cells were then 

aliquoted in 50 µl per sample and frozen in liquid nitrogen. Afterwards the cells were stored 

at -80 °C. The ability of the bacteria to uptake foreign DNA was tested before first use.  

 

 

2.2.3 Cloning 

Cloning describes a method to integrate a specific DNA fragment into a vector. In order to 

study the impact of ROR2 in breast cancer cells, different vectors with serial deletions of 

extracellular and intracellular domains of the ROR2 vector were generated by classical 

cloning as shown in Figure 5. 
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Figure 5: Schematic view of classical cloning: This requires a gene of interest (insert) and a vector 

or plasmid, in which the insert will be integrated. Classical cloning includes the cutting of the vector 

and insert with two restriction enzymes, ideally resulting in two non-compatible, sticky ends. This 

approach lowers the chance of re-ligation of the vector and thus the transformation background. After 

ligating the vector and insert with T4 DNA ligase, the new plasmid is transformed into chemically 

competent E. coli bacteria. The illustration was taken from biorender.com. 

 

2.2.3.1 PCR 

The polymerase chain reaction (PCR) method is used to amplify specific, double-stranded 

DNA fragments (Mullis et al, 1986; Bell, 1989; White et al, 1989) with the help of primers 

and dNTPs. The reaction takes place in a two-step PCR: First, double-stranded DNA is heated 

to 98 °C and is thereby denatured and converted into single-stranded DNA. Second, the 

binding of the PCR primers to the DNA single strands (annealing) and the elongation of the 
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DNA takes place at a temperature of 71°C. In this step starting from the primers, the 

thermostable polymerase synthesizes a complementary DNA strand, followed by restarting 

the cycle all over again. The PCRs were carried out in a final volume of 20 μl and run 

according to protocol indicated below: 

 
Reaction mix: 
10 μl 5x PCR-Puffer 
1 μl dNTPs (10 mM) 
1 μl 5’Primer (10 μM) 
1 μl 3’Primer (10 μM) 
50 ng template DNA 
0,2 μl (2U/μl) Phusion DNA polymerase 
H2O ad 20 μl 

 

Protocol: 
1. 99°C preheating 
2. 98°C 30 s 
3. 98°C 10 s 
4. 71°C 3 min 
5. 71°C 10 min 
6. Hold at 4°C 

 

The steps 2-4 were repeated 34 times. 

 

 

2.2.3.2 Agarose gel electrophoresis 

The agarose gel electrophoresis method (Sharp et al, 1973) was used to separate DNA 

fragments according to their size. For this purpose, gels with 1% agarose in Tris-Acetate-

EDTA (TAE) buffer were prepared. The suspension was boiled until the agarose was 

dissolved completely. The suspension was then cooled down to 60 °C. Afterwards the agarose 

suspension was mixed with midori green (0.05 µl/ml) as a DNA staining dye and poured into 

a chamber with a gel comb. After the gel had hardened, the comb was removed and the gel 

was placed in an electrophoresis chamber filled with TAE buffer. The DNA samples were 

mixed with loading dye (6x) and loaded into the pockets of the gel. As a reference, the 

commercially available size standard Quick-load purple 1 kb Plus DNA ladder (NEB) was 

also loaded into a gel pouch. The DNA strands were separated based on their length by 

applying a constant voltage of 120 V. In such a process, smaller fragments of DNA run faster 

than larger ones. After separation, the gel was placed on an UV transilluminator (Intas) and 
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imaged for documentation purposes. UV light visualizes the midori green intercalated in the 

DNA.  

 

 

For 50x TAE stock: 

 
Tris-Base:     242 g 

Acetate (100% Acetic acid):   57.1 ml 

EDTA:      100 ml 0.5 M Natrium EDTA 

      Ad 1 l MilliQ H2O 

 

 

2.2.3.3 Restriction 

During plasmid cloning, a restriction digest with restriction enzymes (NEB) is necessary to 

generate sticky ends of the plasmid and insert match each other. Thereby 1 µg of the 

respective DNA was mixed with 1 µl (50 U) restriction enzyme and 5 µl CutSmart restriction 

buffer in 50 µl total volume. The samples were then incubated for 16 h at 37 °C. Afterwards, 

the first enzyme was heat-inactivated for 20 minutes at 65 °C. Then the second enzyme was 

added and the mixture again incubated for 16 h at 37°C. The cut DNA fragments or plasmids 

were then purified according to the manufacturer's instructions using the “Monarch® PCR & 

DNA Cleanup Kit” (NEB) or from an agarose gel. A NanoDrop was used to measure the 

DNA concentrations. 

 

 

2.2.3.4 Ligation 

Ligation describes the enzyme-catalyzed process of linking two DNA sections at their ends. 

By forming a phosphodiester bond the enzyme “ligase” connects the 3'-hydroxy end to the 5'-

phosphate end of the nucleic acid segments. Ligation reactions were performed with the T4 

ligase (NEB) using the indicated concentrations of the insert and plasmids.  

 

150 ng digested insert 
180 ng digested vector 
2 µl T4 ligation buffer (10x) 
1 µl T4 ligase             
Ad 20 µl H2O 
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The ligation mix was incubated at room temperature overnight and then transformed into 

50 µl competent bacteria. 

 

 

2.2.3.5 Transformation of competent E. coli with plasmid DNA 

To transform the chemocompetent bacteria, 100 ng DNA was mixed with 50 μl of competent 

bacteria and incubated on ice for 20 min. The plasmid-bacteria solution was then heat-

shocked at 42 °C for 45 seconds. For subsequent cooling, the mixture was incubated on ice 

for 2 min and then 150 µl of LB medium was added. The cells were then incubated for 45 min 

under aerobic conditions at 37 °C. Afterwards the bacteria were then plated on LB selection 

plates. To cultivate and select for transformed bacteria, the plates were incubated at 37 °C 

overnight.  

 

 

2.2.3.6 Miniprep 

After successful transformation of the plasmid, the selection plates usually exhibited several 

colonies, of which 3 were picked with a yellow, sterile pipette tip and then cultivated 

overnight at 37 °C in 4 ml of liquid LB with an appropriate selection antibiotic. The next 

morning, plasmid DNA from this culture was obtained with an innuPREP Plasmid Mini kit or 

Monarch® Plasmid Miniprep Kit and purified according to the manufacturer’s protocol. DNA 

concentration was measured using a NanoDrop spectrophotometer and sequence identity was 

confirmed by sequencing. 

 

 

2.2.3.7 Sequencing 

The sequencing of DNA fragments was carried out by eurofins genomics, Ebersberg, LGC 

genomics or MicroSynth Seqlab, using the chain termination method (Sanger et al, 1977). For 

sequencing, the sample preparation was prepared following the manufacturer's instructions 

containing plasmid DNA with primers in a total volume of 17 µl. The results were analyzed 

with the Snapgene or ApE software. 

 

2.2.3.8 Midiprep 

The midiprep “DNA NucleoBond Xtra Midi EF kit” (Macherey-Nagel) was used for a large-

scale isolation of plasmid DNA from bacteria. First, a colony was picked with a sterile, 
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yellow pipet tip and transferred into a 4 ml liquid LB culture with antibiotics. After 3-4 hours 

of incubation at 37 °C and 220 rpm shaking, the starter culture was transferred to a 1000 ml 

Erlenmeyer flask containing 300 ml fresh LB liquid medium with selection antibiotics, either 

ampicillin 100 µg/ml, or kanamycin 50 µg/ml, depending on the plasmid and its selection 

marker. The culture was then incubated overnight at 37 °C and 220 rpm. The next day, the 

plasmid DNA was isolated and purified according to the manufacturer’s protocol. The DNA 

concentration was measured using a NanoDrop spectrophotometer. 

 

 

2.2.3.9 Mutagenesis PCR 

A site-directed mutagenesis PCR can be used to introduce short point mutations, insertions or 

deletions in a certain gene at a specific location. For this purpose, primers were designed to 

create a stop codon at the respective position to generate ROR2-ΔPRD or ROR2-

ΔTKDΔPRD constructs. To generate the ROR2-ΔPRD construct, two stop codons were 

necessary, which is why the point mutations were carried out in two steps with an additional 

primer. The samples were prepared with Primestar polymerase to generate the mutations in a 

PCR in a final volume of 50 µl: 

 

5x Primestar PCR buffer  10 µl 
dNTPs (10mM)   4 µl 
primer (fw+rev at 10µM)  2 µl 
Template DNA   50 ng 
Primestar polymerase  0.5µl   
RNase-free Water   ad 50µl 

 
The mutagenesis PCR was executed following the thermal protocol: 

 
98 °C 10 sec 
55 °C 15 sec 
72 °C 8 min 
Hold at 4°C 

 

The steps were repeated 20 times. 

 

To digest the original, methylated and non-mutated vector, the DpnI enzyme (NEB) was used. 

Therefore, 1 µl of the enzyme was added to the PCR samples and incubated for 4 h at 37 °C. 

After digestion, 2 µl of the PCR product was used for the transformation of 50 µl competent 
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bacteria (Top10 or DH5α). The bacteria were grown overnight at 37 °C on a LB plate 

containing antibiotics for selection. The next day, colonies were picked and grown overnight 

in 4 ml LB medium with antibiotics. The culture was subjected to DNA isolation and DNA 

prepared for sequencing as described in 2.2.3.7. 

 

 

2.2.4 Cell culture methods 

The cells were cultivated at 37 °C and 5% CO2 in either RPMI-1640 or DMEM/F12 medium, 

supplemented with 10 % heat-inactivated (56 °C, 30 min) fetal calf serum (FCS) and, if 

required, with selection antibiotics. To detach adherent cells from the bottom of the cell 

culture flask, the cells were first washed with PBS and afterwards incubated with 1-2 ml 

trypsin at 37°C for 5-15 minutes. After detaching the cells, they were either split 1:2-1:20 or 

they were seeded into flasks, wells or petri dishes for further experiments. All cells were 

routinely tested for mycoplasma contamination. To freeze and store cells, cell pellets were 

resuspended in 95% FCS with 5% DMSO, transferred to cryovials and stored in liquid 

nitrogen tanks. 

 

 

2.2.4.1 Gene overexpression  

In order to generate cell lines overexpressing selected genes of interest, MCF-7 cells were 

transfected with the respective overexpression plasmids, encoding for i.e. Wnt11, ROR1, 

ROR2 and FZD6.  

For transfection, 1·106 or 6·106 cells were seeded in 6-well plates or 10 cm Petri dishes, 

respectively, and allowed to adhere for 24 h. For transfections in 6-well plates 200 µl 

OptiMEM, 1 µg DNA and 5 µl FugeneHD transfection reagent or for transfections in 10 cm 

Petri dishes 500 µl OptiMEM, 6 µg DNA and 15 µl FugeneHD transfection reagent were 

mixed, incubated at room temperature for 5 min and then added dropwise to the cells. The 

cells were incubated at 37 °C for 24 up to 72 h after transfection. After incubation, the cells 

were washed with PBS and then either directly destructed with a cell scraper to isolate DNA 

and RNA or trypsinized or and used for flow cytometry staining. In order to generate stable 

cell lines, transfected cells were continuously treated with the respective selection antibiotics 

determined by the selection cassette on the overexpression plasmid. 
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2.2.4.2 Gene knockdown 

To further investigate the effects of ROR2 on EV biogenesis, composition, size or 

concentration in comparison to empty vector cells, a knockdown was performed by using 

small interfering RNAs (siRNAs) targeted against FZD6 and ROR2. siRNAs are short 

double-stranded oligonucleotides with a size of 20-25 bp, that bind to specific mRNA 

sequences and thus prevent their translation. Typically, siRNAs are transfected in presence of 

a transfection agent, containing liposomes which internalize the siRNAs to permit it to cross 

cell membranes. For transfection two mastermixes were prepared. The first master mix 

contains 100 µl OptiMEM and 6 µl Lipofectamine RNAimax for 6-well plate transfections or 

300 µl OptiMEM and 13 µl Lipofectamine RNAimax in a petri dish. The second mastermix 

consists of 100 µl OptiMEM (6-well plate) or 300 µl OptiMEM (petri dish) and 10 nM 

siRNA. After preparation of both mastermixes, the solutions were blended and incubated for 5 

minutes. Then 1·106 or 6·106 cells were seeded in 6-well plates, or Petri dishes, respectively, 

and filled up with RPMI+10% FCS to a total volume of 2, or 8 ml. 72h post transfection, the 

cells were used for further experiments.  

 

 

2.2.4.3 Generation of CRISPR/Cas9 knockout cells  

Stable knockout (KO) cell lines were generated with the CRISPR/Cas9 method in order to 

understand the effects of FZD6 on breast cancer cell migration, proliferation and invasion, as 

well as ROR1 and its impacts on EV biogenesis, composition, size and concentration in breast 

cancer. Therefore, the GFP-tagged pSpCas9n(BB)-2A-GFP plasmid (PX461) and the 

mCherry-tagged PX461 comprise single guide RNA (sgRNA) sequences, targeting FZD6 or 

ROR1 in the first exons of the genes and a gene encoding for the nicked Cas9 (nCas9). The 

nCas9 differs from the wildtype Cas9 and is characterized by one inactive nuclease domain. 

Therefore, it induces a single-strand break in the genomic region, targeted specifically by the 

previously designed sgRNAs. The induced two single strand breaks with overhangs 

significantly reduces off-target effects compared to WT Cas9 (Mali et al, 2013; Ran et al, 

2013). To generate the knockout of FZD6 and ROR1, MCF-7 or MDA-MB231 cells were 

seeded into 6-well plates and incubated for at least four hours at 37 °C, to allow the cells to 

attach to the bottom of the plate. A mixture of 1 µg of each plasmid in 200 µl OptiMEM was 

prepared and 5-15 µl of the transfection reagent (FugeneHD/K4® transfection system) were 

added. The solution was vortexed, spun down and incubated for 5 min at room temperature, 

then added dropwise to the cells. The total volume in the 6-well plate was adjusted to 2 ml 
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with RPMI + 10% FCS per well. 48 h post transfection, the cells were trypsinized and filtered 

with a cell strainer to separate the cells from each other for FACS sorting into the tubes, 

containing 4 ml of PBS + 1% EV-free FCS. The GFP+/mCh+ double positive cells were sorted 

by FACS into two 96-well plates at a concentration of 1 cell per well in 1 ml RPMI +10%FCS 

+ 1% Pen/Strep. After two to six weeks, depending on the cell line, the resulting cell colonies 

were tested for a successful and complete knockout of ROR1 and FZD6 by using Western 

blots. 

 

 

2.2.5 Functional assays 

2.2.5.1 MTT assay 

The MTT assay is a test to determine the metabolic activity of cells and can be used to 

measure the toxicity of certain substances on cells. In order to descry a suitable concentration 

of the proliferation inhibitor mitomycin C, that is non-toxic to the cells, 7.5·104 MCF-7 and 

MDA-MB231 cells were seeded in duplicates in a 24-well plate and incubated with the 

indicated concentrations of mitomycin C in RPMI+10% FCS for 20 h. Subsequently, the cells 

were incubated with 500 µl culture medium + 10% MTT (stock solution 6 mg/ml) for 4 h at 

37 °C. After the incubation, the cells were lysed in 500 µl lysis buffer (5 % formic acid + 63 

% isopropanol + 32 % DMSO) for 5-10 minutes at room temperature under constant shaking. 

The absorption of the samples at 540 nm was measured with a photometer (Victor 

X3/Photometer infinite F50) in 96-well plates and the values were correlated to the untreated 

control.  

 
 
2.2.5.2 Invasion assay 

Modified Boyden chambers (Hagemann et al, 2004) were used to determine the invasiveness 

of cancer cells as demonstrated in Figure 6. The Boyden chamber system consists of a 

chamber sealed with a porous membrane (10 µl pore diameter, Pieper) and a second chamber 

underneath, both filled with cell culture medium. 1·105 cells were seeded on the membrane 

previously coated with ECM (#3432-001-01, R&D) to mimic a preferably in vivo setting for 

tumor invasion through the tissue. Then the cells were incubated at 37 °C for 72-96 h under or 

without stimulation (1 µg EVs or 100 ng/ml rhWnt11). Successfully invaded cells, which had 

migrated through the pores, were then counted in the lower wells. Cell invasion was 

calculated by relating the number of invasive cells to the unstimulated control.  
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Figure 6: Schematic representation of a modified Boyden chamber: The Boyden chamber system 

was used to measure the invasion rates of cancer cells under stimulation with tumor EVs or tumor-

derived soluble factors such as Wnt11. Therefore, cells were seeded on the upper well of the 

chambers, containing medium and stimulated with the indicated factors. The cells were allowed to 

invade through the ECM and the pores of the polycarbonate membrane to the second chamber 

underneath for 96 h. Afterwards, the number of invasive cells in the lower wells was counted and 

compared to the unstimulated control (Created with biorender.com). 

