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Abstract 
Cancer is the leading cause of disease burden in Australia. Targeted therapy utilises 
oncogenic mutations in tumours by modulating cancer-promoting proteins and 
signalling pathways. While these drugs deliver promising initial responses, cancers 
invariably develop resistance resulting in the recurrence of the cancer. A common 
theme of resistance mechanisms is the ability of cancer to hijack alternative signalling 
pathways to evade therapy. The identification and evaluation of these relatively 
understudied pathways could facilitate the development of novel therapies to 
overcome resistance development. One such understudied subset of signalling 
molecules, the WNT-binding RTKs, are at the interface of two protein families 
frequently dysregulated in cancer – receptor tyrosine kinases (RTKs) and WNTs. RTKs 
are targets of many drugs used clinically for cancer treatment, often through the 
inhibition of their kinase activity or their interactions with activating ligands.  

WNTs are key signalling morphogens in cancer but the complexity of their signalling 
has made them difficult drug targets. RYK is a WNT-binding RTK pivotal for embryonic 
development but with unusual biochemical properties that have meant it is 
understudied in a cancer context. This Thesis sought to uncover a role for RYK in 
cancer and evaluate its potential as a therapeutic target. 

This Thesis revealed the overexpression of RYK mRNA in lung squamous cell 
carcinoma and glioblastoma samples before identifying human tumour cell lines that 
readily express RYK mRNA and might be reliant on RYK signalling for its tumourigenic 
nature. Genetic perturbation of RYK through siRNA knockdown and CRISPR/Cas9 
inactivation facilitated the discovery of human tumour cells from four different tumour 
types that were dependent on RYK for their viability. To assess the clinical expression 
of RYK protein, a novel chicken anti-RYKEC antiserum was generated, validated and 
utilised to uncover an upregulation of RYK in a subset of human NSCLC tumours. This 
antiserum also identified RYK expression in tumours from breast cancer patients and 
found an inverse correlation between RYK expression and the tumour grade of breast 
cancers. 

The establishment of a novel bioassay in pre-osteoblast cells dependent on 
WNT3A/RYK signalling is described. This assay is used to optimise the expression 
and purification of two RYK/WNT signalling inhibitors and confirm their RYK/WNT-
inhibitory activity. One of these inhibitors, a neutralising anti-RYK antibody – RWD1 – 
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then demonstrated an anti-cancer effect by inhibiting the viability of the RYK-
dependent human tumour cells in vitro. RWD1 also reduced the growth of A549 
NSCLC tumour xenografts, demonstrating the anti-cancer effect of targeting RYK 
signalling in vivo. 

RNA-sequencing analysis revealed an upregulation of epithelial to mesenchymal 
transition (EMT) genes in human tumour cells upon RWD1 treatment, implying RYK 
signalling supresses EMT. CRISPR/Cas9-mediated inactivation of RYK increased the 
metastatic potential of A549 tumour xenografts in vivo. 

This Thesis uncovered a dual role for RYK signalling in a cancer setting. RYK was 
found to promote the viability and growth of human tumour cells while also suppressing 
EMT and metastatic growth. The findings of these parallel pro- and anti-tumour 
functions of RYK signalling, suggest that RYK signalling could be exploited to deliver 
a therapeutic effect in cancer. 
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1.1 Introduction 
Cancer is the leading cause of disease burden in Australia; indeed, one in two 
Australians will be diagnosed with cancer by the age of 85 (Australian Institute of 
Health and Welfare, 2017). While five-year relative survival has increased from 48% 
in 1984-1988 to 68% in 2009-2013 due to advancements made in the treatment and 
detection of cancer, the incidence is rising due to population growth and ageing 
(Australian Institute of Health and Welfare, 2017). Each day 131 Australians die from 
cancer, with lung cancer having the highest mortality (Australian Institute of Health and 
Welfare, 2017). 

Cancer is fundamentally a genetic disease. A build-up of mutations in patients’ genetic 
material leads to the development and maintenance of cancer (Vogelstein et al., 2013). 
The products of these genetic mutations are aberrantly expressed or regulated 
proteins, which result in the dysregulation of signalling networks (Sanchez-Vega et al., 
2018). These signalling networks contain pathways which in untransformed cells are 
tightly controlled, but when abnormally regulated lead to the cellular consequences of 
cancer: uncontrolled cell growth, cessation of cell death, cell dedifferentiation, 
increased cell invasion and altered cell movement. In turn these abnormal cellular 
features drive tumour establishment, growth and metastasis. This programme of 
cancer-establishing events led to a set of principles first described in 2000 and updated 
a decade later, known as the hallmarks of cancer (Hanahan and Weinberg, 2000; 
Hanahan and Weinberg, 2011). These include characteristics of cancer cells such as 
genomic instability and mutations, resisting cell death, sustaining proliferative 
signalling and evading growth suppression; but also include tumour-promoting 
interactions between the cancer cells and the tumour microenvironment including 
activating invasion and metastasis, inducing angiogenesis and avoiding immune 
destruction. 

Two categories of altered genes that drive the transformation of a normal cell to a 
cancer cell are tumour suppressors and oncogenes. Tumour suppressors prevent 
tumourigenesis in healthy cells but are downregulated or have loss-of-function 
mutations in cancer, while oncogenes result in hyperactivated and/or overexpressed 
cancer-promoting oncoproteins. While tumours often contain dozens of mutations, the 
term “oncogenic addiction” was coined to describe the dependence of a tumour on a 
solitary oncogene for growth and survival (Weinstein, 2002). Because of this 
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phenomenon and the advent of genomics identifying driver mutations in tumours, 
researchers have strived to develop agents capable of inhibiting the resulting 
oncogenic proteins and signalling pathways. Targeted therapy utilises drugs to directly 
inhibit specific oncogenic molecules, attacking the cancer cells directly as well as the 
cells within the tumour-promoting microenvironment (Joyce, 2005). Indeed 
therapeutics are directed to all ten hallmarks of cancer (Hanahan and Weinberg, 2011), 
which result in the blockade of dysregulated signalling pathways required for cancer 
growth, maintenance and metastasis (Sawyers, 2004; Lee et al., 2018). A major 
advantage of targeted therapy is its directed specificity that reduces potential side 
effects comparatively to chemotherapeutic agents, which indiscriminately kill both 
cancer and healthy cells (Joo et al., 2013). Targeted therapeutics have been employed 
over the past two decades to deliver anti-cancer effects to cancer patients (see Section 
1.3). 

However, a major clinical impediment to targeted therapy has been the development 
of resistance in tumours which overcomes these drugs (Groenendijk and Bernards, 
2014; Neel and Bivona, 2017; Sabnis and Bivona, 2019). Targeted therapy often 
results in promising initial anti-cancer effects for patients, but these responses are not 
durable. Inevitably tumours, under stress from therapy, acquire additional mutations 
which allow therapeutic evasion and development of resistance, leading to tumour 
progression. Consequently resistance has contributed to the observation that targeted 
therapeutics increase progression-free survival but ultimately do not improve overall 
survival to the extent expected, as seen in non-small cell lung cancer (NSCLC) 
(Maemondo et al., 2010; Shaw et al., 2013). Overcoming this therapy resistance is a 
major unmet clinical need and has prompted many studies into understanding not only 
resistance mechanisms utilised by tumours but also the cellular and tissue biology and 
diversity behind resistance development (Szakacs et al., 2006; Lord and Ashworth, 
2013; Redmond et al., 2015).  

Combination therapy presents as a way to either prevent resistance establishment or 
to counter resistance after it has developed. Tumours can be targeted with therapy 
against an oncogenic driver as well as agents which block frequently-used resistance 
pathways upfront (Neel and Bivona, 2017). Additionally, upfront combination therapy 
can deliver increased therapeutic efficacy across a patient population due to its ability 
to overcome heterogeneity between tumours from different patients (Palmer and 
Sorger, 2017b). Pivotal to this benefit is that drugs used in combination must hit 
independent tumourigenic signalling pathways. This means that the more alternative 
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therapeutic targets available to clinicians, the more efficacious combination therapy 
will be. Combination therapy is further enhanced by the increasing use of personalised 
medicine for patient treatment (Mathur and Sutton, 2017). The more data available to 
clinicians before and during therapy, the better informed the therapeutic schedule can 
be. Additionally, upon development of drug resistance, genomic and proteomic 
analyses as well as other diagnostic assays can be utilised to identify mechanisms of 
resistance, which can then be targeted with additional therapy (Redmond et al., 2015). 
One provision required for this is that there must be a sufficient number of biomarker-
directed therapies available for the clinician to draw upon to treat cancer patients both 
upfront and upon drug-resistant recurrences. However, with many current drug options 
targeting a small number of well-studied signalling pathways, as well as an absence of 
clinically relevant biomarkers and a lack of knowledge of the combinatorial effects of 
most drugs, there is a considerable limit to the efficacy of those drugs available. 
Therefore very little of the required therapeutic landscape is fulfilled, and with global 
cancer incidence and mortality on the rise (Bray et al., 2018) novel drug targets and 
resulting biomarker-directed therapeutics are urgently needed. 

1.2 Oncogenic Signalling Molecules 
Oncogenic signalling molecules are cancer-promoting proteins produced through 
genetic mutation or aberrant regulation leading to dysregulated tumourigenic signalling 
(Sever and Brugge, 2015). Proteins throughout signalling pathways can be oncogenic 
signalling molecules, from the secreted factors that stimulate signalling pathways to 
the signal-receiving receptors on the plasma membrane to the intracellular 
downstream proteins implementing the cellular response (Sanchez-Vega et al., 2018). 
They are integral to the hallmarks of cancer and can originate from both the 
transformed cancer cells as well as the other cellular components of the tumour 
microenvironment. Tumour cells can possess oncogenic signalling pathways 
stimulated by extracellular ligands secreted by the tumour itself or supporting cells 
within the microenvironment such as cancer-associated fibroblasts (CAF) (Cirri and 
Chiarugi, 2011; Pickup et al., 2014; Yuan et al., 2016; Chen and Song, 2019). 
Additionally tumour-secreted proteins can drive oncogenic signalling networks to 
modify the surrounding microenvironment and/or a distant metastatic niche for the 
cancer (Hanahan and Coussens, 2012; Costa-Silva et al., 2015; Peinado et al., 2017). 
For example, stimulation of blood endothelial cells causes growth and remodelling of 
blood vessels, which ensures a supply of blood and nutrients to the tumour but also 
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aids metastatic spread (Folkman, 1971; Klein, 2018). The kinases are one family of 
proteins that are pivotal to numerous physiological signalling networks that are 
regularly hijacked in cancer. 

1.2.1 Protein kinases 
Kinases are enzymatic proteins that catalyse the phosphorylation of downstream 
molecules. They transfer a phosphate group from one molecule, commonly the 
gamma-phosphate of adenosine triphosphate (ATP), to hydroxyl (OH)-containing 
residues of their substrates. Protein kinases phosphorylate amino acids, which are the 
predominant substrates of kinases, but other kinase substrates include lipids (Hunter, 
1995; Ma et al., 2019) and sugars (Middleton, 1990). Protein kinase activity was first 
demonstrated in 1954, when a rat liver mitochondrial fraction was used to 
phosphorylate casein (Burnett and Kennedy, 1954). The human kinome is made up of 
538 protein kinases (Manning et al., 2002; Fabbro et al., 2015), which are 
indispensable for cell signalling and regulating numerous cellular functions (Manning 
et al 2002, Science). Indeed, protein kinases phosphorylate more than 30% of cellular 
proteins (Pinna and Ruzzene, 1996; Cohen, 2000). Through phosphorylation, protein 
kinases can activate or deactivate downstream proteins, including other kinases, 
therefore participating in and modulating signalling cascades. Protein kinases are 
classified as protein tyrosine kinases (PTKs), protein serine/threonine kinases and 
protein histidine kinases based upon the amino acid they phosphorylate within their 
substrate protein. Furthermore, PTKs can be embedded within the membrane and so 
termed receptor tyrosine kinases (RTKs; see Section 1.2.1.1), or be free within the 
cytoplasm of a cell and called cytoplasmic or non-receptor tyrosine kinases (NRTKs). 