 

 

2.2.5.3 Proliferation assay 

In order to analyze if the knockdown of FZD6 has an impact on cell proliferation, MCF-7 

FZD6 knockout and control cells were counted and stained with CellTrace Violet (Thermo 

Fisher Scientific) according to the manufacturer’s protocol (Fig. 7). The unstained and stained 

controls at time point 0h were either directly measured or fixed in PBS with 3% PFA and 

stored at 4°C. 3.5·105 or 2.5·105 cells were incubated for 24 or 72 h, respectively, and the 

V450 fluorescence intensity of single cells was measured by flow cytometry using the Attune 

Nxt acoustic focusing cytometer and finally analyzed by FlowJo (FlowJo 10.6.1). The 

representative gating strategy for cells is described in 2.2.10. 

 
 For calculating the number of cell divisions, the following formula was used: 

�=���2(���[0 ℎ]÷���[incubation time in ℎ]) 
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Figure 7: Proliferation assay: CellTrace violet is a fluorescent dye that labels all living cells. With 

each cell division, it is equally distributed among the dividing cells leading to a reduction of the 

fluorescence by half. Thus, by measuring the fluorescence prior to the start of the experiment (at 0 h) 

as well as after a given time (24 or 72 h), cell proliferation can be quantified by flow cytometry 

(Created with biorender.com). 

 

 

2.2.5.4 Wound-healing assay 

To investigate cell migration, a new assay was developed which is depicted in Figure 8. First, 

the bottom of a 6-well plate was coated with 30 µl ECM (#3432-001-01, R&D) of a 1:16 

dilution with RPMI without FCS. 4.5 ∙ 104 MCF-7 cells were seeded in each half of the Ibidi 

insert chambers and let adhere overnight. To exclude that the effects were caused by cell 

proliferation instead of migration, RPMI+10% FCS plus the proliferation inhibitor mitomycin 

C (#sc-3514, Santa Cruz) was added. The following day, the inserts were carefully removed 

without damaging the cell monolayer. Fresh medium including mitomycin C was carefully 

added to the wells and a microscopic image was taken with a 2.5 lens (t= 0 h). The 6-well 

plates were then incubated for 20 h at 37 °Cand the plates were imaged again. The migration 

rate was determined by measuring and calculating the area between the cell monolayers after 

20 h in relation to the area after 0 h using FIJI software (Schindelin et al, 2012) with the 

“trainable weka segmentation” plugin. 
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Figure 8: Wound healing assay: In a wound healing assay, an equal number of cells was seeded into 

the opposing chambers of the Ibidi inserts and allowed to adhere overnight. The next day, the inserts 

were removed and the migration rate was measured by quantifying the migration into the slot between 

the cell monolayers. The Fiji software with the plugin “trainable weka segmentation” can be used to 

mark cells and background and quantify the area differences between the cells of time point 0h and 

time point 20h. This determined difference was analyzed in relation to the comparative conditions 

(Created with biorender.com). 

 

 

2.2.6 RNA isolation, cDNA synthesis and qRT-PCR 

2.2.6.1 RNA isolation 

To isolate RNA for gene expression analysis, the cells were seeded into 6-well plates or Petri 

dishes and incubated overnight at 37 °C. After washing the cells with PBS, the RNA was 

isolated with the High Pure RNA Isolation Kit (Roche) according to the manufacturer’s 

protocol. To determine the isolated RNA concentration and purity, 1 µl of the RNA isolation 

was used for Nanodrop measurements. 

 



 
Material and Methods 

45 
 

2.2.6.2 cDNA synthesis  

Since qRT-PCR is a PCR method in which DNA is amplified, the RNA must first be 

transcribed into complementary DNA (cDNA) in order to be able to amplify it first and 

accordingly to be able to quantify and analyze the expression of various genes. Therefore, 1 

µg of total RNA was transcribed using the iScript reverse transcriptase kit (Bio-Rad) 

following the manufacturer’s instructions. The reverse transcriptase binds to random hexamer 

oligonucleotides and oligo (dT) primers complementary to the poly-A tail of mRNAs to 

transcribe as much RNA into cDNA as possible and is included in the kit. The required steps 

for a successful reaction are listed below: 

 
5x iScript reaction mix     4 μl 

iScript reverse transcriptase    1 μl 

RNA template (1 μg)      x μl 

Nuclease-free water      y μl 

Total volume       20 μl 

      
 
The solution was then incubated in a thermal cycler with a pre-programmed protocol: 
 
5 minutes at 25 °C 
30 minutes at 42 °C 
5 minutes at 85 °C 
Hold at 4°C 
 
Depending on the respective subsequent experiment, the cDNA samples were then diluted in 

nuclease-free water at a concentration of 10 ng/µl or 50 ng/µl for primer testing. 

 

 

2.2.6.3 Establishment of primers for qRT-PCR 

In order to analyze and compare relative gene expression in different samples in a comparable 

and quantitative manner, the quality and efficiency of the designed primers must be validated 

prior to analysis. The primer pairs for qRT-PCR were designed with PerlPrimer (version 

V1.1.21). Primer efficiency was tested by preparing a serial dilution of cDNA of a cell line 

with high expression of the gene of interest. The qRT-PCR was run as described in  2.2.6.4. 

and the measured Ct values were plotted against the amount of input cDNA. Based on the 

slope of the resulting curve, primer efficiency can be calculated using the following formula: 
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Efficiency = (10( -1 / slope value)) - 1 

Only primer pairs with an efficiency of 90-110 % were chosen for subsequent qRT-PCR 

analysis. With exception of FZD9 and FZD10, since several primers were tried for these 

genes and these genes are not expressed in the tested cell lines.  

 

 

2.2.6.4 qRT-PCR  

Quantitative real-time PCR was used to determine the gene expression level of a gene of 

interest in comparison to two housekeeping genes in order to investigate how strongly a gene 

is expressed in a certain cell line. The qRT-PCR method is based on the principle of PCR with 

the additional aspect of real-time quantification. First, the hot-start polymerase is activated, 

the DNA denatures, the gene-specific primers anneal to the cDNA and is then amplified in 

repetitive cycles. After each cycle, the fluorescent dye SYBR green intercalates in the double-

stranded DNA and the emission of the fluorescent signal is measured by the cycler. Therefore, 

the increase in fluorescence is proportional to the increasing amounts of amplified gene of 

interest. The threshold describes the value (Ct value) at which the fluorescence signal 

significantly exceeds the background noise. The Ct value of the gene of interest was 

normalized on the Ct values of two house-keeping genes (GNB2L1 and HPRT1), which then 

results in the ΔCt value. A melting curve analysis was performed as quality control after the 

PCR was completed, to determine the specificity of the amplificates in comparison to the 

values of the housekeeping genes. The primers that were used for qRT-PCR were previously 

tested as described in 2.2.6.3 and are listed in the table 2.1.11. A 384-well plate was used to 

perform the qRT-PCRs and each sample was measured in triplicates. For each gene, 8 µl of 

the qRT-PCR master mix were mixed with 2 µl cDNA (10 ng) in a 384-well plate. The plate 

was covered with a sealing foil, spun down (5 min, 750 g) and the qRT-PCR was run 

according to the following protocol in the 7500 Fast Real-Timer PCR system (Applied 

Biosystems): 

 

10× PCR buffer: 

● 0.75 M Tris-HCl pH 8,8  
● 0.2 M Ammonium Sulfate  
● 0.1% (v/v) Tween-20  
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SYBR-Green master mix: 
The trehalose solution was prepared in 10 mM Tris-HCl (ph 8.0) 

● 10x PCR buffer    2.5 ml 
● 25 mM MgCl2    3 ml 
● SYBR green (1:100)    31.3 μl 
● 20 mM dNTP mix    250 μl 
● 5 U/μl Taq polymerase   100 μl 
● 10% Triton X-100    652 μl 
● 1 M trehalose     7.5 ml 

 
PCR reaction mix: 

● SYBR green master mix 5,6 μl 
● fw-primer (10 μM)    0.3 μl 
● rv-primer (10 μM)    0.3 μl 
● nuclease-free water    1.8 μl 

 

PCR protocol: 
1. 12 min at 95 °C 
2. 15 s at 95 °C 
3. 1 min at 60 °C 
4. 15 s at 95 °C 
5. 2°C/min at 60-95°C 

6. Hold at 4°C 
 
Steps 2-4 were repeated 40 times. 
 

 

2.2.7 Protein biochemistry 

2.2.7.1 Protein extraction 

In order to study the expression of proteins, 1 · 106 cells were seeded into 6-well plates and 

incubated overnight at 37 °C. Cells were washed once with PBS and then lysed in 80 µl RIPA 

lysis buffer per well with a cell scraper on ice. The lysates were transferred to a 1.5 ml 

reaction tube and incubated at 4 °C for at least 30 minutes under constant shaking. Samples 

were cleared for 5 min at 20.000 g, 4 °C and the supernatant transferred to a new tube for 

storage at -20 °C. 
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RIPA lysis buffer: 
 
50 mM Tris    1.514 g 

150 mM NaCl    2.1915 g 

0,1% SDS    0.25 g 

0,5% Na-deoxycholat   1.25 g 

1% Triton X-100   2.5 ml 

     Ad 250 ml MilliQ H2O 

     adjust to pH 7.2  
 
To isolate proteins from LV, MV or Exo preparations, the pellets were resuspended in PBS 

and the EV protein concentration was determined as described in 2.2.7.2. 

 

 

2.2.7.2 Lowry assay 

The Lowry assay is a biochemical method to quantify proteins and is based on two reactions. 

In the first step, the formation of a blue-violet dye complex based on a peptide bond of copper 

(II) ions in an alkaline solution takes place. In the second step, the copper ions are reduced to 

monovalent cations and react with the yellow Folin-Ciocalteu reagent, which then turns into a 

blue color that can be measured by a photometer at 750 nm (Lowry et al, 1951). The Lowry 

protein assay (DCTM Protein Assay Kit II, #500-0223, Bio-Rad) consist of the aqueous stock 

solutions A and a second solution B that were mixed with the protein samples according to 

the manufacturer’s protocol. The cell lysates or LV were diluted 1:20 and MV or EXO 1:10 in 

MilliQ water and mixed with 50 µl reagent A. Subsequently, 400 µl reagent B were added 

and after vortexing, the samples were incubated for 15 min at room temperature. The 

absorbance was measured in duplicates at 750 nm in a plate reader (TECAN or Victor X3) 

and the values were correlated to the values of a BSA standard curve (0-1 mg/ml BSA).  

 

 

2.2.7.3 SDS-PAGE  

The “SDS polyacrylamide gel electrophoresis” (SDS-PAGE) is a method to separate proteins 

according to their molecular weight. For this purpose, SDS-containing polyacrylamide gels 

were prepared, consisting of a separating gel (8-12%) and a stacking gel (5%). The gel was 

inserted into the vertical electrophoresis chamber which was filled with running buffer. Cell 

lysates or EV samples (up to 50 µg of protein) were diluted 1:4 in 4x Laemmli loading buffer 
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(Bio-Rad) containing ß-mercaptoethanol (1:10 dilution) and heated for 5 min at 95 °C to 

denature secondary and tertiary structures of the proteins. The ß-mercaptoethanol in the 

Laemmli buffer reduces protein disulfide bonds and the anionic detergent SDS quantitatively 

binds to proteins resulting in a negative charge and allowing their separation in an electric 

field according to their mass. Dithiothreitol (DTT) served as protein stabilizer by preventing 

the oxidation of sulfhydryl groups of the proteins to disulfide bridges. Bromophenol blue was 

used as a dye for visualizing the sample in the gel. As some antibodies (FZD6, CD9, Alix and 

CD63) were not able to detect denatured proteins, to analyze the expression of these proteins, 

cell lysates and EV samples were prepared in 4x Laemmli buffer without ß-mercaptoethanol 

and heated 10 min at 70 °C. The protein samples and a molecular weight marker (Precision 

Plus ProteinTM - Bio-Rad) were loaded onto the gels and first collected in the stacking gel for 

about 30 minutes at 90 V and then separated for 60 to 90 minutes at 140 V.  

 

Separating gel buffer: 
1,5 M Tris    181.71 g 
2% SDS    100 ml 20% SDS      

Ad 1l MilliQ H2O 
Adjust pH to 8.8 

 
 
Stacking gel buffer: 
1,5 M Tris    181.71 g 
2% SDS    100 ml 20% SDS       

Ad 1 l MilliQ H2O 
Adjust pH to 6.8 
 

 
Separating gel  
 

  8x 10X 12% 

MilliQ H2O ml 2.38  2.03 1.7 

Separating gel buffer ml 1.25 1.25 1.25 

Acrylamid ml 1.32 1.67 2 

TEMED µl 5 5 5 

APS µl 50 50 50 
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Stacking gel  
 
MilliQ H2O    2.13 ml 
Sammelgelpuffer   380 μl 
Acrylamid    500 µl 
TEMED    3 μl 
APS     30 μl 
 
 
10x Tris-Glycine Buffer 
 
Tris base (25mM)   30 g 
Glycine (192mM)   144 g 

 

      Ad 1 l MilliQ H2O 

 

 
Electrophoresis buffer (10x) 
 
Tris-Base    30 g 
Glycine    144 g 
SDS     10 g 
 
     Ad 1 l MilliQ H2O 
 

 

2.2.7.4 Western Blot  

Next, proteins are transferred to a nitrocellulose membrane using the wet blot method. For 

this purpose, the gel was removed from the electrophoresis chamber and put on top of a 

membrane, which was then placed in the middle of a holder with two layers of fabric and two 

sheets of Whatman paper in transfer buffer. After removing all air bubbles, the holder was 

closed and placed in a blotting chamber filled with transfer buffer. The protein transfer was 

conducted for 3 hours at 80V and 4°C. Afterwards, the membrane was stained in 0.5 % 

Ponceau S (PanReac AppliChem) under constant shaking. The Ponceau S is a red, negatively 

charged dye, which binds reversibly to positively charged amino acids of the proteins. 

Therefore, it was used as loading control. The membrane was unstained in TBST and blocked 

for 60 min at room temperature in 3-5 % BSA (Roth) or milk powder (ChemCruz) in TBST to 

reduce unspecific binding sites. The primary antibodies (see 2.1.5) in 3-5% BSA or milk 

powder in TBST were incubated for 2 h at room temperature or overnight at 4 °C. Then, the 

membrane was washed three times with TBST for 5 min each at room temperature and 

subsequently incubated with horseradish peroxidase (HRP)-labeled secondary antibodies for 1 
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h at RT followed by three washing steps in TBST for 5 min each. A catalytic enzymatic 

reaction of the HRP elicits a chemiluminescent signal by oxidizing luminol. To detect the 

protein signals, ECL prime (GE Healthcare) or SuperSignalTM West Pico Plus 

chemiluminescent substrate (Thermo Scientific) were used. In case of insufficiently strong 

signals, either SignalFire ECL Reagent (Cell signaling) or Clarity MaxTM Western ECL 

substrate (Bio-Rad) were used as more sensitive reagents. After incubating the membrane 

with the respective ECL substrates, the signals were detected in a chemiluminescence imager 

(Amersham Imager600, GE Healthcare or Intas ECL Chemostar). The relatively 

quantification of protein bands from Western blots with FIJI, enables to analyze the relative 

amounts as a ratio of each protein band in comparison to the loading control. 