PTKs have multiple amino acid motifs conserved among most members that are 
considered to be vital for PTK activity (Hanks et al., 1988). These include, but are not 
limited to, the glycine-rich loop, the catalytic loop and the Mg2+-positioning loop. The 
glycine-rich loop has a consensus amino acid sequence GXGXXG, with its main 
function being to position the ATP appropriately for phosphotransfer (Taylor and 
Radzio-Andzelm, 1994; Hanks and Hunter, 1995). The catalytic loop’s consensus 
sequence HRDLXXXN facilitates the acceptance of a proton from the OH group of the 
substrate allowing its phosphorylation. The Mg2+-positioning loop, with its consensus 
sequence DFG, chelates the Mg2+ ions which in turn coordinate the positioning of the 
phosphate-donor ATP. The Mg2+-positioning loop is part of the activation loop, a larger 
structural component that regulates kinase activity depending on its conformation 
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(Hubbard and Till, 2000). The activation loop blocks access to the active site of many 
kinases when in their inactive state, but undergoes a conformational change in 
activated kinases facilitating access to the active site (Hubbard et al., 1994; Huse and 
Kuriyan, 2002). This conformational change is induced by phosphorylation of the 
activation loop, commonly effected by autophosphorylation in RTKs (see Section 
1.2.1.1) and other upstream kinases in NRTKs (Hubbard and Till, 2000). 

Due to their indispensable roles in controlling cellular signalling, regulating kinase 
activity is pivotal for homeostatic cellular signalling (Wang and Cole, 2014). As such 
protein kinases are not constitutively active but instead tightly controlled by interactions 
with other proteins (Pellicena and Kuriyan, 2006). The requirement of some kinases to 
be phosphorylated for optimal activity produces a switch by which to turn them on or 
off. This phosphorylation, often executed by a combination of other protein kinases 
and autophosphorylation, leads to the sequential activation of kinases and the 
generation of kinase cascades for signal transduction. For example, mitogen-activated 
protein kinase (MAPK) cascades, which include the well-known extracellular signal-
regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) signalling pathways, 
transmit extracellular signals to modulate many cellular processes including cell 
proliferation, apoptosis, differentiation and survival (Chang and Karin, 2001; Keshet 
and Seger, 2010). Interactions with second messengers or extracellular ligands are 
two other mechanisms by which kinase activity can be modulated. Second 
messengers can activate protein kinases through multiple mechanisms including most 
commonly through removal of an inhibitory domain (Dale Purves, 2001). For example 
the second messenger cyclic adenosine monophosphate (cAMP) is necessary for the 
activation of cAMP-dependent protein kinase (PKA), a serine/threonine kinase with a 
wide array of substrates (Smith et al., 2011). cAMP binds to the two regulatory subunits 
of PKA, stimulating the release of the two catalytic subunits in the active conformation 
(Kim et al., 2005a; Sjoberg et al., 2010). The binding of extracellular ligands provides 
another regulated mechanism for activating kinases and is the classical method for 
RTK activation (Lemmon and Schlessinger, 2010). For example the ligand family of 
fibroblast growth factors (FGF) bind to and activate transmembrane FGF receptors 
(FGFR), allowing signal transduction through FGFR-mediated phosphorylation of 
intracellular substrates (Mohammadi et al., 2005) (see Section 1.2.1.1). 

The activity of kinases can also be modulated through localising these enzymes to 
particular subcellular compartments (Yao and Seger, 2009; Miaczynska, 2013). 
Alternative subcellular regions provide kinases with a different array of regulatory 
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proteins as well as phosphorylation substrates. This localisation can be determined 
through either specific amino acid motifs within the kinase or through interactions with 
other proteins transporting it to its desired region. This phenomenon is seen where src-
family protein kinases (SFKs) have distinct functions in different subcellular localisation 
at various stages of oogenesis (Kinsey, 2014).  

Protein phosphatases provide another means by which to regulate the functional 
output of protein kinases. Phosphatases work to antagonise kinase-mediated 
phosphorylation by dephosphorylating targets leading to a decrease in phosphorylated 
protein (Fischer et al., 1992). The highly regulated equilibrium between interrelated 
protein kinase and phosphatase activity in physiology is indispensible for homeostasis. 
For example, the interplay between MAPKs and mitogen kinase phosphatase 1 is 
crucial for the functional behaviour of macrophages (Lloberas et al., 2016). 

Despite these various layers of regulation, kinase activity can become dysregulated 
and this loss of homeostatic balance frequently leads to pathology. In Alzheimer’s 
disease aberrant kinase signalling from both protein kinase RNA-link endoplasmic 
reticulum kinase (PERK) and general control nonderepressible 2 (GCN2) lead to 
enhanced phosphorylation of the apoptosis-promoting eukaryotic initiation factor 2 a-
subunit which leads to disease progression (Ma et al., 2013). Inhibiting PERK and 
GCN2 in a pre-clinical mouse model alleviated neurodegenerative indications. The 
pathological roles of kinases are perhaps best represented in their dysregulation in a 
wide array of cancers. BRAF is a serine/threonine protein kinase that drives the 
activation of the extracellular signal regulated kinase (ERK)/MAPK pathway. 
Approximately 50% of cutaneous melanomas harbour a BRAF mutation at amino acid 
codon 600, of which V600E, a missense valine to glutamic acid substitution, is the 
most common (Davies et al., 2002; Long et al., 2011; Cancer Genome Atlas Network, 
2015). These mutations result in a constitutively active BRAF protein triggering 
deregulated signalling through the ERK/MAPK pathway and consequently 
uncontrolled cell proliferation and tumour growth (Houben et al., 2004; Wan et al., 
2004). These pathological roles of protein kinases present them as potential 
therapeutic targets, particularly in cancer (see Section 1.3).  

1.2.1.1 Receptor tyrosine kinases 

The discovery and subsequent characterisation of RTKs established these cell-surface 
glycoproteins as central regulators of pivotal developmental, physiological, and 
pathological signalling pathways. These pathways regulate diverse cellular processes 
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including proliferation, differentiation, migration, metabolism as well as cell survival or 
death (Choura and Rebai, 2011). There are 58 RTKs classified into 20 subfamilies 
based on the combination of ligand-binding domains in their extracellular region and 
their kinase domain sequence (Hanks et al., 1988; Schlessinger, 2000; Lemmon and 
Schlessinger, 2010; Wheeler and Yarden, 2015) (Figure 1.1). All RTKs have a similar 
domain organisation with an extracellular region containing a variety of domains, some 
of which dictate specificity for their ligand(s). A vast variety of ligands bind RTKs with 
different subfamilies capable of binding different ligand combinations. In many cases 
nomenclature of ligand and RTK subfamilies has been matched; for example FGFs 
bind FGFRs. Members within a RTK subfamily have distinctive affinities for their 
respective ligand(s) due to sequence differences within their ligand-binding domain(s) 
(Takahashi and Shibuya, 2005). A single pass transmembrane alpha helix entrenches 
these receptors within the plasma membrane but also plays a functional signalling role 
(Li and Hristova, 2006; Li and Hristova, 2010). RTK intracellular regions contain a 
juxtamembrane area involved in their regulation (Wybenga-Groot et al., 2001; Griffith 
et al., 2004; Thiel and Carpenter, 2007), a PTK domain whose kinase activity is the 
major means by which most RTKs signal, and a functionally relevant C-terminal region 
(Gajiwala, 2013; Kovacs et al., 2015).  