 

Protocol 10x TBS: 

 
Tris base     24 g 
NaCl      88 g 

●  

       Ad 900 ml MilliQ H2O 
       Adjust pH to 7.6 with HCl 
       Ad 1000ml MilliQ H2O 

 
For 1x TBST: 
 

TBS 10x     100 ml 
MilliQ-H2O     900 ml 
Tween-20     1 ml 
 

 

10x Blotting buffer 
 

Tris-Base:     30.28 g 
Glycin:     144.14 g 
 
      Ad 1 l MilliQ H2O 

 

 

2.2.7.5 Co-immunoprecipitation  

Co-immunoprecipitation (Co-IP) is a technique to identify protein–protein interactions by 

using a target protein-specific antibody to capture proteins that are bound to the captured 

protein. These protein complexes can then be analyzed by Western Blot to identify new 

interaction partners. For Co-IP experiments, 6·106 MCF-7 cells were seeded into 10 cm Petri 
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dishes and allowed to adhere overnight. Then, the cells were transfected according to the 

protocol described in 2.2.4.1 with either FZD6-Flag, V5-Wnt11 and pCMV control vectors or 

with pROR2, V5-Wnt11 and pcDNA3.1 control vectors. 24 h post transfection, the cells were 

carefully washed twice with ice-cold PBS and then crosslinked by using 1 mM disuccinimidyl 

suberate (DSS, Thermo Scientific) in 1 ml PBS + 1 mM MgCl2 for 30 minutes at room 

temperature. DSS is a non-cleavable, membrane-permeable crosslinker that consists of an 

amine-reactive N-hydroxysuccinimide (NHS) ester at each end of an 8-carbon spacer arm that 

reacts with primary amino groups to form stable amide bonds resulting in crosslinked 

proteins. After crosslinking, the cells were washed twice with ice-cold PBS and lysed on ice 

with a cell scraper and Co-IP RIPA buffer: 

 
Co-IP lysis buffer      

●   50 mM   Tris/HCl pH 8,0 
● 150 mM   NaCl 
●    1 %   NP-40  
●    1:100    Protease-Inhibitor-Cocktail (Sigma) 

 

For efficient cell lysis, the lysates were incubated for at least 30 min at 4°C under constant 

shaking and then cleared by centrifugation for 20 min at 4°C at 16060 g. The supernatant was 

transferred to a new reaction tube and the protein concentration was determined by Lowry 

assay as described in 2.2.7.2. For each Co-IP sample, 20 μl of the A / G agarose beads (#sc-

2003, Santa Cruz) were washed five times with 1 ml ice-cold PBS. 500 µg of protein lysate 

per sample were adjusted to a volume of 1 ml with ice-cold PBS. The 20 µl purified beads 

were then added and incubated for 1 h at 4 °C under constant shaking in order to deplete 

unspecific binding sites in the lysates. The samples were spun down at 4 °C and 1700 x g for 

5 min. The supernatant was carefully transferred into a new tube and 1 µg of the V5 antibody 

(#13202, cell signaling and #SAB2702199, Sigma) or IgG control (#2729, cell signaling and 

#M5284, Sigma) was added to the samples. After 16 h at 4 °C under constant agitation, 20 µl 

of previously washed A/G agarose beads were added and incubated at 4 °C for 2 h under 

constant shaking. The samples were centrifuged at 4 °C and 1700 x g for 5 min to pellet the 

antibody-bead-complexes. To reduce background signals, the supernatant was removed and 

the complexes were washed five times with 1 ml ice-cold PBS. Finally, the samples were 

resuspended in 15 µl Laemmli loading buffer (4x) and heated for 5 min at 95 °C to elute the 

antibodies and their bound targets from the beads. The samples were centrifuged for 1 min at 

11.000 g and the supernatants were loaded onto a SDS-PAGE gel for detection of protein 
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signals by Western Blot as described above. As control, up to 50 µg of the input cell lysates 

were loaded onto the same gel. 

 

 

2.2.8 EV techniques 

2.2.8.1 EV isolation 

EVs were isolated from cell culture supernatants. LV, MV and EXO differ in their size so that 

they can be separated by differential ultracentrifugation. 6·106 cells per 10 cm Petri dish were 

cultured overnight in media supplemented with 10 % vesicle-depleted FCS at 37 °C. Vesicle-

depleted FCS was generated by first heat-inactivating the FCS for 30 min at 56 °C and then 

centrifuging it for 16 h at 153700 g. The supernatant was then sterile-filtered (0.2 μM 

diameter), aliquoted in 50 ml and finally stored at 4 °C. The supernatants were collected and 

centrifuged at 500 x g for 5 min to remove residual cells and debris, followed by 1.500 g for 

15 min to pellet the LV. The MV were pelleted from the supernatant by ultracentrifugation at 

17.000 x g for 30 min at 4 °C. In order to isolate EXO, the supernatant of the MV 

centrifugation step was transferred to small ultracentrifugation tubes and then ultracentrifuged 

at 143.000 g, 4 °C for 1.5 h. All pelleted EVs were washed once in PBS and resuspended in 

20-50 µl PBS for subsequent analysis by NTA or western blotting.  

 

 

2.2.8.2 EV characterization 

In the first step, the modified cells were counted and the same number of cells were seeded 

equally into 10 cm petri dishes, to guarantee isolation of EV from the same number of cells in 

all conditions. In order to measure and compare the cell confluence, five pictures of one 

representative dish per condition were taken with a light microscope (4x or 10x 

magnification). FIJI (ImageJ) (Schindelin et al, 2012) was used to analyze the picture by 

using the plugin “trainable weka segmentation“, allowing the software to distinguish between 

cells and background and thus calculating the area of the cells in the image in relation to the 

remaining background. This percentage value then gives the cell confluence and the values of 

the five images were averaged. To analyze the EVs further, western blots, flow cytometry and 

Nanoparticle Tracking Analysis (NTA) were performed as described below. 
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2.2.8.3 Nanoparticle Tracking Analysis (NTA) 

In order to analyze EV concentration and size the ZetaView device (ZetaVIEW PMX120-S, 

Particle Metrix) was used for NTA. NTA is a method based on the principles of Brownian 

molecular movement for determining particle sizes and concentrations in liquid media. The 

Brownian molecular movement depends on the particle size under constant temperature 

conditions. Small molecules move faster than big molecules and the particles can then be 

tracked by a camera in the ZetaView, which allows the software to determine the sizes and 

concentrations of different particles. For measurement, each sample was diluted in 1 ml PBS 

and then injected into the flow cell of the instrument. Depending on the EV type and the 

concentration, the dilution factor varied between 1:250 and 1:5000. The ZetaView device 

filmed and measured at eleven positions for 1 s with a previously adjusted sensitivity the 

concentrations, size distributions, particles per frame, total number of measured particles and 

particle sizes with the ZetaView 8.05.05 SP2 software.  

 

 

2.2.9 Microscopy 

2.2.9.1 Fluorescence microscopy 

In order to show that the MDA-MB231 ROR1 knockout cells do not differ morphologically 

from the MDA-MB231 CRISPR control cells, their cytoskeleton was stained by F-Actin 

labeling via Phalloidin and the staining analyzed under a fluorescence microscope. First, 

5·104 cells were seeded onto glass coverslips in RPMI + 10% FCS into a 24-well plate and 

incubated overnight at 37 °C to allow the cells to adhere. After incubation, the cells were 

washed twice with PBS and fixed with 4% PFA for 15 min at room temperature on a shaker. 

After fixation, the cells were washed twice with PBS and then blocked with 

PBS+0.3%BSA+0.05% saponin for 20 min at room temperature to prevent unspecific 

antibody binding and to permeabilize the cell membranes ng. Cells were stained with FITC-

labeled Phalloidin for at least 1h at room temperature. Afterwards, the cells were washed 

twice with PBS and the coverslips were dried. Then, the coverslips were mounted in medium 

with DAPI onto microscopy slides which were stored at 4 °C until fluorescence microscopy 

with the Olympus IX83. 
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2.2.9.2 Confocal microscopy 

To ensure that the MCF-7 pROR2 deletion constructs were still located at the cell membrane, 

the cells were analyzed by confocal microscopy. The MCF-7 pROR2 modified cells were 

seeded at a concentration of 1·105 cells onto glass coverslips and allowed to adhere overnight 

at 37 °C. Then, the cells were washed twice with PBS and fixed with 4% PFA as described in 

2.2.9.1. In order to permeabilize the cell membrane the cells were incubated with PBS + 

0,2 % Triton-X for 10 min at room temperature and then blocked in 1% BSA with PBS for 1 

h at room temperature to prevent unspecific antibody binding. Afterwards, the cells were 

stained with 5 µl mouse anti-ROR2 antibody (#FAB20641G, R&D) in 5 µl PBS + 0,2 % 

Triton-X +1 % BSA solution for at least 1 h at room temperature. After washing and drying 

the cells, Mowiol solution was dropped on the coverslips for mounting and the coverslips 

were stored at 4 °C in the dark. The fluorescent images were taken on the confocal 

microscope (Olympus, FV 1200). 

 

 

2.2.10 Flow cytometry 

In order to analyze the proliferation of the MCF-7 knockout FZD6 cells and the cells 

expressing ROR2 deletion constructs, as well as to confirm the CRISPR ROR1 KO and to 

characterize MVs, flow cytometry was used. For each sample, 5·105 cells were pelleted at 500 

x g for 5 min and the pellet was resuspended in PBS + 1 % EV-depleted FCS for 20 min in 

order to block unspecific bindings of the antibodies. For MV, 4 µg of MVs were blocked for 

20 min in PBS + 1% EV-depleted FCS. The cells and MVs were then incubated for 20 min at 

RT in the dark with the respective fluorescently-labeled antibodies listed in 2.1.5. As controls, 

matched isotype controls and unstained cells were included in the analysis at the Attune Nxt 

Acoustic Focusing Cytometer. The percentage of fluorescent-positive single cells was then 

analyzed by FlowJo software (FlowJo 10.6.1). 

As shown in Figure 9, the MV (A) and the cells (B) in this work were measured differently by 

flow cytometry and evaluated using FlowJo. Since the MVs are significantly smaller than 

cells, the threshold was reduced so that the MVs could be separated from the cell debris. To 

this end, 10.000 events were measured in the MV gate. The values were then compared with 

the respective isotype control. The cells (B) were gated according to single cells in two steps, 

also based on their size and granularity, so that 10.000 events were measured here too and 

could also be compared in comparison to the corresponding isotype control. 
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Figure 9: Flow cytometry: Gating strategy of MV (A) and cells (B), according to their size, 

granularity and fluorescence signals. A: MVs were gated based on their size and granularity and 

separated from the cell debris. A total number of 10.000 events was measured in the MV gate and later 

analyzed using FlowJo. B: The cells were gated from cells to single cells. The evaluation was also 

carried out using FlowJo. 

 

 

2.2.11 Bioinformatics and statistics 

The data were analyzed with the Graphpad Prism software, calculating means ± standard 

deviation (SD) and significance by using a two-sided student’s t-test or one-way ANOVA 

test, unless indicated otherwise. P-values < 0.05 were considered significant. All performed 

experiments were executed in at least three independent biological replicates.  

The bioinformatic analyses were performed as part of the MyPathSem consortium in 

cooperation with the bioinformatics department (Institute Medical Bioinformatics) and the 

group of Prof. Tim Beißbarth, Darius Wlochowitz and Dr. Maren Sitte. Further survival 

analysis was performed with the online tool kmplot.com (Győrffy, 2021). 

(https://kmplot.com/analysis/index.php?p=service&cancer=breast).
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3. Results 

3.1 ROR receptors in breast cancer cells 

3.1.1 ROR1/2 expression in different breast cancer cell lines 

The ROR receptor family was shown to be overexpressed in different cancer entities (Zhou et 

al, 2020; Hasan et al, 2017; Liu et al, 2020). Based on preliminary results, the ROR receptor 

family moved into the center of attention. It has been shown that ROR receptors play an 

important role in embryonic development, but are often associated with cancer diagnoses 

(Menck et al, 2021; Yamada et al, 2010; Borcherding et al, 2014; Zhang et al, 2012c; Debebe 

& Rathmell, 2015). In 2017, RNA-seq revealed an upregulation of Wnt11 in ROR2 

overexpressing MCF-7 cells, indicating a possible interaction of those proteins (Bayerlová et 

al, 2017). Based on this background, a cell line screening of various human breast cancer cell 

lines was carried out, in which the ROR1/2 gene and protein expression was analyzed using 

qRT-PCR and Western blot. As shown in Figure 10, the Luminal A breast cancer cell line 

MCF-7 does not express ROR1 or ROR2, which makes it a good model system for studying 

the function of ROR1 and ROR2 through overexpression experiments. T47d, on the other 

hand, showed a relatively high expression of ROR2, although ROR1 is hardly expressed. This 

makes T47d an ideal cell line for the knockdown of ROR2. In contrast to T47d, the basal-like 

breast cancer cell line MDA-MB231 does not express ROR2, but instead rather high levels of 

ROR1, which makes it a suitable model for ROR1 knockout. 

 

Figure 10: ROR1 and ROR2 expression in human breast cancer cell lines: A, Gene expression of 

ROR1 and ROR2 in different breast cancer cell lines was measured by qRT-PCR (mean±SD, n=3, 
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n.e.= not expressed; CT values <30 marked as not expressed). B, Various human breast cancer cell 

lines showed different ROR1 and ROR2 protein expression in western blot. ß-Actin is shown as 

housekeeper and Ponceau staining was used as loading control. 

 

3.1.2 ROR2 overexpression increases breast cancer invasion, but not migration 

To investigate the role of ROR2 in breast cancer regarding tumor progression, ROR2 was 

overexpressed in MCF-7 cells and the cells were then examined in functional assays focusing 

on cell invasion and migration as two key features required for cell spreading. The ROR2 

overexpression was first confirmed by using Western blots (Fig.11 A). The ROR2 

overexpression led to a significantly increased invasion rate in Boyden chamber experiments 

compared to empty vector cells, confirming previous results (Bayerlová et al, 2017). Despite 

the fact that studies found a link of ROR2 knockdown to decreasing migration rates in 

osteosarcoma cells (Dai et al, 2017), no difference between the MCF-7 empty vector and 

ROR2 overexpression cells was detected in the previously established migration assays 

(Fig.11 C). On the one hand the effect on cancer cell invasion could be cell line-specific; on 

the other hand the migration assay might not be sensitive enough for revealing weak effects. 

 

 
Figure 11: ROR2 overexpression increases breast cancer invasion, but not migration: A, MCF-7 

cells were transfected with either empty vector (pcDNA) or a human ROR2 overexpression plasmid 

(pROR2). HSP90 was used as loading control. B, Invasion assay: The invasion rates of MCF-7 

pROR2 and pcDNA cells were measured in Boyden chambers over 96 h (mean±SD, n=3, *p<0.05), C, 

Migration of MCF-7 pcDNA and pROR2 cells was studied in wound healing assays over 20 h. 

Representative images are shown on the left, the corresponding quantification on the right (mean±SD, 

n=5). 
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3.1.3 Wnt11 is a novel ligand for ROR2 

Up to date, Wnt5a was claimed to be the sole ligand for ROR2 (Fukuda et al, 2008; Oishi et 

al, 2003). Whether ROR2 binds other non-canonical Wnt ligands was unclear. Based on an 

RNA sequencing (RNA-seq) analysis, an upregulation of Wnt11 in ROR2 overexpressing 

MCF-7 was found (Bayerlová et al, 2017), which indicated that Wnt11 is a possible new 

ligand for ROR2. To answer this question, MCF-7 pROR2 cells were transiently transfected 

with V5-tagged Wnt11 and its interaction with ROR2 studied by Co-IP (Fig.12).  

 

 

Figure 12: Wnt11 interacts with human ROR2: MCF-7 pcDNA or pROR2 cells were transiently 

transfected with V5-tagged Wnt11 and its interaction with ROR2 studied by Co-IP with a V5 

antibody. Ponceau staining was used as loading control. 

 

Indeed, the V5 antibody successfully pulled down ROR2, and thus confirming its interaction 

with Wnt11 in human MCF-7 cells in the Co-IP. 

 

 

3.1.4 TKD and CRD are important for ROR2-mediated cell invasiveness 

Wnt5a was identified for this purpose as a ligand for ROR receptors, with the CRD domain of 

ROR receptors identified for binding with Wnt5a (Xu & Nusse, 1998; Oishi et al, 2003). The 

question now arises whether the same domain is also responsible for interaction with Wnt11 

and whether it mediates the effects of Wnt11 on tumor invasion. Furthermore, since ROR2 is 

a potential tyrosine kinase, the question arises whether the TKD, or rather the PRD, which 

mediates protein-protein interactions, is important for the transduction of Wnt11 signaling. 