Prior to ligand stimulation RTKs exist as monomers on the plasma membrane (Heldin, 
1995; Schlessinger, 2002; Lemmon and Schlessinger, 2010). However, there are a 
few notable exceptions to this such as the insulin receptor (IR) and insulin-like growth 
factor I-receptor (IGF-IR), which form ligand-independent disulphide-linked dimers 
(Ward et al., 2007). Furthermore some RTKs, including members of the epidermal 
growth factor receptor (EGFR) and tropomyosin receptor kinase (TRK) subfamilies, 
have been reported to occur in pre-formed dimers prior to ligand binding (Schlessinger, 
2002; Clayton et al., 2005; Tao and Maruyama, 2008; Shen and Maruyama, 2012). 
Generally, through inducing dimerization or monomers or conformational changes of 
pre-formed dimers, ligands drive RTK auto-phosphorylation and activation of their 
kinase domains (Lemmon and Schlessinger, 2010). The kinase activity of these PTK 
domains is the key signalling element of most RTKs, operating through 
phosphorylation of downstream signalling proteins leading to activation of intracellular 
signalling cascades and, ultimately, context-specific cellular responses (Schlessinger, 
2000; Lemmon and Schlessinger, 2010; Choura and Rebai, 2011). Importantly, some 
RTKs can utilise other signalling mechanisms, which include: kinase activity under 
specific and unusual conditions (Mendrola et al., 2013); phosphotyrosine-independent 
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scaffolding to provide docking sites to facilitate protein-protein interactions; proteolytic 
cleavage resulting in shedding of the extracellular region and/or release of the 
intracellular region (Chen and Hung, 2015); and nuclear translocation of full-length 
RTKs or their intracellular fragments (Lemmon and Schlessinger, 2010; Carpenter and 
Liao, 2013; Mendrola et al., 2013; Song et al., 2013; Chen and Hung, 2015).  

Due to the indispensable role of RTK signalling for fundamental cellular processes 
mentioned above, it is perhaps unsurprising that dysregulated signalling through these 
pathways results in human pathologies including cancer. There are three established 
non-mutually exclusive ways that aberrant RTK signalling within cells can lead to 
formation of a tumour. RTK gain-of-function mutations lead to increased activation, 
often constitutive activation, of the receptor in a ligand-independent manner. 
Consequently, downstream signalling is amplified leading to the development and 
maintenance of cancer. These mutations predominantly occur in the PTK or 
extracellular domains of these receptors (Du and Lovly, 2018), while the 
transmembrane domains can also harbour oncogenic mutations (Li and Hristova, 
2006). EGFR gain-of-function mutations have been noted in multiple cancers 
(Yamaoka et al., 2018). The Catalogue of Somatic Mutations in Cancer (COSMIC) 
database reveals the most common EGFR mutation causes an L858R substitution in 
exon 21 encoding part of the PTK domain (Tate et al., 2019). In NSCLC almost all 
EGFR mutations occur within the PTK domain; these include the L858R substitution, 
with amino acids 746-750 in exon 19 also a hot spot for substitutions (Sharma et al., 
2007). These mutations result in hyperactivated EGFR signalling, often through 
alteration of the ATP-binding pocket of the kinase domain (Yun et al., 2007), and are 
therapeutically targeted in the clinic (see Section 1.3.2.3). In glioblastoma, however, 
EGFR mutations predominantly within the extracellular domain lead to oncogenic 
ligand-independent constitutive EGFR signalling (Nishikawa et al., 1994; Lee et al., 
2006; Furnari et al., 2007; Vivanco et al., 2012).  

Overexpression of RTKs and/or their ligands can also result in tumourigenic RTK 
signalling. While multiple mechanisms lead to RTK overexpression including 
oncogenic viruses and heightened gene transcription/protein translation (Du and Lovly, 
2018), gene amplification is the major mechanism. For example amplification of the 
human epidermal growth factor receptor 2 (HER2) gene is seen in ~20% of breast 
cancers and is associated with poor prognosis (Slamon et al., 1987; Sjogren et al., 
1998).  Furthermore, upregulated expression of RTK ligands by cancer cells can lead 
to oncogenic autocrine activation of RTK signalling. In acute myeloid leukemia (AML) 
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overexpression of hepatocyte growth factor (HGF) induces autocrine activation of MET 
(Kentsis et al., 2012). Chromosomal rearrangements give rise to numerous oncogenic 
kinase fusions including those involving RTKs (Stransky et al., 2014). In 2007 a 
chromosomal rearrangement was identified that resulted in the fusion of the anaplastic 
lymphoma kinase (ALK) gene with the echinoderm microtubule-associated protein like 
4 (EML4) gene in NSCLC (Soda et al., 2007). Since the discovery of the ALK/EML4 
fusion, the first in solid tumours, ~5% of NSCLC have been found to have ALK fusion 
proteins (Rikova et al., 2007). Many other tumours, in particular haematopoietic 
cancers, also contain ALK fusion proteins (Shackelford et al., 2014). In these ALK 
fusions, the rearrangement occurs upstream of the kinase domain, resulting in a fusion 
protein frequently containing a constitutively active kinase domain (Shackelford et al., 
2014; Du and Lovly, 2018). Moreover, this fusion protein localises within the cytoplasm 
instead of being embedded within the membrane, further dysregulating its signalling. 

In addition to cancer cells, RTK signalling has functional roles in stromal cells within 
the tumour microenvironment that promote tumourigenesis. RTKs play a key role in 
modulating behaviour of non-mutated cell types within the tumour including cancer-
associated fibroblasts, immune cells and tumour-promoting blood vessels (Pietras et 
al., 2008; Shibuya, 2011; Stokes et al., 2011; Davra et al., 2016). Members of the 
vascular endothelial growth factor receptor (VEGFR) family of RTKs are expressed on 
endothelial cells lining blood and lymphatic vessels within the tumour 
microenvironment. VEGF ligands secreted by the tumour cells and other stromal 
components stimulate endothelial cell VEGFRs and induce angiogenesis - the growth 
and expansion of new blood vessels to support the tumour (Ferrara et al., 2003; 
Rapisarda and Melillo, 2012). Tumour angiogenesis, a hallmark of cancer (Hanahan 
and Weinberg, 2000; Hanahan and Weinberg, 2011), supplies the growing tumour with 
vital oxygen and nutrients and is critical for a sustained tumour growth and survival 
(Folkman, 1971; Gimbrone et al., 1972). Furthermore VEGF/VEGFR signalling in 
blood and lymphatic vessels within the tumour microenvironment has been found to 
provide an avenue by which the tumour cells can metastasise (Folkman, 1971; Stacker 
et al., 2014; Yang et al., 2015). 

1.2.1.2 Pseudokinases 

Kinases, including RTKs, with a lack of experimentally demonstrated kinase activity 
were originally considered to have little, if any, biological relevance. However, in 
hindsight this was not a nuanced view. High conservation in evolution and presence of 
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pseudokinases in many eukaryotic organisms, along with ~10% of the human kinome 
being made up of pseudokinases (Manning et al., 2002; Reiterer et al., 2014) suggests 
substantial biological functions for these proteins (Wilson et al., 2018; Kung and Jura, 
2019). Indeed, these kinase inactive proteins were quickly found to have numerous 
roles in both physiology and pathology (Boudeau et al., 2006; Zhang et al., 2012a; 
Eyers and Murphy, 2013). Pseudokinases have substitutions in the conserved amino 
acid motifs of the kinase domain considered vital for their catalytic activity including, 
but not limited to, the glycine-rich loop, the catalytic loop and the Mg2+-positioning loop 
(see Section 1.2.1). This lack of conserved motifs was presumed to result in kinase-
dead proteins, and while this remains the case for many pseudokinases others have 
since been shown to retain some kinase activity. Some kinases with these substitutions 
have weak kinase activity, such as the RTK human epidermal growth factor receptor 
type 3 (ERBB3) (Shi et al., 2010). However, the functional relevance of this low level 
of activity remains unclear (Mendrola et al., 2013). Furthermore, other so-called 
pseudokinases have demonstrated unexpected kinase activity under specific and 
atypical conditions. For example, the Ca2+/calmodulin-dependent serine/threonine 
kinase (CASK), containing substitutions in the Mg2+-positioning loop, displays kinase 
activity in the absence of Mg2+ ions – a cofactor pivotal for the activity of most kinases 
(Mukherjee et al., 2008). In fact, Mg2+ ions were found to inhibit the kinase activity of 
CASK. It should be noted that multiple assays used to determine kinase activity in the 
literature, however, are inadequate as they fail to account for the possibility of co-
purified kinases contaminating the results and so revealing ‘false-positive’ activity. 
Murphy et al. have overcome this hurdle by using a thermal shift assay to classify half 
of all human pseudokinases based on their ability to bind nucleotides (e.g. ATP) and/or 
divalent cations (e.g. Mg2+) (Murphy et al., 2014). 

In accordance with their physiological and pathological relevance, pseudokinases 
have multiple kinase-independent signalling mechanisms (Kung and Jura, 2016; 
Jacobsen and Murphy, 2017). Firstly, pseudokinases can function as a signalling hub, 
providing a scaffold to facilitate protein interactions. The Tribbles family (TRIB) consists 
of serine-threonine pseudokinases which regulate ubiquitination and subsequent 
degradation of a wide array of proteins including acetyl-coenzyme A carboxylase 
(Yokoyama and Nakamura, 2011; Liang et al., 2016). TRIB members, acting as 
scaffolds, facilitate interactions between E3 ubiquitin ligases such as constitutive 
photomorphogenesis protein 1 (COP1) and their protein substrates leading to the 
substrates’ ubiquitination. The RTK pseudokinase serine/threonine/tyrosine kinase 1 
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(STYK1) can also act as a scaffold to promote the phosphorylation of glycogen 

synthase kinase 3b (GSK3b), potentially through protein kinase B (AKT) recruitment 
(Li et al., 2012a). Pseudokinase domains also allosterically modulate other catalytic 
domains, particularly kinases. The Janus kinase (JAK) family proteins are a well-
studied example as they contain both active and inactive tyrosine kinase domains in 
the same protein. JAK pseudokinase domains contact and inhibit the activity of their 
respective active kinase domain (Wilks, 1989; Wilks et al., 1991; Chen et al., 2000; 
Saharinen et al., 2000). In fact, a constitutively active JAK kinase domain results from 
genetic loss of the pseudokinase domain. ERBB3 forms heterodimers with catalytic 
members of the EGFR subfamily, with the pseudokinase domain of ERBB3 
allosterically activating the kinase domain of its catalytic partner (Zhang et al., 2006; 
Jura et al., 2009). Another kinase-independent mechanism of pseudokinases is 
regulation of protein subcellular localisation and trafficking. The kinase-inactive 
ribosomal protein S6 kinase C1 for example interacts with multiple proteins including 
sphingosine kinase and peroxiredoxin-3 and recruits them to early endosomes 
(Hayashi et al., 2002; Liu et al., 2005).  