For this purpose, serial deletions of the individual domains were generated which are shown 
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schematically in Figure 13 A. In order to prove the successful overexpression of the cloned 

ROR2 deletion constructs in ROR2-negative MCF-7 wildtype cells, both Western blots 

(Fig13 B) and flow cytometry (Fig 13 C) were performed. and the deletion constructs with the 

expected sizes could be verified. Interestingly, the antibody used for the expression analysis 

by Western blot failed to detect some ROR2 constructs, therefore flow cytometry was used to 

ensure the expression of ROR2 ΔIg-like domain, as well as the intracellular deletion 

constructs, as shown in Figure 13 C.  
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Figure 13: Generation of ROR2 C- and N-terminal deletion constructs: A, Schematic overview of 

pROR2 C- and N-terminal deletion constructs (created with biorender.com, adapted from (Menck et 

al, 2021)). B, MCF-7 cells were stably transfected with either the empty vector (pcDNA), ROR2 full 

length (ROR2 FL ~130 kDa) or the deletion constructs (ΔIg ~90 kDa, ΔIg ΔCRD ~72 kDa, ΔIg 
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ΔCRD ΔKRD 62 kDa). C, MCF-7 cells were transfected with either ROR2 FL or with the deletion 

constructs missing PRD (~90 kDa) or PRD and TKD (~75 kDa). Flow cytometry confirmed the 

expression of ROR2 (green) in the deletion constructs. The IgG control is shown in grey. 

 

In order to confirm that the deletion of the distinct domains did not affect the intracellular 

localization of ROR2, immunofluorescence stainings with a fluorescently-labeled ROR2 

antibody were carried out. As shown in Figure 14, all ROR2 constructs were overexpressed in 

MCF-7 cells and indeed still localized at the cell membrane.  

 

 

Figure 14: ROR2 deletion constructs are still located at the cell membrane: MCF-7 cells were 

transfected with the different ROR2 deletion constructs or with the ROR2 full length (FL) or pcDNA 

empty vector plasmid and stained with an AlexaFluor488-labeled ROR2 antibody. The nuclei were 

counterstained with DAPI. Expression was analyzed by confocal microscopy. (Scale bar 10 µm) 

 

In order to find out which domains of the ROR2 receptor then provide information about 

which functions of ROR2 might be relevant for mediating the increased invasiveness of 

ROR2 overexpressing MCF-7 cells, invasion assays were carried out. The Boyden chamber 

experiments revealed a significant reduction in the cell invasiveness of the N-terminal CRD 

deletion constructs, as well as the ROR2 constructs lacking PRD and TKD, indicating that 

these domains are important for cell invasion, as can be seen in Figure 15. The CRD domain 

has already been identified for binding of other Wnt ligands, suggesting that the CRD domain 

is also important for Wnt11 binding, indicated by the significant reduction in invasiveness 

after deletion of this domain. Furthermore, the considerable decrease of cell invasiveness by 

the loss of the TKD domain hints at its substantial role in mediating cell invasion 
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Figure 15: Loss of TKD, CRD and KRD of ROR2 significantly reduces ROR2-induced breast 

cancer invasion: The invasion rates of MCF-7 breast cancer cells expressing either pcDNA, pROR2-

FL or pROR2 deletion constructs of extracellular domains (A) or intracellular domains (B) were 

assessed by Boyden chamber assays over 96 h (mean±SD, n=3, *p<0.05). 

 

3.1.5 High ROR expression is prognostic in breast cancer patients 

The data demonstrated here show that ROR2 mediates a tumor-promoting aggressive 

phenotype in breast cancer. Furthermore, ROR2 has been shown to interact with the non-

canonical Wnt ligand Wnt11. The CRD and TKD domains were found to be important for the 

functionality of ROR2 in relation to tumor invasion, as the CRD domain is required for Wnt 

interaction and the TKD domain is thought to be important for signal transduction. ROR1 has 

already been identified as an oncogene by various studies in breast cancer (Zhang et al, 2012), 

whereas the role of ROR2 has been discussed controversially (Tseng et al, 2020; Guo et al, 

2020). Various studies have found that ROR1 was highly expressed in breast cancer and 

linked to an aggressive phenotype.  

In line with these results also linking ROR2 to an aggressive phenotype and published data 

demonstrating that non-canonical Wnt signaling might be linked to metastasis formation, by 

promotion cell invasion, migration, adhesion, motility and proliferation (Chen et al, 2021), the 

question now arises whether high expression of ROR receptors in breast cancer patients is 

also associated with poorer metastasis-free survival. For this purpose, a microarray data set 

with 2075 primary breast cancer patients was analyzed for the influence of ROR1 and ROR2 

on distant metastasis-free survival (DMFS) in the four distinct molecular subtypes. Among 
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them, ROR1 was only prognostic in the aggressive basal-like subtype in which high ROR1 

expression in the primary tumor was associated with shorter DMFS (Fig. 16 A). In the 

remaining subtypes, high ROR1 expression had no effect on DMFS. This result obtained here 

fits with those of other studies in which ROR1 was also expressed highly in the basal-like 

subtype and therefore might function as a biomarker for this subtype (Pandey et al, 2019). To 

investigate the influence of increased ROR2 expression on breast cancer patients, the same 

data set was used for following analysis as can be seen in Figure 16 B Especially in the Her2 

subtype a high ROR2 expression led to significantly worse DMFS compared to the other 

subtypes. High ROR2 expression in the remaining subtypes did not show any impact on the 

DMFS of the patients. Interestingly, a high ROR2 expression in the basal-like subtype 

showed the opposite effect of ROR1 with a high ROR2 expression resulting in better clinical 

outcome for the breast cancer patients. 

 

Figure 16: A high expression of ROR1/2 is prognostic in distinct breast cancer subtypes: A+B, 

Survival analysis based on ROR1 gene expression data of primary breast cancers divided by their 

molecular subtype. Red: <median ROR1 expression, blue: >median ROR1 expression. Statistical 

significance was assessed by log-rank test (A). B, the same data set of primary breast cancer patients 

was used to analyze the DMFS depending on the expression of ROR2 in the distinct breast cancer 

molecular subtypes. Red: <median ROR1 expression, blue: >median ROR1 expression. Statistical 

significance was assessed by log-rank test. 

In summary, a high ROR2 expression was linked to a poorer DMFS for Her2 subtype and for 

basal-like subtype a high ROR2 expression led to a better clinical outcome although the 
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immunohistochemical stainings and moreover a study from 2015 found high ROR2 

expression in basal-like subtypes (Henry et al, 2015b). Nevertheless, it could be shown that 

ROR2 interacts with Wnt11 and triggers an aggressive phenotype in breast cancer. This 

suggests that ROR receptors play an important role in tumor progression in breast cancer. 

 

 

3.2 Non-canonical Wnt11 mediates breast cancer invasion and migration 

via FZD6 

3.2.1 Cell line screening 

After it had been shown that ROR2 acts as a novel receptor for Wnt11 signaling, the question 

arose whether Wnt11 can additionally interact with other Wnt receptors, since MCF-7 does 

not express ROR2. Therefore, the first step was to perform a cell line screen to elucidate 

which WNT receptors and co-receptors are highly expressed in different breast and colorectal 

cancer cells, since Wnt signaling plays a central role in tumor progression in both breast 

cancer and CRC. Different cell lines, including a colorectal cancer cell line (SW48) and three 

breast cancer cell lines (MCF-7, T47d, SKBR3) were examined for the expression of all 

currently known WNT receptors and co-receptors using qRT-PCR (Fig. 17). The receptors 

vary in their expression levels depending on the respective cell lines. For example FZD8 and 

FZD10 were also not expressed in MCF-7 and T47d and only very weakly in SKBR3 and 

SW48. FZD2 and FZD5 were expressed in all cell lines examined. The non-canonical co-

receptor PTK7 was also expressed in all investigated cell lines, although the expression in 

SKBR3 was very low. A relatively high expression of FZD1, FZD4 and FZD6 and RYK was 

found in all four cell lines, whereas FZD9 was consistently not expressed.  

FZD1, on the one hand, is well-known for its role in the canonical Wnt signaling pathway and 

has been shown to bind the canonical Wnt ligands Wnt3 and Wnt3a (Chacón et al, 2008; 

Gazit et al, 1999). FZD6, on the other hand, appears to play a central role in both canonical 

and non-canonical Wnt signaling, although FZD6 was mainly associated with non-canonical 

Wnt signaling (Corda & Sala, 2017). Therefore, FZD6 was selected as the most promising 

non-canonical Wnt receptor because it was the most highly expressed in the cell lines studied 

here 
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Figure 17: Characterization of the WNT receptor profile in distinct human breast and CRC 

cells: The expression of different Wnt receptors and co-receptors was measured by qRT-PCR in the 

human colorectal cancer cell line SW48 (A), as well as the human breast cancer cell lines MCF-7 (B), 

SKBR3 (C) and T47d (D) (mean±SD, n=3). All genes with Ct values >30 were considered as not 

expressed (n.e.).  

 

3.2.2 WNT11 interacts with non-canonical Wnt receptor FZD6 in breast cancer 

cells 

To investigate whether the knockout of Fzd6 antagonizes WNT11-induced tumor invasion 

and migration, FZD6 knockout was first established in the breast cancer cell line MCF-7 by 

using the CRISPR / Cas9 method to generate two single-strand breaks in the second exon of 

FZD6 and thereby a knockout of FZD6. Two clones were picked for subsequent experiments. 

The Western blot showed a complete knockout of FZD6 in comparison to the control cells 

(Fig.18 A). First, a migration assay as shown in Figure 18 B was established. For this assay, 

6-well plates coated with ECM were prepared and cells were seeded into Ibidi inserts. After 

removal of the inserts, microscopic images were taken after 0 h and 20 h and the migration 

rate was determined by measuring the area occupied by the migrating cells. Knockout of 

FZD6 resulted in a significant reduction in the migration rate in MCF-7 cells compared to 

control cells (Fig.18 C). In a second step, the invasion rate was measured in Boyden chamber 

experiments. MCF-7 FZD6 knockout and control cells were stimulated with recombinant 

Wnt11 for 96h and the invasion rate was determined (Fig.18 D). Knockout of FZD6 resulted 
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in a significant reduction in the migration rate in MCF-7 cells compared to control cells. 

Stimulation of Wnt11 led to a significant increase in migration in control cells, whereas FZD6 

knockout cells showed no increase in migration despite Wnt11 stimulation. In order to 

exclude that the observed effects were caused by an influence of the FZD6 knockout on cell 

proliferation, dye dilution assays were carried out (Fig.18 E). As shown in Figure 18, there 

was no significant reduction in cell proliferation in the two FZD6 knockout clones compared 

to the control cells, suggesting indeed that FZD6 mediates Wnt11-induced breast cancer 

invasion and migration.  

 

 

Figure 18: FZD6 mediates Wnt11-induced breast cancer invasion and migration: A, Western blot 

of MCF-7 CRISPR FZD6 knockout cells (Cr #1,2 = two clones, ctl = empty vector control) shows a 

complete knockout of FZD6. B, Experimental setup of wound healing assay with MCF-7 control or 

CRISPR FZD6 cells either stimulated for 96 h with PBS (ctl) or rWnt11 (100 ng/ml, mean±SD, n=5). 

C, Migration rate of FZD6 knockout in MCF-7 cells in comparison to the control cells, either 

stimulated with PBS or with rhWnt11 in the wound-healing assay as shown in B (*p<0.05). D, 

Invasion assay: MCF-7 control or CRISPR FZD6 cells treated with rWNT11 (mean±SD, n=3, 

*p<0.05). D, MCF-7 CRISPR FZD6 and control cells were stained with celltrace violet. The cell 

divisions were then measured by flow cytometry according to the dye distribution over 72h. 
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3.2.3 WNT11 is a novel ligand of FZD6 

The question now arose whether there is an interaction between Wnt11 and FZD6. Based on 

these results, it was hypothesized that FZD6 might act as a novel receptor for WNT11. In 

order to confirm a potential interaction, Co-IP experiments were conducted. To this end, 

MCF-7 cells were transfected to express V5-tagged Wnt11 and FLAG-tagged FZD6. 24 h 

post transfection, the cells were treated with a membrane-permeable crosslinker and lysates 

were subjected to pull-down with the V5 antibody. Indeed, FZD6 precipitated with V5-Wnt11 

suggesting an interaction between both (Fig.19).  

As FZD receptors often engage with distinct co-receptors to relay Wnt signals, the question 

arose whether this is also the case for Wnt11-Fzd6. Preliminary data from our group (not 

shown here) suggested that the overexpression of Wnt11 in MCF-7 cells upregulated the 

expression of PTK7, while the other known Wnt co-receptors (Ryk, ROR1 and ROR2) 

remained unaffected. Furthermore, it had been shown that the combined expression of Wnt11, 

FZD6 and either PTK7 or Ryk led to increased 5-year mortality rates in human colorectal 

cancer (Gorroño-Etxebarria et al, 2019). Taken together, these data supported the hypothesis 

that PTK7 might act as a possible co-receptor for Wnt11. Indeed, it was demonstrated that 

PTK7 was co-immunoprecipitated with Wnt11 (Fig.19), thereby confirming FZD6 and PTK7 

as novel interaction partners for Wnt11.  

 

 

Figure 19: Co-immunoprecipitation of FZD6 with Wnt11 and PTK7: MCF-7 cells were 

transiently transfected with pCMV, pFZD6-Flag or V5-tagged Wnt11 and used for Co-

immunoprecipitation of V5-Wnt11 or IgG control. Successful pull-down was visualized by western 

blot for V5, FZD6 and PTK7. Ponceau staining is shown as loading control.  
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3.2.4 High FZD6 expression is prognostic in breast cancer patients 

Having identified FZD6 as a receptor for Wnt11 and demonstrated that both Wnt11-mediated 

invasion and migration are initiated via its interaction with FZD6, the next step was to 

investigate whether FZD6 has a prognostic impact on breast cancer patients. A microarray 

data set of 2075 primary breast cancer patients was analyzed (Fig. 20) (Bayerlová et al, 2017). 

First, based on our preliminary results (unpublished) and previously published data, a Wnt11 

gene signature of non-canonical Wnt signaling genes including receptors and downstream 

targets, as well as genes from associated signaling pathways such as PI3K signaling, was 

generated. As can be seen in Figure 20 A, the signature clustered patients into two groups that 

differ in distant metastasis-free survival. Here, the group with the worse clinical outcome is 

the one in which Wnt11 is highly expressed. FZD4, FZD9, mTOR, GSK3, ROCK2, RORA and 

PIK3C clustered together with Wnt11. Interestingly, FZD6 did not cluster with Wnt11, but 

instead clustered with FZD1, FZD2, FZD5, FZD7, FZD10, RYK, ROCK1, FZD5, RASGRP1 

and ROR1/2. The group with high gene expression of these genes showed a better clinical 

outcome in comparison. In addition, Kaplan-Meier survival curves showed the influence of 

high or low FZD6 or FZD4 gene expression alone on the distant metastasis-free survival 

(DMFS) of the patients. It was found that a high FZD6 expression was associated with a 

significantly reduced DMFS, while the opposite was true for FZD4 (Fig.20 B). Another data 

set was used to confirm these data and therefore the public online tool kmplot.com was 

utilized for this purpose. The online tool uses various public datasets for the analyses, which 

then include data from 2675 breast cancer patients (Győrffy, 2021). In fact, the prognostic 

influence of FZD6 on the metastasis-free survival of breast cancer patients was also 

confirmed in this independent dataset (Fig.20 C). 
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Figure 20: High FZD6 expression is prognostic in breast cancer patients: A, Gene expression data 

of 2075 primary breast cancer patients were analyzed based on a preliminary defined Wnt11 signaling 
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signature with associated genes. The signature clustered the data set into two patient groups, among 

which the group with high Wnt11 expression (violet curve) is associated with poor distant metastasis-

free survival. B, Kaplan-Meier plot of distant-metastasis free survival (DMFS) in the cohort depending 

on the FZD6 or FZD4 expression level. Violet: <median expression, green: >median expression. 