While the elucidation of biological roles for pseudokinases is still in its infancy, their 
aberrant expression or regulation has already been linked to multiple pathologies 
including cancer (Reiterer et al., 2014; Kung and Jura, 2019). The TRIB, JAK and 
ERBB3 pseudokinases, introduced above, have all been implicated in tumourigenesis. 
Dysregulation of TRIB proteins has been associated with multiple human tumours 
including AML (Keeshan et al., 2006), prostate cancer (Mashima et al., 2014) and liver 
cancer (Wang et al., 2013; Eyers et al., 2017). The oncogenic functions of TRIB 
proteins, particularly TRIB2, often utilise their role in COP1-mediated degradation of 

the transcription factor CCAAT/enhancer binding protein (C/EBPa) (Byrne et al., 2017; 
Eyers et al., 2017; Kung and Jura, 2019). A variety of mutations in JAK proteins are 
present in AML and other myeloproliferative neoplasms resulting in a constitutively 
active kinase (Chen et al., 2012; Vainchenker and Constantinescu, 2013). Many of 
these somatic mutations occur in the pseudokinase domain of JAK members, at the 
interface with the active kinase domain, and prevent the auto-inhibitory function of the 
kinase-inactive domain. One mutated variant, JAK2V617F, is used as a diagnostic 
biomarker for patients with myeloproliferative neoplasms (Campbell et al., 2005; 
Vardiman et al., 2009). Somatic mutations throughout ERBB3 have been documented 
in multiple human tumours including colon and gastric cancers; these likely play an 
oncogenic role through increasing signalling of ERBB3-containing heterodimers by 
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increasing the avidity of ERBB3 for its partner or allowing ligand-independent signalling 
via these heterodimers (Jaiswal et al., 2013; Littlefield et al., 2014). ERBB3 has been 
implicated in resistance mechanisms to multiple RTK inhibitors, including EGFR, 
ERBB2 and IGF-1R inhibitors in lung (Engelman et al., 2007), breast (Sergina et al., 
2007) and prostate cancer (Desbois-Mouthon et al., 2009). Proteins with catalytic 
activity remain attractive therapeutic targets as they can be readily inhibited via small 
molecule kinase inhibitors (see Section 1.3.2). Consequently, the lack of kinase activity 
exhibited by pseudokinases proves a deterrent for their targeting. Despite this, efforts 
to therapeutically target these and other oncogenic pseudokinases are underway (Xie 
et al., 2014; Byrne et al., 2017; Kung and Jura, 2019). Deeper insight into the 
mechanisms utilised by pseudokinases for their tumour-promoting roles will help to 
facilitate further investment in a potentially fruitful but largely untapped field. 

1.2.2 WNTs 
WNTs are a family of hydrophobic cysteine-rich secreted glycoproteins that are highly 
evolutionarily conserved across metazoans, with humans having 19 WNT genes 
(Nusse and Clevers, 2017). As may be expected by this high level of conservation, 
WNTs have fundamental roles within many organisms, including mammals. WNTs 
have many functions throughout embryonic development via their ability to modulate 
cell-to-cell communication and cell proliferation, differentiation and movement (Clevers 
and Nusse, 2012; Nusse and Clevers, 2017). WNTs establish and maintain cell 
polarity, determine cell fate and regulate body axis formation and gastrulation. WNTs 
also play a significant role in adult tissues, most notably in stem cell self-renewal 
(Clevers et al., 2014; Steinhart and Angers, 2018). Similar to many signalling networks 
essential for, and tightly regulated during, development (Aiello and Stanger, 2016), 
dysregulation of WNT signalling frequently leads to cancer establishment and 
progression (Anastas and Moon, 2013). The biochemistry, pathological and 
physiological roles of WNT signalling has been largely elucidated through genetic 
analyses of model organisms, particularly Drosophila melanogaster (fruit fly), Xenopus 

laevis (frog) and Danio rerio (zebrafish) (Wiese et al., 2018).  

Wnt1, originally named Int1, was first identified as a proto-oncogene in mice as an 
integration site for the mouse mammary tumour virus (MMTV) (Nusse and Varmus, 
1982). The Drosophila homologue, wingless, was cloned five years later (Baker, 1987), 
with its name deriving from a phenotype caused by hypomorphic allele of the gene 
(Sharma and Chopra, 1976). Homology between Int1 and wingless was then identified 
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(Rijsewijk et al., 1987) and a new nomenclature - Wnt (wingless-type MMTV integration 
site) created to combine the two families (Nusse et al., 1991).  

1.2.2.1 WNT secretion and extracellular transport 

In addition to being N-glycosylated (Tanaka et al., 2002), WNTs are lipid modified. 
Porcupine, a palmitoyltransferase, acylates WNTs by adding a palmitoleic acid lipid, 
rendering them hydrophobic. The attached lipid is required for the secretion of active 
WNTs (Willert et al., 2003; Takada et al., 2006) as well as the binding of WNTs to cell-
surface receptors (Janda et al., 2012). Following palmitolyation in the endoplasmic 
reticulum WNTs will interact with the transmembrane protein, Wntless, which escorts 
them to the plasma membrane for secretion (Banziger et al., 2006; Bartscherer et al., 
2006). However, the biochemistry surrounding the secretion and extracellular transport 
of WNTs to target cells has not been fully elucidated. Studies have identified 
functionally active WNTs in secreted exosomes (Korkut et al., 2009; Gross et al., 
2012), in lipoprotein complexes (Panakova et al., 2005; Neumann et al., 2009), 
chaperoned by heparan sulphate proteoglycans (Fuerer et al., 2010) and on filopodia 
projected from WNT-producing cells to contact target cells (Stanganello et al., 2015). 
The variations in WNT transport mechanisms are likely context dependent, with 
different systems used for specific functions of WNTs. For example, one method may 
facilitate long-range WNT signalling, while other mechanisms would be used to deliver 
the WNTs over short distances.  

WNTs were traditionally thought to act over long distances, due to their morphogenic 
characteristics as directional growth factors (Goldstein et al., 2006; Schneider et al., 
2015) and their ability to form gradients (Zecca et al., 1996; Neumann and Cohen, 
1997). While there are contexts where this long-range model may remain accurate 
(Coudreuse et al., 2006; Mulligan et al., 2012; Wu et al., 2013), this canon is being 
challenged by more recent studies (Baena-Lopez et al., 2009; Alexandre et al., 2014; 
Farin et al., 2016). Alexandre et al. (2014) demonstrated the ability of a membrane-
tethered Wnt to fulfil the functions of wild-type Wnt in the Drosophila wing. In the 
intestinal crypts of mice, Wnt3 required contact between adjacent cells to have an 
effect, with the proliferation of Wnt3-producing cells driving the signal transmission 
over a longer range (Farin et al., 2016). This has led to a model of WNT transmission 
whereby the majority of WNT proteins function within a short-range of their secretion. 
Clevers et al. (2014) and Loh et al. (2016) hypothesise that the hydrophobicity of 
palmitolyated WNTs may limit their range in the hydrophilic environment of the 
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extracellular space. This makes WNTs ideal as stimulators of a restricted localised 
subset of cells while not impacting surrounding cells, for example within a stem cell 
niche (see Section 1.2.2.4). However, when this hydrophobicity can be countered, 
such as when WNTs are contained in exosomes or lipoprotein complexes, the longer-
range function of WNTs in altering morphogenic events is observed.  

WNTs, transported in the extracellular space, are either bound by extracellular WNT 
modulators (see Section 1.2.2.5) or reach their target cells, binding to one of a variety 
of transmembrane WNT receptors (see Section 1.2.2.4) and stimulate either the b-

catenin-dependent WNT pathway or one of multiple b-catenin-independent signalling 
pathways including the planar cell polarity (PCP) and WNT/Ca2+ pathways. 

1.2.2.2 b-catenin-dependent (canonical) WNT signalling 

The best-known and studied WNT signalling pathway is the b-catenin-dependent 
(canonical) pathway (Figure 1.2). This signalling results in the nuclear localisation of 

b-catenin, a multi-faceted protein (Valenta et al., 2012) that in this context modulates 
the transcription of a diverse array of WNT-responsive genes (Nusse and Clevers, 
2017). To prevent b-catenin signalling in the absence of a WNT signal, a destruction 
complex is formed containing multiple proteins including Axin and Adenomatous 
polyposis coli (APC) (Stamos and Weis, 2013). Axin, acting as a scaffold, recruits 
glycogen synthase kinase 3 (GSK3) and casein kinase 1 (CK1) kinases as well as b-
catenin into the complex and is phosphorylated by this GSK3 recruitment (Kim et al., 
2013c). These recruited kinases phosphorylate b-catenin (Ikeda et al., 1998; Liu et al., 

2002), which then becomes a substrate for the b-transducin repeat containing E3 

ubiquitin protein ligase (b-TrCP) and as a consequence is ubiquitinated and degraded 
via the proteasome (Kitagawa et al., 1999).  

In the presence of an extracellular WNT ligand, members of the Frizzled (FZD) and 
low density lipoprotein receptor-related protein (LRP) transmembrane receptor 
families (see Section 1.2.2.3) will bind the WNT, promoting the heterodimerisation 
(Pinson et al., 2000; Tamai et al., 2000; Wehrli et al., 2000), and potentially aggregation 
(Cong et al., 2004) of these two receptor families. In fact, WNT agonists that facilitate 

FZD-LRP heterodimers stimulate b-catenin-dependent WNT signalling (Janda et al., 
2017). WNT-induced FZD/LRP heterodimerisation leads to the formation of a 
signalosome, a signalling complex to transduce the WNT signal, involving Dishevelled 
(DVL) bound to the FZDs and Axin bound to the LRPs (Bilic et al., 2007; Tauriello et 
al., 2012; Gammons et al., 2016; Gerlach et al., 2018). The b-catenin destruction 
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complex is recruited from the cytoplasm to the plasma membrane in conjunction with 
DVL and Axin, leading to the phosphorylation of LRP6 phosphorylated by GSK3 and 
CK1 (Cselenyi et al., 2008; Piao et al., 2008). The next part of the molecular 

mechanism leading to the stabilisation of b-catenin, however, remains unclear, with 
two models prevalent. In the first, Axin is dephosphorylated and no longer binds b-
catenin, resulting in the breakdown of the destruction complex and absence of 

phosphorylated b-catenin (Kim et al., 2013c). The kinase activity of GSK3 may also be 
inhibited by phosphorylated LRP6 (Piao et al., 2008) or GSK3 sequestered in 
multivesicular endosomes (Taelman et al., 2010), further preventing phosphorylation 
of b-catenin. A second, more recent model of b-catenin stabilisation involves the 

presence of phosphorylated b-catenin within the membrane-associated destruction 

complex (Li et al., 2012b; Azzolin et al., 2014). However, due to absence of b-TrCP 
from the complex, this b-catenin is not ubiquitinated nor degraded. Therefore, this 

phosphorylated b-catenin saturates the destruction complex resulting in the 

accumulation of newly synthesised b-catenin in the cytoplasm that remains 

unphosphorylated (Azzolin et al., 2014). Whichever model is accurate, b-catenin 
accumulates in the cytoplasm and is then translocated to the nucleus. 

In the nucleus b-catenin associates with T-cell factor/lymphoid enhancer-binding factor 
(TCF/LEF) transcription factors (Behrens et al., 1996; Molenaar et al., 1996), which 
then recruit coactivators such as cyclic AMP response element-binding protein 
(CREB)-binding protein (CBP) or p300 to promote gene transcription (Hecht et al., 
2000; Takemaru and Moon, 2000). Target genes of this b-catenin transcription 
complex include key drivers of cell proliferation cyclin D1 (Tetsu and McCormick, 1999) 
and c-myc (He et al., 1998), Axin2 (Jho et al., 2002) and the catalytic subunit of 
telomerase, Telomerase reverse transcriptase (TERT) (Hoffmeyer et al., 2012). It has 

long been assumed target genes are transcriptionally activated when b-catenin is 
bound. However, recent analysis revealed only some of the genes that bind b-catenin 
are transcriptionally regulated by this protein and that alternative pathways, such as 
bone morphogenetic protein (BMP) and FGF signalling, are required for the 
transcription of other b-catenin-bound genes (Nakamura et al., 2016). As such, we can 

no longer assume that a gene is transcriptionally activated upon b-catenin binding, as 
additional signalling may be required. 
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1.2.2.3 b-catenin-independent (non-canonical) WNT signalling 

Multiple signalling pathways stimulated by WNT ligands exist that are independent of 

b-catenin. Collectively, these pathways are known as b-catenin-independent (non-
canonical) WNT signalling (Figure 1.3). The PCP and WNT/Ca2+ pathways are the best 
known and characterised. While these pathways are often portrayed as linear, one-
dimensional routes it is important to note that both have multiple downstream signalling 
arms containing alternative intracellular components (Zhan et al., 2017). 