Statistical significance was calculated by log-rank test. C, the online tool kmplot.com was used to 

additionally analyze the distant metastasis-free survival of 2765 breast cancer patients based on their 

median FZD6 and FZD4 expression. black = low expression, red = high expression.  

 

 

3.2.5 High FZD6 expression is prognostic in colorectal cancer patients 

Although canonical Wnt signaling is predominantly active in colorectal cancer and is known 

to be a main driver of CRC, non-canonical Wnt members are also found to be highly 

expressed in colorectal cancer. For instance Wnt11 was characterized as an oncogene in CRC 

and furthermore found to be highly expressed in CRC (Ouko et al, 2004; Kirikoshi et al, 

2001; Nie et al, 2020). Therefore, the Wnt11 signature, which was used before, was extended 

to all Wnt ligands and also Norrin, as a known non-canonical ligand for FZD4 (Bang et al, 

2018). Since Norrin and other Wnt ligands trigger Wnt signaling in the CRC and are therefore 

of central importance for CRC progression, they were considered important for the generation 

of this signature, as Norrin-triggered Wnt signaling, for example, has been linked to 

angiogenesis in the CRC (Planutis et al, 2014). 

This signature was used to analyze a patient cohort with public microarray data of 290 

primary CRC patients (Fig.21). The hierarchical cluster analysis yielded four patient clusters. 

The Kaplan-Meier curves display the DMFS according to the four clusters, generated on the 

basis of this gene expression analysis. Interestingly, Wnt11 clusters with Norrin and other 

Wnt ligands, with most of the ligands being highly expressed in the CRC patient data. Wnt11 

does not cluster here either with FZD6, which in turn clustered in a group with FZD5, GSK3, 

Wnt10, Wnt8A, RYK, Wnt16, Wnt7b, mTOR and AKT. A patient group with high gene 

expression of this FZD6 cluster showed a significantly worse distant-metastasis free survival. 

In comparison to FZD6, FZD4 showed contrary expression levels in the CRC patients and 

clustered with ROR1, RORA, ROR2, FZD8, Wnt3a, Wnt2 and Wnt5a. Nonetheless, non-

canonical Wnt signaling appears to play a greater role in breast cancer. 
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Both the in vitro data and the patient data showed greater effects in breast cancer with regard 

to Wnt11-mediated non-canonical Wnt signaling and its impact on tumor progression and 

metastasis. Therefore, the focus of this work remains on breast cancer. 

 

 

Figure 21: Gene expression and survival analysis of primary CRC patients: Microarray data of 

290 primary colorectal cancer patients were analyzed and a signature of Wnt signaling associated 

genes subdivided the patients into four groups. Kaplan-Meier survival curves showed distant 

metastasis-free survival of the four groups. Statistical significance was calculated by log-rank test. 

 

3.3 The role of the ROR receptors in EV biogenesis 

3.3.1 ROR1 is expressed on MDA-MB231 EVs 

Various studies have shown that Wnt proteins are transported on EVs to neighboring cells in 

which they can trigger Wnt signaling responses (Gross et al, 2012; Menck et al, 2013). In 

order to investigate whether the same is true not only for WNT ligands, but also for WNT 

receptors, the expression of ROR1 was investigated on LV, MV and EXO. To this end, EVs 
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were isolated from the TNBC cell line MDA-MB231 by differential ultracentrifugation, 

because ROR1 was shown to be highly expressed in MDA-MB231 breast cancer cells. To 

confirm successful EV isolation, the vesicles were characterized according to the MISEV 

criteria (Théry et al, 2018) by NTA and Western blot.  

First, the isolated EVs were characterized by NTA, to confirm the isolation of different EV 

populations that differ in their sizes. Therefore, mean sizes and concentrations of the isolated 

vesicles were measured and they concurred with the expected values for EVs (Menck et al, 

2020), with a mean size for LVs of 212 µm, MVs 205 µm and EXOs 171 µm. MDA-MB231 

cells show a very low secretion of LVs and predominantly secrete MVs, as can be seen in 

Figure 22. A Western blot was used to investigate whether MDA-MB231 EVs actually 

express ROR1 and, if so, on which vesicle subpopulation. Various vesicle markers were used 

as controls to ensure that the isolated vesicle populations are not contaminated and that the 

results are valid. As can be seen in Figure 22 A, ROR1 is expressed specifically on MV and 

EXO, but not on the larger LV populations. Rgap1, α-Actinin4 and CK18 were used as LV 

markers, Rgap1, α-Actinin4 and Kif4 functioned as MV markers, whereas CD9, CD63, 

Syntenin and Alix displayed EXO markers. GM130 is a membrane protein localized at the 

Golgi matrix (Nakamura, 2010). Calregulin, on the other hand, is a Ca2+-binding chaperone 

protein and is localized at the endoplasmic reticulum or other cellular compartments 

(Varricchio et al, 2017). Since neither of the proteins are involved in vesicle biogenesis, they 

act as negative markers here. 
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Figure 22: ROR1 is expressed on MV and EXO of MDA-MB231 cells: A+B, Characterization of 

the extracellular vesicles of MDA-MB231 cells by using NTA, according to their sizes (A) and 

concentrations (B). C, Size distribution of LVs, MVs, and EXOs in nm. D, Characterization of MDA-

MB231 wildtype cells and EVs by western blot with different EV markers and ROR1. GM130 and 

Calregulin were used as negative markers.  

 

3.3.2 ROR1 affects protein composition of breast cancer cell-derived EVs 

After it was found that ROR1 is expressed on MDA-MB231 MV and EXO, ROR1 was 

knocked out in MDA-MB231 wild-type cells to investigate whether ROR1 only functions as a 

cargo molecule on EVs, or whether it is itself involved in their biogenesis. For this purpose, 

two knockout clones (#1 and #2) were generated using the CRISPR/Cas9 method targeting 

either exon one (clone #1) or exon two (clone #2). Successful knockout was validated by 

Western blot in comparison to empty vector cells. (Fig.23 A). To ensure that the loss of ROR1 

would not be compensated with ROR2 and thereby affect subsequent results, qRT-PCR was 

performed with the MDA-MB231 ROR1 knockout cells. No upregulation of ROR2 was 

found, ruling out possible compensation (data not shown). 

In order to investigate the influence of ROR1 on vesicle biogenesis, the same number of 

ROR1 knockout and control cells were subjected to EV isolation. Equal cell numbers were 

confirmed by measuring the cell confluence (Fig.23 B) and allowed to draw quantitative 

conclusions about EV release. NTA demonstrated no significant effect of the ROR1 knockout 

on the concentrations or size of the released vesicles (Fig.23 C). To ensure that knockout of 
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ROR1 did not cause cells to differ from control cells and might affect vesicle biogenesis, 

phalloidin staining of ROR1 knockout cells and control cells was prepared and compared by 

immunofluorescence microscopy. As shown in Figure 23 D, no morphological differences 

were found that would account for possible differences in vesicle biogenesis.  

 

Figure 23: Knockout of ROR1 does not affect the size or concentration of MDA-MB231 EVs: A, 

Western Blot of ROR1 expression in MDA-MB231 CRISPR ROR1 knockout cells (cr #1,2 = two 

clones, cr ctl = empty vector). GAPDH is shown as housekeeper protein, Ponceau staining as loading 

control. B, Cell confluency measurement: The same number of MDA-MB231 cr ctl or cr ROR1 cells 

were seeded into petri dishes and grown overnight for EV isolation. The cell confluence was 

determined based on microscopic pictures. C, EV concentration and mean size: NTA analysis of 

concentration and mean size of the different EV populations released by cr ctl or cr ROR1 cells. D, 

Immunofluorescence microscopy: Phalloidin staining of MDA-MB231 CRISPR ROR1 cells in 

comparison to empty vector cells (scale bar 50 µm). 

 

As shown in Figure 24, the knockout of ROR1 indeed affected the protein composition of all 

three investigated EV populations, i.e. LV, MV, and EXO. In the LVs Rgap1 expression was 

significantly reduced by the knockout of ROR1, as well as Kif4 and Rgap1 expression on 

MVs of the CRISPR ROR1 clone #2. Interestingly, Kif4 and Rgap1 expression were not 

decreased in clone #1. This should be analyzed in more detail in further experiments, in order 

to determine which clone reflects the effects of ROR1 on the EV composition more 

accurately. Furthermore, expression of the EXO markers CD63 and CD9 was significantly 
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reduced by the knockout of ROR1 in both knockout clones. Interestingly, knockout of ROR1 

affected vesicle composition of Rgap1 expression on LVs in both ROR1 knockout clones, 

suggesting a stable effect, although ROR1 per se was not expressed on the LVs. Indeed, it is 

not entirely clear which of the ROR1 knockout clones now reflects the most accurate results 

for the effect of ROR1 on vesicle composition. All in all, clone #2 often seems to have the 

stronger effects on vesicle composition, whereas α-Actinin4 does not appear to be affected by 

the ROR1 knockout. The effect on CD9 in EXOs is significant for both ROR1 knockout 

clones, suggesting a strong consistent effect of ROR1 on CD9.  

 

Figure 24: The knockout of ROR1 altered EV protein composition: A-C, EVs isolated from 

MDA-MB231 ROR1 knockout (cr #1,2 = two clones) and control (cr ctl) cells were characterized by 

Western blot for the expression of characteristic markers for the distinct EV populations. The 

corresponding cell lysates are shown for comparison. Densitometric quantification of the selected 

marker proteins is shown below and was normalized on the EV isolated from cr ctl cells (mean±SD, 

n=4, *p<0.05). 
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ROR1 overexpression allows the study of ROR1 regarding its role in vesicle composition, as 

well as its role on the concentration of released vesicles and their sizes. Thereby, 

overexpression allows a different perspective compared to the knockout of ROR1 and may 

further support these results. Since MCF-7 wild-type cells do not express ROR1, ROR1 

overexpression was performed in MCF-7 cells. The ROR1 overexpression in comparison to 

empty vector cells was confirmed by Western blot (Fig.25A). The same number of cells were 

seeded in EV-free medium and the cell confluence was determined by microscopic images 

quantified with FIJI, revealing no significant difference (Fig.25 B). The EVs were then 

isolated by differential ultracentrifugation and quantified by NTA (Fig.25 C). While there was 

a non-significant increase in the concentration of MVs secreted by ROR1-overexpressing 

MCF-7 cells, the effect was not observed for EXO. In line, the overexpression of ROR1 did 

not affect the size of the secreted EVs. Unfortunately, not enough LV could be isolated from 

the ROR1 overexpression cells to ensure a valid NTA measurement, since the NTA analysis 

requires sufficient amounts of EVs. Therefore, LV measurements were not included in this 

work. 
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Figure 25: Overexpression of ROR1 has no major effects on the size or concentration of MCF7- 

EVs: A, ROR1 overexpression (pROR1) in MCF-7 cells in comparison to the empty vector control 

(pCMV) was confirmed by Western blot. HSP90 was used as housekeeper protein. B, Microscopic 

pictures: the same number of MCF-7 pROR1 and pCMV cells were sown overnight in petri dishes for 

EV isolation. C, Cell confluency measurement of the microscopic pictures with the FIJI software. D, 

Concentration and mean sizes of EVs: NTA measurement of size and concentration of the different 

EV subpopulations isolated from MCF-7 pCMV and pROR1 cells. 

 
Next, the previously isolated vesicles were analyzed for the various EV markers by Western 

blot (Fig.26). 
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Figure 26: ROR1 overexpression leads to increased vesicle marker expression on EVs: A-cC, 

Western blot of LV (A), MV (B) and Exo (C) released by the same number of MCF-7 pCMV or 

pROR1 cells. The expression of the proteins was quantified by densitometry (mean±SD, n=4, 

*p<0.05). 

 

Although not all effects of the ROR1 knockout on the EV protein composition fit to the 

results of ROR1 overexpression, the obtained results of ROR1 overexpression led to a 

significantly increased CD63 expression, which matches the results of the ROR1 knockout 

clone #2. Furthermore, the α-Actinin4 protein expression levels were increased by ROR1 

overexpression in the LVs In addition, ROR1 overexpression resulted in a non-significant 

increase in the levels of the two EXO markers Alix and CD9. The significant reduction of 

Rgap1 under the loss of ROR1 did not match to the results obtained from the overexpression 

of ROR1 with no changes in the protein expression of Rgap1, suggesting a non-specific off-

target effect of the ROR1 KO. The results for Kif4 and CD9, although not significant here, 
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show a trend that both proteins with ROR1 overexpression are more highly expressed on EVs, 

which again fits the results from the ROR1 knockout. 

Although ROR1 was found only on MVs and EXOs, ROR1 overexpression and knockout in 

breast cancer cell lines led to changes in EV composition in all EV subpopulations. It is 

possible that there could be a direct interaction of ROR1 with EV markers altered here. 

Indeed, it has recently been shown that the deletion of ROR1 deletion inhibits the formation 

of CD63-positive MVEs, thereby reducing EXO release (Yamaguchi et al, 2020). All these 

results indicate a possible interaction of those proteins.  

 

 

3.3.3 Loss of vesicular ROR1 on MDA-MB231 EVs affects MCF-7 cell invasion 

Preliminary data demonstrated that the stimulation of EVs from aggressive cells such as 

MDA-MB231 on less aggressive cells such as MCF-7 could increase their invasiveness in 

vitro (Menck et al, 2015). Moreover, it had already been shown that the stimulation of Wnt5a 

positive EVs led to increased breast cancer cell invasiveness (Menck et al, 2013). In a 

subsequent step, the influence of the isolated vesicles on the invasion of the less aggressive 

MCF-7 breast cancer cells was investigated by stimulating MCF-7 cells in modified Boyden 

chambers with 1 µg EVs from the various EV populations of MDA-MB231 ROR1 knockout 

cells in comparison to empty vector cells (Fig.27). The results show that the invasiveness of 

the MCF-7 cells can be increased by stimulation with EVs of the MDA-MB231 empty vector 

cells which confirms previous data (Menck et al, 2015). Stimulation with the EVs of MDA-

MB231 control cells resulted in a strong invasion increase of MCF-7 cells. Upon loss of 

ROR1, the invasion rate of MCF-7 cells under EV stimulation decreased at least back to 

control levels, and even below for MVs. Subsequently, knockout of ROR1 and thus ROR1-

negative MVs slightly inhibited MCF-7 cell invasion. 
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Figure 27: Loss of vesicular ROR1 on MDA-MB231 EVs affects MCF-7 cell invasion: Invasion 

assay of MCF-7 cells stimulated with 1µg EVs of MDA-MB231 CRISPR ROR1 or CRISPR control 

cells over 96h. (mean±SD, n=3 *p<0.05). 

 

 

3.3.4 The role of ROR2 on breast cancer cell-derived EVs 

Due to the similarities of both receptors and the results from ROR1 the question arose 

whether ROR2 also has an effect on EV composition. To answer this question, ROR2 

knockdown and overexpression breast cancer cells were generated as model cell lines. ROR2 

knockdown was performed in the Luminal A breast cancer cell line T47d, which had 

previously shown a relatively high gene and protein expression of ROR2 in the cell line 

screening (Fig.10). As an initial screening of the EV concentration and sizes as quality 

control, the vesicles of T47d were characterized in the NTA (Fig.28). 
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Figure 28: Extracellular vesicles of T47d wildtype cells: A, NTA measurement: size distribution of 

T47d EVs. B, NTA measurement of mean sizes of EVs from T47d cells. C, Concentration of the 

isolated EVs from T47d breast cancer cells and characterized by NTA. 

 

Overall, the mean sizes and concentrations of T47d vesicles were as expected, although T47d 

cells secrete few LVs, suggesting that these cells predominantly transmit signals via MVs and 

EXOs (Fig.29 C) The mean sizes of MVs with a size of 216 µm and EXOs with a mean size 

of 169 µm were in line with the expected size for these EV populations, suggesting that MVs 

and EXOs could indeed be isolated (Menck et al, 2020). Overall, T47d cells appear to secrete 

a little higher MV concentrations than the EXOs, although the difference in concentration is 

very small. Subsequently, ROR2 was knocked down in T47d cells using an siRNA pool. 

Successful knockdown was confirmed by Western blot (Fig.29 A). To study the influence of 

ROR2 on EV biogenesis, equal numbers of T47d cells transfected with either a control siRNA 

or a siRNA targeting ROR2 were seeded for EV isolation (Fig.29 B). Then, the EVs were 

isolated by differential ultracentrifugation and quantified by NTA (Fig.29 C). Comparable to 

the results observed for ROR1, the knockdown of ROR2 did not lead to a reduction in EV 

concentration or size. 
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Figure 29: Knockdown of ROR2 in T47d does not affect the concentration or size of the released 

EVs: A, T47d breast cancer cells were transfected with a control siRNA (siCTL) or a siRNA targeting 

ROR2 (siROR2). The knockdown efficiency was confirmed 72h post transfection by Western blot. 

Ponceau staining was used as loading control. B, Cell confluency: The same number of T47d siROR2 

and siCTL cells were seeded into petri dishes for EV isolation and the cell confluence was determined 

by quantification of microscopic pictures with FIJI. C, NTA measurement of EV concentration and 

mean sizes: different EV populations of T47d cells treated with siCTL or siROR2 were measured by 

NTA.  

 

Next, the composition of EVs released by T47d cells treated with a siRNA for ROR2 was 

analyzed by Western blot. Like ROR1, ROR2 affected the vesicle composition. In particular, 

the knockdown of ROR2 caused a significant reduction in Rgap1 protein expression on LVs, 

α-Actinin4 and Rgap1 expression on MVs and Alix expression on EXOs (Fig. 30). 

Interestingly, after knockdown of ROR2 the other marker proteins also showed a slight 

reduction in expression on LVs, MVs and EXOs, although these effects were not significant, 

indicating that these effects are either small or not biologically relevant. 
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Figure 30: Knockdown of ROR2 leads to altered EV composition: A-C, Characterization of the 

different EV subtypes released by T47d siCTL or siROR2 cells for the expression of respective 

markers was performed by Western blot. Ponceau staining was used as loading control. Densitometric 

quantification of the signals is shown below (mean±SD, n=4, *p<0.05). 

 

As with ROR1, ROR2 overexpression should provide a second perspective on the results 

collected from the loss of ROR2 to EV composition, concentration of secreted EVs and their 

sizes. Therefore, ROR2 overexpressing MCF-7 cells were generated (Fig. 11). The same 

number of ROR2 overexpression or empty vector control cells were seeded in EV-free 

medium in order to subsequently isolate the EVs by differential ultracentrifugation. The 

ROR2 overexpression seemed to slightly increase cell proliferation as observed in the 
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measurement of the confluence (Fig.31A). However, since the effect was not significant, 

quantitative conclusions about the concentration of the secreted EVs can still be drawn. NTA 

analysis revealed a slight, but non-significant, increase in number of all three EV populations 

released by ROR2-overexpressing cells (Fig.31B). There was no effect on EV size. 

 

 

Figure 31: ROR2 overexpression leads to higher EV concentrations: A, Microscopic pictures: The 

same number of MCF-7 empty vector (pcDNA) or ROR2 overexpressing (pROR2) cells were seeded 

into petri dishes and grown overnight for EV isolation. The cell confluence was measured by the 

analysis of microscopic pictures with FIJI. B, NTA measurements: The EVs secreted by MCF-7 

pcDNA and pROR2 cells were analyzed by NTA with regard to mean size and concentration. 

 

In the next step, the effects of ROR2 overexpression on the EV composition were examined 

using Western blot. Surprisingly, the overexpression of ROR2 led to a reduction of all EV 

marker proteins (Fig.32).  

All LV marker proteins were significantly reduced upon ROR2 overexpression (Fig.32 A). 

Likewise, Kif4 and Rgap1 expression was reduced on MVs (Fig.32B). A reduction was also 
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observed for the selected EXO marker proteins, although it did not reach statistical 

significance.  

 

 

Figure 32: ROR2 overexpression significantly reduces EV protein expression: A-C, The EVs of 

MCF-7 pcDNA or pROR2 cells were analyzed by Western blot, using typical protein markers for 

either LV, MV or EXO. Ponceau staining is depicted as loading control. Protein expression was 

quantified by densitometry and is shown below (mean±SD, n=4, *p<0.05). 

 

 



 

Results 
 

87 
 

Indeed, both ROR1, and ROR2 appear to play a role in vesicle composition. In all three EV 

populations studied, modifications of the ROR receptors in the cells could lead to a change in 

EV composition, although ROR1 and ROR2 have so far only been found on MVs and EXOs. 

This effect of ROR receptors on EV composition was shown in this work. All in all these 

results indicate that ROR receptors may be involved in MV and EXO biogenesis. 

 

 

3.4 ROR1 and ROR2 as breast cancer biomarkers? 

Based on previous results of Dr. Kerstin Menck, EMMPRIN could be found on MVs of 

metastatic breast cancer patients (Menck et al, 2015). Based on these findings, the question 

arose whether ROR1 and ROR2 can also be found on patient MVs and whether there is a 

difference in the expression of ROR1 and ROR2 according to the clinical status. Thus, ROR1 

or ROR2 could function as biomarkers for breast cancer, as the MVs can be easily obtained 

from patient blood and the expression of ROR1 and ROR2 can then be measured by flow 

cytometry. For this purpose, blood samples were collected from healthy controls and breast 

cancer patients with the different subtypes (Luminal A, Luminal B, TNBC/basal-like and 

HER-2 positive). The EVs were isolated using differential ultracentrifugation (Menck et al, 

JOVE, 2017). The EVs were then stained and analyzed by NTA (Table below, Fig. 33). 

 

Table 14: List of breast cancer patient and control data: Overview of patients and control 

samples isolated so far with subtype, age, mean sizes and concentrations of LVs, MVs, EXOs. 

Subtype Age LV 

Mean 

size 

MV 

Mean 

size 

EXO 

mean 

size 

LV conc. MV conc. EXO 

conc. 

Luminal-B  54 233.1 224.9 144.9 9.45E+09 8.25E+08 65250000 
TNBC 35 232.9 177.1 155 4.5E+09 9.5E+08 1.18E+08 
Her2-
enriched 

61 210.4 217.7 135.4 7.25E+08 6.75E+08 1.95E+08 

Luminal B 52 234.5 214.7 143 9.5E+08 1.5E+08 1.88E+08 
Luminal B 51 217.7 204.5 194.4 6.67E+09 1.08E+09 8.5E+06 
Luminal B 43 197.9 154.6 129.2 6.4E+09 2.16E+09 2.33E+08 
TNBC 59 227.5 220.9 123.2 2.97E+08 3.92E+08 8.67E+08 
Luminal B 57 194 210.8 140.6 1.29E+09 5.86E+08 4.75E+08 
Luminal B 37 235 252.0 137.6 4E+08 98181818 2.04E+08 
Luminal A 48 238 195.2 139.7 2.07E+09 4.67E+08 5.4E+6 
TNBC 52 259.7 224.9 126.9 1.28E+09 6.28E+08 1.73E+08 
TNBC 64 239.6 208.3 136.6 7.2E+08 1.23E+09 1.06E+08 
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Luminal B 56 241.5 215.0 157.6 1.2E+09 2.75E+09 5.7E+06 
Her2-
enriched 

38 246 209.1 157.8 1.2E+08 8.8E+08 1.09E+08 

Luminal B 61 249.7 217.1 170.5 9.71E+08 4.38E+08 30857143 
Luminal B 56 175.6 181.5 142.5 1.29E+10 1.12E+09 33430769 
Her2-
enriched 

57 174.2 196.7 148.2 5.59E+09 1.07E+09 35573529 

Basal-like  43 167 190.1 162.8 2.49E+08 1.85E+09 22076923 
Luminal B 43 303.3 224.5 152.9 28000000 3.91E+08 3E+08 
Basal-like  49 186.8 252.6 145.1 2.39E+08 3.16E+08 3.86E+08 
Her2-
enriched 

63 197.8  118.6 5.43E+09 4.78E+08 1.7E+08 

TNBC 59 206.4 190.7 123.7 3.78E+09 5.8E+08 1.7E+08 
Luminal B 59 204.1 159.8 120.5 3.37E+09 1.5E+09 2.83E+08 
Luminal B  49 193.7 207.1 175 2.31E+08 5.07E+08 52622222 
Luminal A 40 162.5 194.3 152.7 2.06E+09 7.43E+08 86153846 
TNBC 69 202.4 192.7 183  5.32E+08 1.7E+08 
Luminal A 51 223.8 210.1 161.7 3.85E+08 1.79E+08 3.72E+08 
Luminal B 51 195.2 154.4 113.7 1.45E+10 7.2E+08 2.18E+08 
Basal-like 36 177.7 204.1 132.5 93333333 3.62E+08 2.8E+08 
Luminal A 53 215.9 184.8 141.2 1.33E+08 2.13E+08 86666667 
Luminal B 56 196.9 196.2 116.3 1.64E+09 2.66E+08 4.5E+08 
Her2-
enriched 

39 195.5 187.5 125.3 1.13E+09 2.19E+08 3.05E+08 

Basal-like 52   187.2 161.1  3.24E+08 1.3E+08 
Luminal B 30 185.9 197.8 157.7 4.13E+08 2.49E+08 2.67E+08 
Her2-
enriched 

70 206.1 183.6 137.3 2.17E+09 5.33E+08 2.6E+08 

Her2-
enriched 

48 190.7 197.5 130 1.89E+09 4.69E+08 1.54E+08 

TNBC 53 218.5 203.6 139.3 1.07E+09 3.84E+08 3.12E+08 
Luminal B 61 151.8 180.9 127.3 1.82E+08 8.27E+08 2.53E+08 
Luminal A 47 162.6 177.4 143.3 91428571 1.58E+09 3.4E+08 
Luminal B 39 202.6 175.8 143.9 2.69E+08 3.19E+08 2.27E+08 
Luminal B 59 183.6 174.4 144.6 4.8E+09 9.41E+08 2.39E+08 
Luminal B 44 183.4 178.9 132.6 2.66E+09 52800000 1.96E+08 
Controls 74 197.5 180.4 136 4E+09 1.75E+09 2.54E+08 
Controls 22 219.9 216.8 162.7 1.75E+09 4.38E+08 4.69E+08 
Controls 37 172.1 185.7 154.2 6.4E+09 5.67E+08 57333333 
Controls 33 201.1 196.2 155.6 3.38E+09 6.36E+08 1.49E+08 
Controls 53 211.4 202.6 172.1 4.36E+09 2.4E+09 62545455 
Controls 55 201.5 177.7 144.5 7.46E+09 1.88E+09 2.51E+08 
Controls 52 204.5 183.4 132 7E+09 2.21E+09 4.5E+08 
Controls 58 214.3 193.1 148.4 7.56E+09 2.77E+09 2.3E+08 
Controls 52 220.2 200.9 136.8 1.24E+09 2.62E+08 2.62E+08 
Controls 53 212.7 194.6 145.9 4.33E+09 5.22E+08 3.97E+08 
Controls 35 201.3 171.8 149.8 2.06E+09 1.22E+09 2.69E+08 
Controls 30 201.9 189.8 160 3.38E+09 4.62E+08 4.86E+08 
Controls 30 191.6 185.5 151.3 2E+09 1.16E+09 2.01E+08 
Controls 52 203.4 187.3 150.1 1.43E+10 1.37E+09 1.14E+08 



 

Results 
 

89 
 

Controls 39 196.9 191.7 135.4 1.31E+09 1.42E+08 2.69E+08 
Controls 32 185.9 213.3 152 1.16E+09 4.8E+08 86956522 
Controls 22 187.4 181.8 146.1 1.04E+10 1.23E+09 1.52E+08 
Controls 22 179.8 190.6 157.1 3.95E+10 98684211 96184211 
Controls 27 178 182.8 159.6 8.38E+09 8.65E+08 60810811 
Controls 24 203.9 174.4 152.3 3.64E+09 1.04E+09 1.31E+08 
Controls 23 200.2 194.6 155 1.68E+09 4.32E+08 1.6E+08 
Controls 30 198.2 180.5 147.2 1.71E+09 6.08E+08 3.74E+08 
Controls 81 191.4 196.3 147.1 1.3E+10 8.27E+08 2.2E+08 
Controls 49 189.3 183.5 168.3 4E+10 1.24E+09 5.33E+08 
Controls 55 192.5 184.8 134.7 2.97E+09 7.86E+08 2.91E+08 
Controls 38 191 172.6 134.5 3.67E+09 1.1E+09 2.17E+08 
Controls 39 184 144.6 128.5 1.31E+10 2.43E+09 1.87E+08 
Controls 26 202 163.0 119.3 3.73E+09 8E+08 73333333 
Controls 33 185.9 170.0 138.5 2.02E+09 6.71E+08 3.9E+08 
Controls 29 199.2 169.4 139.3 4.29E+09 2.1E+09 2.79E+08 
Controls 69 193.8 179.8 152.6 2.9E+09 1.79E+09 1.65E+09 
Controls 61 207 206.0 142.1 5.37E+08 4.79E+08 78780488 
Controls 60 212.7 193.6 148.3 2.11E+09 6.64E+08 1.12E+08 
Controls 69 195.4 214.6 144.3 6.85E+09 16438356 4.88E+08 
Controls 55 199 185.1 142 1.65E+10 8.61E+08 1.76E+08 
 

The table above shows the age, subtype of the patients or control status, and the data obtained 

in NTA on E V mean size and EV concentration. The collection of patients is still ongoing 

and currently only includes early tumor stages. As can be seen in Figure 33, there could be no 

difference between the control groups and the patients obtained in mean size (A) and 

concentration (B). This aspect in particular seems interesting, as it has already been shown 

that tumor cells secrete higher amounts of EVs (Baran et al, 2010; Tesselaar et al, 2007; 

Galindo-Hernandez et al, 2013; König et al, 2017). Possibly, there could be no difference be 

obtained because the patient samples were collected from very early stages. 
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Figure 33: EVs from patients with early breast cancer stage compared to control EVs do not 

differ in size or concentration: A+B, NTA measurements of 42 breast cancer patients and 35 healthy 

controls. A, mean sizes of LVs, MVs and EXOs of breast cancer patients with early stages compared 

to healthy controls. B, Concentration of LVs, MVs, EXOs from the same patients and controls. 

 

In the second step, the isolated MVs should then be examined for the expression of ROR1, 

ROR2, EMMPRIN and Her2 by flow cytometry, as can be seen in Figure 33. First, 

EMMPRIN and Her2 flow cytometry antibodies were established using MVs of SKBR3 cells 

and ROR1 antibody by staining of MDA-MB231 MVs (Fig. 33A). Isotype staining served as 

a control. Thereby, 52% of the SKBR3 MVs were EMMPRIN positive, 55% of MDA-MB231 

MVs were ROR1 positive, and 98% of the SKBR3 MVs were Her2-enriched (Fig. 33A). The 

ROR2 antibody was established in previous projects using MCF-7 pROR2 cells (data not 

shown) and subsequently transferred to the MVs. Since Her2 plays a major role in breast 

cancer, as approximately 15-20% of all breast cancer patients exhibit elevated Her2 

expression and are thus assigned to this subtype (Exman & Tolaney, 2021). Therefore, Her2 

was selected as a biomarker. Whether ROR1/2 could function as a biomarker could not be 

conclusively determined in this study, as not many patient samples have been analyzed for 

ROR1/2 expression to date. Moreover, the samples collected so far are predominantly early 
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stages, for which it is questionable whether and to what extent they can be distinguished from 

control samples at all. The MVs of the patient samples were then measured by flow 

cytometry. Figure 33 B shows a representative result of the gating strategy of MVs based on 

EMMPRIN staining and IgG control. Figure 33 C shows the analyses with the line indicating 

the median of the values. So far, only the first four patient samples and three control samples 

could be analyzed.  

For ROR2, the median value of the fluorescence intensity for the breast cancer patients of 

25.62 was higher than that of the control patients of 13.24, which represents a slight trend and 

thus confirms the preliminary results of Dr. Kerstin Menck, in which it was shown that a 

breast cancer patient group had increased ROR2 expressions on MVs. This trend was not 

visible for ROR1, where the median values of patients (4.5) and controls (9) hardly differed. 

For EMMPRIN, the values of the breast cancer patients were also slightly higher than those of 

the controls at 86.82 with a median value of 80.74. Her2 was not expressed in the control 

patients with a median value of 0, whereas there was increased Her2 expression on MVs 

(26.7). However, because the other patient samples also had very low Her2 expression, this is 

reflected in the low median value of 1.32. Presumably, however, Her2 could be a promising 

marker for Her2-enriched patients, but this would need to be validated in further experiments 

using later stages. All in all, no difference in the expression of the four markers could be seen 

between controls and patients, with a slight tendency for ROR2 and EMMPRIN to show 

slightly increased expression of the markers in the tumor patients, although one patient had a 

low EMMPRIN expression. Interestingly, the patients chosen for this study were all assigned 

to the Her2 subtype, although only one patient showed higher Her2 expression compared to 

the control samples.  
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Figure 34: Flow cytometry of EVs from peripheral blood of breast cancer patients: A, Antibody 

establishment of EMMPRIN, HER2 and ROR1 by flow cytometry. For EMMPRIN (orange) and Her2 

(orange) SKBR3 MVs were utilized. For ROR1 antibody establishment MDA-MB231 MVs were used 

(orange). The isotype control (IgG Ctl) is portrayed in blue. B, Flow cytometry: A representative 

gating strategy of MVs and a histogram of EMMPRIN (blue) and IgG control (red) of blood-derived 

MVs from Her2-enriched breast cancer patient. B, Flow cytometry measurement of Patient MVs: 

ROR1, ROR2, EMMPRIN and HER2 expression on MV isolated from four breast cancer patients 

(black) and four healthy controls (grey) was analyzed by flow cytometry.  

 

In the future, more samples will be collected and measured by flow cytometry and NTA. In 

particular, breast cancer patients with metastases and in general later stages will then also be 

included in the measurements to elucidate whether ROR1/2 can function as biomarkers for 

breast cancer.     
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4. Discussion 

4.1 Wnt11 is as a novel ligand for ROR2 

4.1.1 Functional impact of ROR2 on breast cancer invasion 

In several cancer entities the ROR receptor family was found to be overexpressed and linked 

to tumorigenic processes (Zhou et al, 2020; Hasan et al, 2017). In this study, it could be 

demonstrated that ROR2 overexpression led to an increased invasion in breast cancer cells 

which confirms previous data (Bayerlová et al, 2017). Several studies clearly demonstrated a 

linkage of ROR2 expression to enhanced migration rates of tumor cells (Yang et al, 2017; 

Henry et al, 2015a). However, no effect of ROR2 overexpression on migration could be found 

in breast cancer cells. This can also be due to the fact that the migration assay developed here 

might not be sensitive enough and therefore minor effects cannot come into play.  

ROR2 and its role in tumor development are discussed controversially, as some groups 

showed that ROR2 acts as a tumor suppressor (Tseng et al, 2020) and at the same time other 

groups found that ROR2 can induce tumor-promoting effects (Guo et al, 2020; Wright et al, 

2009). One possible explanation could be that the knockdown of ROR2 induces a 

compensatory upregulation of ROR1 which might mask the effects of the ROR2 loss. For 

example, in epithelial ovarian cancer it has been shown that only the double knockdown of 

ROR1 and ROR2 was able to inhibit cell migration and invasion (Henry et al, 2015a). This 

indicates that the two ROR receptors may be able to compensate for each other. Another 

possibility could be that the cellular background may play a fundamental role and additionally 

determines which FZD and co-receptors are present, thereby determining the function of 

ROR2. Interestingly, ROR2 has been identified predominantly in breast cancer as an 

oncogene (Bayerlová et al, 2017; Henry et al, 2015b; Guo et al, 2020), whereas for example 

in prostate cancer, ROR2 primarily was determined as a tumor suppressor (Tseng et al, 2020). 

In addition, various studies have shown that ROR2 can initiate both canonical and non-

canonical signaling, thereby affecting the downstream targets and finally the effects on tumor 

progression (Henry et al, 2015b). 

 

 

4.1.2 Wnt11 as novel ligand for ROR2  

In the past, Wnt ligands and their influence on signaling pathways were investigated. For 

ROR1 and ROR2, Wnt5a was identified as the corresponding ligand (Oishi et al, 2003; 
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Fukuda et al, 2008). Interestingly, several experiments recently indicated Wnt5b, as well as 

Wnt16 as novel ligands for ROR1 (Janovska et al, 2016; Karvonen et al, 2019) and Wnt5b as 

a ligand for ROR2 in osteosarcoma cells (Morioka et al, 2009). ROR receptors gain an 

extracellular and an intracellular part, consisting of several domains. The intracellular 

domains of ROR receptors comprise a TKD and a PRD domain framed by two serine-

threonine-rich domains (Menck et al, 2021). The extracellular part contains the Ig-like 

domain, the CRD and the KRD, that might mediate the interaction with Wnt ligands. It has 

been shown that Wnt proteins can bind to the CRD domain of ROR receptors and therefore 

initiate the Wnt signaling pathway (Oishi et al, 2003; Mikels & Nusse, 2006; Enomoto et al, 

2009; Fukuda et al, 2008). In addition to Wnt5a, Wnt11 in particular is classified as a non-

canonical Wnt ligand (Pandur et al, 2002). Nonetheless, Wnt11 can also induce ß-catenin-

independent signaling responses and has been far less studied (Baarsma & Königshoff, 2013; 

Bisson et al, 2015). In fact, several receptors for Wnt11 have already been identified, 

including FZD4 (Ye et al, 2011), FZD5 (Cavodeassi et al, 2005), FZD7 (Djiane et al, 2000) 

and FZD8 (Murillo-Garzón et al, 2018). In zebrafish, it has been demonstrated that Wnt11 

can bind to ROR2 (Bai et al, 2014), but whether this is also the case in human cells has never 

been investigated. An RNA sequencing analysis showed that ROR2 overexpression led to 

increased gene expression of Wnt11 in breast cancer cells (Bayerlová et al, 2017), suggesting 

a possible interaction of the two proteins also in humans. Indeed, in this work Co-IP 

experiments demonstrated an interaction of ROR2 and Wnt11. Nevertheless, a Co-IP can not 

prove direct binding. Thus, there is a possibility that both interact only indirectly. To detect 

direct binding, different methods like surface plasmon resonance (SPR) should be considered 

(Drescher et al, 2009). 

The next step was to investigate which domains are important for the interaction with Wnt11 

and which functional influence the various ROR2 domains have on ROR2-induced tumor 

invasion. Therefore, deletion constructs were first generated, with sequential deletions of the 

respective domains. It is possible that ROR2 undergoes shedding and therefore exhibits 

multiple banding patterns in the Western blot (Yu et al, 2016). For Wnt5a it was shown that 

the CRD domain is important for the binding with Wnt5a and therefore for initiating the non-

canonical Wnt signaling pathway (Oishi et al, 2003; Mikels & Nusse, 2006; Enomoto et al, 

2009; Fukuda et al, 2008; Hikasa et al, 2002). Recently, the importance of the CRD domain 

for the interaction with Wnt11 discovered in this work could also be validated through further 

Co-IP experiments by Dr. Kerstin Menck (Menck et al, 2020). In line with this finding, the 
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deletion of the CRD led to a significant reduction of the cell invasiveness of the MCF-7 

ROR2 overexpressing cells, probably due to the fact that Wnt ligands can then no longer bind 

to ROR2. Deletion of the Ig-like domain had no effect on MCF-7 cell invasion. In contrast, 

loss of CRD and KRD also showed a reduction in invasiveness compared with deletion of the 

CRD domain. This suggests that the KRD domain is also important for mediating the 

invasiveness of MCF-7 cells.  

This ultimately leads to the question of why the invasiveness of the deletion constructs is still 

higher than that of the control. One possibility could be that other receptors besides ROR2 

play a role in the Wnt signaling pathway (e.g. FZDs) and that ROR2 could function as a co-

receptor despite the deletion of the extracellular domain. The C-terminal deletion constructs 

of ROR2 lacking either the TKD or the PRD were analyzed in modified Boyden chamber 

assays to determine which domain mediates the signal conductions induced by the interaction 

of ROR2 with its Wnt ligands. The loss of the PRD did not affect the cell invasiveness at all, 

indicating that the PRD is not required for the functionality of ROR2 in mediating cancer cell 

invasiveness. The results show that the double deletion of both domains led to a significant 

reduction in ROR2-induced cancer cell invasiveness, suggesting that the TKD is important for 

the functionality of ROR2 regarding the invasive phenotype. To date, the functionality of the 

TKD has been controversial in the literature (Mikels et al, 2009; Artim et al, 2012). The data 

shown here may suggest possible functionality of the domain, although this assay is not 

sufficient to definitively address the question of its functionality. All in all, however, the TKD 

domain is important for ROR2-mediated invasion in MCF-7 cells. Indeed, it has also been 

shown that the TKD is also required to mediate Wnt5a signaling in HEK293 cells (Mikels et 

al, 2009). Whether ROR2 acts as the sole receptor for Wnt11 or whether it is a co-receptor of 

an FZD receptor remains unanswered and would be worth analyzing further.  

 

 

4.2 The non-canonical Wnt receptor FZD6 as a novel receptor for Wnt11 

4.2.1 The functional impact of FZD6 on breast cancer invasion 

FZD6 belongs to the FZD family and is a receptor for Wnt ligands. This interaction can 

trigger either canonical or non-canonical Wnt signaling and thus influence tumor progression 

in different tumor entities. An important aspect of tumor progression and metastasis is the 

ability of cells to migrate. It has been demonstrated that in breast cancer cells, the ablation of 
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FZD6 resulted in decreased cell motility and invasiveness (Corda et al, 2017). However, a 

different study showed that FZD6 represses gastric cancer cell proliferation as well as 

migration (Yan et al, 2016a). In this work, examining the migration properties of FZD6 

knockout breast cancer cells in a wound-healing assay revealed FZD6’s importance in breast 

cancer cell migration. The migration of the FZD6 knockout cells under rhWnt11 stimulation 

was significantly reduced, indicating that FZD6 is important to mediate the pro-migratory 

function of Wnt11. Accordingly, this finding contrasts with the previous study, which showed 

a contrary effect of FZD6 on migration, demonstrating that FZD6 suppresses migration, 

indicating that the cellular context plays a major role in the function of the various FZD 

receptors. 

In order to demonstrate that this effect was not caused by a changed proliferation rate of the 

FZD6 knockout cells compared to the empty vector cells, a proliferation assay was performed. 

The FZD6 knockout cells showed the same proliferation rate as the control cells, indicating no 

connection between FZD6 knockout and proliferation in this study. However, MCF-7 cells 

showed a relatively high gene expression of other FZD receptors in the cell line screening, 

which in turn might trigger other functions in the cells. For example, in metastatic lung, liver, 

colon, and breast cancer cell lines it has been demonstrated that FZD2 influences migration 

via non-canonical Wnt signaling. Moreover, a reduced cell migration, invasion and also 

reduced metastasis formation was observed in xenograft models by using a specific antibody 

targeting FZD2 (Gujral et al, 2014). 

The invasion assay performed in this study with FZD6 knockout cells compared with empty 

vector cells under Wnt11 stimulation and led to a significant reduction in invasiveness of 

FZD6 knockout cells, indicating a possible interaction between Wnt11 and FZD6. Further 

studies have equally observed a correlation of FZD6 and cancer cell invasiveness, as shown in 

a study by Corda and colleagues, in which the ablation of FZD6 expression led to inhibited 

breast cancer cell motility, invasion and repressed metastasis in vivo (Corda et al, 2017). 

 

 

4.2.2 Identification of FZD6 as novel receptor for Wnt11 

The interaction of FZD6 with several Wnt ligands, such as Wnt4 or Wnt5a, has already been 

shown (Lyons et al, 2004; Hirano et al, 2014; Kamino et al, 2011). But whether FZD6 also 

interacts with the non-canonical Wnt11 has been controversially discussed. In a study by 

Kilander et al, possible Wnt ligand binding to FZD6 was investigated using a FRAP assay. In 
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this assay FZD6 was stimulated with different Wnt ligands and the surface mobility of FZD6 

was then measured to identify WNT-FZD interactions. The results revealed a direct or 

indirect interaction of FZD6 with Wnt1, Wnt3a, Wnt4, Wnt5a, Wnt9b, Wnt10b and Wnt16b. 

Interestingly, Wnt5b and Wnt11 had no effect on FZD6 mobility, indicating no interaction of 

those Wnts with FZD6 (Kilander et al, 2014). However, another study has shown that cancer-

associated fibroblast-derived EXOs can trigger a motile phenotype in breast cancer cells 

through Wnt/PCP signaling via FZD6, DVL1, VANGL1, PK1 and Wnt11. Interestingly, the 

association of Wnt11 and FZD6 was investigated by using immunofluorescence and 

confirmed a colocalization of both (Luga et al, 2012). Therefore and moreover due to the high 

gene expression of FZD6 revealed by the cell line screening, FZD6 moved into the focus of 

this work as an interesting, possible receptor for Wnt11. It might also be possible that the 

cellular context plays a major role in the interaction between FZD receptors and Wnt ligands. 

Not all identified Wnt ligands and receptors are equally expressed in every cell line, as the 

cell line screening shown here also illustrated. Therefore, the choice of cell line may be 

crucial when investigating possible interactions between Wnt ligands and FZD6. Indeed, the 

study by Luga et al was performed using breast cancer cells, whereas the study by Kilander et 

al utilized HEK293T/17 cells.  

Furthermore, it was not clear with which CO receptors FZD6 interacts. A recent study showed 

an interaction between Wnt5a, FZD6 and ROR1, and between Wnt10b, FZD6 and LRP6 in 

prostate cells (Neuhaus et al, 2021). Results of synergistic in-vivo effects in zebrafish 

experiments suggest a possible interaction of Wnt11 with Ryk (Macheda et al, 2012). 

Whether FZD6 is involved in this possible interaction is unclear. However, a study 

demonstrated that Wnt11 is highly expressed in colorectal cancer and moreover showed a 

correlation of WNT11 expression with the expression of FZD6, RYK, and PTK. The 

combined expression of WNT11 with FZD6 and RYK or PTK7 was linked to an increased 

risk of 5-year mortality, suggesting a possible interaction of those proteins (Gorroño-

Etxebarria et al, 2019). In line with these findings, an interaction between FZD6, Wnt11 and 

PTK7 was shown in this work by Co-IP. 
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4.2.3 High FZD6 expression and its prognostic values in breast cancer  

Considering that FZD6 was identified as a receptor for Wnt11, the question remained whether 

there is a correlation between the expression of both genes and whether high expression of 

both would have an influence on the survival of the patients.  

To address this question, a non-canonical Wnt signature was created that included key 

members of the non-canonical Wnt pathway. In addition, associated pathways were also 

included, as non-canonical Wnt signaling has already been shown to be linked to PI3K 

signaling (Landin Malt et al, 2020; Dai et al, 2017). This signature clustered the patients into 

two groups that differed significantly in their DMFS. Thereby Wnt11 clustered with FZD4, 

FZD9 mTOR, GSK3, ROCK2, RORA and PIK3C and a high expression of those genes was 

associated with significantly worse DMFS in breast cancer patients. Interestingly, the RNA-

seq analysis of TNBC patients demonstrated also a clustering of Wnt11 with FZD4. FZD5 and 

FZD9 (Koval & Katanaev, 2018), thereby supporting the findings in this study. In the second 

step, FZD4 and FZD6 were then further investigated to determine the impact of high 

expression of these genes on patients' DMFS. Various studies displayed a connection between 

increased FZD6 expressions and a poor clinical outcome in various cancer entities (Zhang et 

al, 2020). For instance, the loss of FZD6 led to less leukemia development and furthermore to 

a prolonged survival in mice (Wu et al, 2009). One study found that the gene encoding FZD6 

is frequently highly amplified in breast cancer. Moreover, an increased incidence was 

identified particularly in TNBC. The loss of FZD6 expression inhibited both bone and liver 

metastasis in vivo in this study (Corda et al, 2017).  

Previous data from this work and previous published studies suggest a possible correlation of 

FZD6 expression on DMFS of breast cancer patients. Indeed, analysis of 2000 primary breast 

cancer patients could establish a correlation between high FZD6 gene expression and a 

significantly worse DMFS rate. For FZD4, however, the opposite effect was shown. In 

pancreatic cancer, recently a similar observation could also be made, as high FZD4 expression 

was also associated with better overall and recurrence-free survival (Li et al, 2021). However, 

FZD6 has been frequently discussed in the literature as a tumor suppressor in prostate and 

gastric cancer (Yan et al, 2016a; Han et al, 2018), although the observed data shown here 

clearly suggest that FZD6 may play an important role in breast cancer progression and might 

represent a promising target for therapeutic interventions. A major challenge in designing 

small molecules targeting FZD receptors appears in the analysis of the crystal structure of 

FZD4. The structure represents a ligand-free receptor, thereby giving the impression that the 
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development of small molecules targeting FZDs might be impossible, due to the hydrophilic 

nature of the binding pocket (Yang et al, 2018). Nevertheless, there are already intensive 

efforts to design small molecules targeting FZD receptors. One example is the small molecule 

SAG1.3 tested for targeting FZD6. It has recently been shown that SAG1.3 was able to 

successfully bind to FZD6 and thereby induce conformational changes in the receptor that 

affect Dvl recruitment and activation (Kozielewicz et al, 2020).  

 

 

4.2.4 Role of non-canonical Wnt members in primary CRC 

Indeed, Wnt signaling plays a central role in CRC. In particular, mutations in the APC gene 

are common (Morin et al, 1997). Most studies suggest an association between CRC and 

canonical-Wnt signaling (Yoshida et al, 2015; Morin et al, 1997). Several FZD receptors have 

been associated with CRC invasion, survival and metastasis (Ueno et al, 2008; He et al, 

2011). For example, overexpression of FZD7 in CRC patients was associated with poorer 

overall survival (Ueno et al, 2009). Another study demonstrated that high mRNA expression 

of Wnt11 in CRC tumor tissue was significantly increased and moreover strongly linked to 

recurrence in patients (Nishioka et al, 2013). The Wnt11 receptor FZD7 has been shown to be 

involved in the progression of colorectal cancer, and activation of the Wnt11/FZD7-mediated 

Wnt signaling pathway triggers CRC proliferation, migration, and invasion through the 

phosphorylation of JNK and c-Jun (Ueno et al, 2008; Nishioka et al, 2013). Thus, to further 

investigate the effects of non-canonical Wnt signaling in CRC patients and to determine 

whether the signature has an impact on CRC patients' DMFS compared with the prior data, 

the data set of primary colorectal cancer patients was analyzed in this study. For this purpose, 

a gene signature was also created that entirely encompassed the previously used signature and 

supplements it with all remaining Wnt ligands. In addition, Norrin was added as an important 

FZD4 ligand (Bang et al, 2018). This signature divided the patient cohorts into four groups. 

The group in which FZD6 clustered with FZD5, GSK3, Wnt10, Wnt8A, RYK, Wnt16, Wnt7b, 

mTOR and AKT. The patient group with a high expression of those genes showed an overall 

reduced DMFS compared to the other three. Overall, for CRC, little has been published on 

FZD6 as a relevant receptor. FZD7, on the other hand, seems to be more in the spotlight of 

scientific attention as both a canonical and non-canonical Wnt receptor. This is also reflected 

in efforts to therapeutically target FZD receptors (Ueno et al, 2008). In one study, a 

monoclonal antibody simultaneously targeting five different FZD receptors (FZD1, FZD2, 
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FZD5, FZD7, and FZD8) by structural similarities was found and resulted in decreased tumor 

growth (Gurney et al, 2012). This antibody was further investigated for solid tumor entities in 

a phase 1b clinical trial in breast, colorectal, pancreatic, sarcoma, neuroendocrine cancer and 

NSCLC (Gurney et al, 2012). Overall, targeted therapeutics against FZD receptors need to be 

investigated further, since the relationships between the receptors and the various signaling 

pathways are very complex. 

 

 

4.3 ROR receptors on tumor-derived EVs 

4.3.1 ROR receptors in cancer cell communication via EVs 

EVs play a remarkable role in cell-cell communication, and different types of vesicles can be 

differentiated based on their size and biogenesis. Previously published data suggest that Wnt 

proteins can be transferred via EVs and can induce Wnt signaling in target cells (Gross et al, 

2012; Menck et al, 2013). Therefore, it was hypothesized that ROR proteins might also be 

transferred via EVs.  

The cell line screening revealed a relative high expression of ROR1 in MDA-MB231 breast 

cancer cells. Accordingly, the MDA-MB231 wild type cells were used to isolate potentially 

ROR1-positive EVs. Indeed, Western blot analysis revealed ROR1 to be expressed on MVs 

and EXOs. This matches with a recently published study showing that ROR1 is localized on 

EXOs (Daikuzono et al, 2021). Surprisingly, no ROR1 was detected on LVs.  

Members of the Rho family have been linked to play an important role in EV release. RhoA 

had been shown to be important for MV release, by regulating cytoskeletal movement (Li et 

al, 2012a). In nucleus pulposus cells (NPCs), the RhoC/ROCK2 signaling pathway was 

associated with exosome release via autophagic pathways (Hu et al, 2020). Since ROR 

receptors can initiate the non-canonical Wnt signal 

ing pathway or ROR/PCP signaling pathway and thus influence Rho/Rock signaling 

(Martinez et al, 2015; Karvonen et al, 2019), it is reasonable to assume that they are thereby 

also involved in EV biogenesis. This led to the question of the role of ROR receptors in this 

process and whether they are also functionally actively transferred to target cells. 

Tumor EV can increase tumor invasion of neighboring cells. However, the factors underlying 

this effect have not yet been conclusively determined. Since RORs can increase tumor 

invasion, the question arises whether RORs can have a similar effect on EVs in target cells. It 

was shown that stimulation of MCF-7 cells with EVs from MCF-7 cells or MDA-MB231 
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wild-type cells could increase cell invasiveness in Boyden chamber assays (Menck et al, 

2015). In the next step it was then investigated whether the knockout of ROR1 from MDA-

MB231 vesicles has an influence on their pro-invasive function on MCF-7 cells. Therefore, 

MDA-MB231 ROR1 knockout cells were generated by using CRISPR/Cas9. Two clones 

showing a complete knockout of ROR1 in Western blot and flow cytometry as well as no 

morphological differences in comparison to the empty vector cells were used for further 

investigations. A qRT-PCR demonstrated no increased ROR2 expression after the knockout, 

which excludes a compensation of ROR2. The wild-type MDA-MB231 vesicles induced a 

significantly increased invasive behavior of the MCF-7 cells which confirms previous data 

(Menck et al, 2015). Interestingly, this effect was decreased after the knockout of ROR1 in 

MVs and in EXOs. In prostate cancer cells an increase in invasiveness was observed after 

stimulation with LVs expressing αV-integrin by activating the AKT pathway (Ciardiello et al, 

2019). Nevertheless, the stimulation of MCF-7 cells with MVs or EXOs resulted in 

significantly higher invasiveness of the cells compared to stimulation with LVs. The increase 

upon stimulation with LVs was barely present, while stimulation of both MDA-MB231 MVs 

and EXOs significantly increased invasiveness. This finding fits with previous data that 

ROR1 is particularly localized to MVs and EXOs. Interestingly, loss of ROR1 on MVs and 

EXOs resulted in a decrease in MV/EXO-induced invasiveness, although it still did not reach 

the control level. Additionally, the results that MDA-MB231 cells secrete predominantly MVs 

and EXOs and almost no LVs are consistent with this finding. The effects of MVs and EXOs 

are almost the same, which ultimately fits with the fact that ROR1 was found on both MVs 

and EXOs. Although ROR1 is strongly localized on MVs and EXOs, other proteins might 

also be transported on MVs and EXOs that may affect invasiveness. It can be concluded that 

ROR1 is transported on vesicles to target cells and can influence invasion there, but does not 

seem to be solely responsible for it. Possibly, other Wnt receptors are transported on the EVs, 

which can also trigger invasiveness in target cells.  

 

 

4.3.2 ROR receptors and their impact on EV composition 

The question that follows the above findings was then whether ROR receptors per se are 

involved in vesicle biogenesis. To answer this question, the influence of ROR receptors on 

vesicle composition, concentration and size was investigated. Whether ROR receptors have an 
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influence on the concentration of the excreted EVs could not completely be solved. There 

seemed to be a trend that ROR overexpression led to a slightly increased concentration, while 

the loss of the ROR receptors led to a slight decrease. Since the effects are only small and not 

significant, further measurements could be made here in order to achieve more valid results. 

When characterizing the T47d wildtype-derived EVs, it could be shown that T47d cells hardly 

secrete LVs.  

Further investigation of the vesicle compositions with different markers for LVs, MVs and 

EXOs revealed that EV composition actually changes with the modification of ROR1/2. This 

effect can even be observed in LVs, although they do not carry ROR receptors themselves. In 

comparison to the protein expression in the cell lysate, Rgap1, Kif4, α-Actinin 4, CD63, CD9 

and Alix showed significant changes on EVs upon ROR modulation. The knockout of ROR1 

led to a significant downregulation of CD9 and CD63, while there were no such strong 

changes under ROR2 knockdown in the EXOs. Rgap1, on the other hand, was significantly 

reduced when the respective ROR receptors were not expressed. The knockout of ROR1 and 

also the knockdown of ROR2 led to a decrease in Rgap1 likewise in LVs and MVs, indicating 

a stable effect of ROR receptors on Rgap1 expression. All in all, the effect of ROR 

modulations on Kif4 seems to be valid as well, since the same trend appears in all 

modifications. Under loss of ROR receptors, there is a significant decrease in Kif4 expression 

on MVs, whereas under overexpression of ROR1, there is a trend towards increased Kif4 

expression, although the trend is not significant here. That both Kif4 and α-Actinin4 are both 

affected does not seem surprising, since Kif4 has been shown to be directly involved in MV 

biogenesis and α-Actinin4 indirectly through binding of actin to the plasma membrane 

(Charras, 2008). 

The knockdown of ROR2 leads to a significant reduction in α-Actinin4, while the 

overexpression of ROR1 led to a slight increase in expression, although this trend is also not 

significant here. Whether the effects on α-Actinin4 are valid would require further results. 

Taken all results together, the effects of Kif4, Rgap1, CD9 and CD63 appear to be valid, since 

the same trend seems to be emerging in all Western blots with the exception of ROR2 

overexpression. The overexpression of ROR2 led to a contrary result than the ROR2 

knockdown. However, since the knockdown is more physiological, these results remain more 

valid. To further validate the results, one could generate another knockdown in a second cell 

line to perform further experiments. 
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For the first time, the influence of ROR receptors on the protein composition of EVs was 

demonstrated. The observations fit to a recent report which showed that ROR1 acts as a 

scaffold protein for the two subunits of the ESCRT complex “hepatocyte growth factor-

regulated tyrosine kinase substrate“ (HRS) and “Signal Transducing Adaptor Molecule 1“ 

(STAM1), that play a prominent role in EXO biogenesis. Furthermore, ROR1 enabled the 

association of HRS and STAM1 in the membranes of Rab5-induced early endosomes and thus 

regulated Rab5-induced MVE formation and EXO biogenesis in HeLa and lung cancer cells 

(Yamaguchi et al, 2020). These results therefore match the ones shown here, however, with 

ROR1 knockout, the markers for endosomal EXOs (syntenin) do not change, but CD9-

positive EXOs are strongly reduced, which probably represent a separate EXO subclass. It is 

not yet clear to what extent ROR affects the mechanisms of LV and MV biogenesis and what 

function ROR2 plays in EV biogenesis. Here it could be shown that ROR receptors influence 

the vesicle compositions of all vesicle populations, although they are exclusively transferred 

via MVs and EXOs.  

 

 

4.3.3 ROR1/2 positive EVs as breast cancer biomarkers 

One of the challenges in modern cancer research is the search for novel biomarkers for breast 

cancer. Most studies postulate that the concentration of vesicles in the blood of cancer patients 

is increased compared to healthy controls (Galindo-Hernandez et al, 2013; Zhao et al, 2016; 

König et al, 2017). However, not only the number of EVs plays a role, but also the expression 

of certain proteins on the EVs. This could make them a valuable tool in order to possibly act 

as biomarkers for certain cancer entities. 

In this work and also in various studies, the connection between a high ROR1 expression and 

a poor clinical outcome for TNBC patients could be established (Chien et al, 2016; Fultang et 

al, 2020). In addition, it has already been shown that ROR1 mediates various tumor-

promoting effects, like enhanced cell migration, invasion and survival. Due to the fact that 

ROR1/2 are often overexpressed in breast cancer (Henry et al, 2015b; Fultang et al, 2020) and 

are also expressed on MVs and EXOs, the question arose whether they might serve as new 

biomarkers to identify circulating tumor MV in the blood of breast cancer patients. 

Unfortunately, the question whether ROR1/2 on EVs can function as a biomarker for breast 

cancer could not be conclusively clarified in this work, since firstly too few patient samples 

could be measured and secondly the establishment of the staining proved to be difficult, since 
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the patient samples obtained were primarily only from early stages. However, a slight trend 

could be shown for ROR2 and EMMPRIN, as the median values of fluorescence intensity 

were higher in the patient samples than in the control samples. For ROR2, a median value of 

25.62 was slightly higher compared to the control patients with a median value of 13.24. This 

trend fits with the previous results of Dr. Kerstin Menck, where elevated ROR2 values could 

be measured compared to control values in a group of breast cancer patients. For EMMPRIN 

there was also a slight trend where the median value of 86.82 in breast cancer patients was 

higher than the control level of 80.74. Nevertheless, it remains unclear whether the trends 

observed here are valid, which is why later stages should be included into the measurement. 

As expected, the results showed no striking differences between the early stages and control 

samples, so no conclusion can be drawn about the markers themselves. Therefore, further 

samples need to be collected and, at best, samples from later stages where more significant 

differences from controls can be expected. All in all, while single markers may also show 

some prognostic evidence for cancer patient survival, the combination of different markers or 

even signatures are less subject to variation than single markers and may therefore provide 

more valid results.  

So far, the quality of ROR1/2 and their function as cancer biomarkers is still unclear, since 

too few patient samples have been measured and evaluated, but nevertheless a promising 

trend of ROR2 and EMMPRIN as a potential EV biomarker could be discovered. 
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5. Summary and Conclusion 

This work investigated the role of non-canonical ROR receptors and its interaction partners on 

breast and colorectal cancer progression. Wnt11 has been identified as a non-canonical Wnt 

ligand in various studies, but its receptors have not yet been fully identified. Co-IP 

experiments confirmed an interaction of Wnt11 with the Wnt co-receptor ROR2 which had 

not been shown in the human setting so far. Sequential deletions of ROR2 pinpointed the 

CRD and the TKD as important domains for Wnt11-induced pro-invasive Wnt signaling. 

Whether Wnt11 interacts with further receptors was not clear. This study revealed FZD6 and 

PTK7 as promising receptors in breast and colorectal cancer progression and furthermore as 

possible interaction partners for Wnt11. The knockout of FZD6 resulted in a significant 

reduction in Wnt11-induced invasiveness and migration, which could not be rescued by 

stimulation with rhWnt11, supporting the theory of an interaction between FZD6 and Wnt11. 

The interaction was confirmed by Co-IP experiments. 

Since it was already known that Wnt proteins can be transported to target cells via EVs, where 

they can trigger Wnt signaling or increase cell invasiveness, it was subsequently investigated 

whether ROR1, as example for the ROR receptors, is also transported via EVs. The analysis 

identified ROR1 on MVs and EXOs, but not on LVs. Stimulation of MDA-MB231 vesicles 

significantly increased the invasiveness of less aggressive MCF-7 cells, whereas loss of 

ROR1 reduced this effect. Stimulation of ROR1-negative MVs and EXOs did not increase 

invasiveness as much as wild type MDA-MB231 vesicles.  

EV protein composition upon ROR1 and ROR2 depletion was examined and revealed that 

both significantly affected protein expression on all three analyzed EV subpopulations. 

However, whether the ROR receptors can also function as biomarkers requires further 

investigation. In first experiments, promising results could be obtained, especially regarding 

ROR2 as a possible biomarker for breast cancer. 
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