1.2.2.3.1 Planar cell polarity (PCP) pathway 

PCP establishes and maintains cell polarity in the plane of the epithelium, 
perpendicular to the apical-basal axis, allowing for the correct arrangement of multiple 
tissues (Butler and Wallingford, 2017). PCP signalling leads to alterations in both cell 
polarity and the cytoskeleton and is vital for embryonic development (see Section 
1.2.2.4) (Winter et al., 2001; Butler and Wallingford, 2017). The FZD receptors were 
first linked with cell polarity in Drosophila hairs (Vinson and Adler, 1987) and later 
demonstrated to modulate Drosophila PCP signalling (Usui et al., 1999). The first direct 
indication that WNTs play a role in PCP signalling however came in zebrafish. Wnt11 

was found to play a b-catenin-independent role in convergent extension (CE) 
(Heisenberg et al., 2000) a pivotal developmental process, dependent on PCP 
signalling, resulting in the narrowing and lengthening of embryonic tissues (Henderson 
et al., 2018). The first evidence of WNTs providing instructive cues to guide PCP 
signalling came from studies of early chick myogenesis where WNT11 was found to 
instruct PCP signalling to orient the elongation of myocytes (Gros et al., 2009). The 
instructive role of WNTs in PCP signalling has since been elaborated to include Wnt5A, 
Wnt5B and Wnt9B in both Xenopus and mice (Karner et al., 2009; Chu and Sokol, 
2016; Minegishi et al., 2017).  

PCP signalling affects cell polarity by inducing an asymmetrical distribution of PCP 
signalling components within the cell (Strutt et al., 2016; VanderVorst et al., 2019). 
Core PCP proteins are localized at one end of the cell or the other in signalosomes 
(Strutt et al., 2016), inducing polarity within that cell but also transmitting the polarity 
signal to adjacent cells. Localized to the distal membrane are Fzd, Flamingo, Dvl and 
Diego, while Flamingo, Strabismus (or its mammalian orthologue Vang-like protein 2 - 
Vangl2) and Prickle form a complex at the proximal membrane (Humphries and 
Mlodzik, 2018; VanderVorst et al., 2019). Vangl2 can interact with both Fzd (Wu and 
Mlodzik, 2008; Wu et al., 2013) and another WNT receptor Ror2 (Gao et al., 2011) in 
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PCP signalling, with Vangl2 phosphorylation a key step in the transmission of the WNT 
signal (Gao et al., 2011). Dvl binds to FZD, localises to the membrane and recruits 
downstream components of PCP signalling (Axelrod et al., 1998). Dvl recruits and 
activates small guanine triphosphatases (GTPases), either RhoA or Rac, in a complex 
including Daam1 (Habas et al., 2003). Downstream of these GTPases are ROCK and 
JNK (Boutros et al., 1998; Marlow et al., 2002; Kim and Han, 2005), with Wnt5A 
activation of JNK prevalent from Xenopus (Yamanaka et al., 2002) to human cells 
(Nomachi et al., 2008). JNK then activates the transcription factor activation 
transcription factor 2 (ATF2). As such, an ATF2-reporter assay has been generated to 
experimentally assay for WNT/PCP signalling (Ohkawara and Niehrs, 2011). 

1.2.2.3.2 WNT/Ca2+ and other pathways 

WNT/Ca2+ signalling was first shown with the ability of Wnt5A to enhance the release 
of intracellular calcium through FZD binding and stimulation of the phosphatidylinositol 
signalling pathway (Slusarski et al., 1997a; Slusarski et al., 1997b). Wnt5A-induced 
release of intracellular Ca2+ has since been shown in multiple contexts from embryonic 
development (Saneyoshi et al., 2002) through to cancer (Kremenevskaja et al., 2005; 
Dejmek et al., 2006). Intracellular components of this pathway downstream of the influx 
of Ca2+ include protein kinase C (Pkc) (Sheldahl et al., 1999), cell division cycle42 
(Cdc42) (Choi and Han, 2002) and Ca2+/calmodulin-dependent protein kinase II 
(CAMKII) (Kuhl et al., 2000), with the activation of the nuclear factor of activated T-
cells (NAFT) transcription factor a signalling output identified (Saneyoshi et al., 2002; 

Dejmek et al., 2006). As in the PCP and b-catenin-dependent pathway Dvl has also 

been linked with WNT/Ca2+ signalling (Sheldahl et al., 2003). Additional b-catenin-
independent pathways have been identified but their relatively recent discovery mean 
little is known mechanistically about them. These include a WNT/Fyn/signal transducer 
and activator of transcription 3 (STAT3) pathway (Gujral et al., 2014), WNT/Yes-
associated protein (YAP)/tafazzin (TAZ) signalling (Park et al., 2015) and WNT5A-
stimulated phosphoinositide 3-kinase (PI3K)/AKT signalling (Kawasaki et al., 2007; 
Kim et al., 2011; Zhang et al., 2014a).  

1.2.2.3.3 Crosstalk between WNT pathways 

While WNT signalling pathways are often segregated into separate linear signalling 
routes, we know that they are not mutually exclusive but instead heavily intertwined 
(Kestler and Kuhl, 2008; van Amerongen and Nusse, 2009). There is crosstalk 
between the PCP and WNT/Ca2+ pathways; for example, in Zebrafish gastrulation the 
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core PCP component prickle can stimulate release of intracellular Ca2+ (Veeman et al., 

2003). Most notable though is the interplay between the b-catenin-independent and b-
catenin-dependent pathways. Both PCP and WNT/Ca2+ signalling can antagonise 

WNT b-catenin signalling (Saneyoshi et al., 2002; Ishitani et al., 2003; Hayes et al., 
2013). In particular, WNT5A can block b-catenin signalling through multiple 

mechanisms including promoting b-catenin degradation independent of GSK3 (Topol 
et al., 2003) and competing with WNT3A for receptor binding and thus inhibiting 
WNT3A-mediated phosphorylation of LRP6 (Sato et al., 2010). However other groups 
have demonstrated that downstream PCP signalling components Rac1 and JNK can 

positively regulate b-catenin nuclear translocation and consequently b-catenin-
dependent WNT signalling (Esufali and Bapat, 2004; Wu et al., 2008). It has been 

convenient for the field to classify WNT ligands based on whether they stimulate b-
catenin-dependent (e.g. Wnt1 and Wnt3A) or -independent (e.g. Wnt5A and Wnt11) 
WNT signalling with distinct functional outputs (Du et al., 1995). However, this 
separation, while often useful, is too simplistic. Indeed Wnt3A (Bengoa-Vergniory and 
Kypta, 2015), Wnt5A (van Amerongen et al., 2012b; Okamoto et al., 2014) and Wnt11 

(Tao et al., 2005; Cha et al., 2008) can each stimulate both b-catenin-dependent and 
-independent signalling. Which signalling pathway a stimulating WNT ligand transmits 
its signal through is highly context dependent, likely dictated by a variety of parameters 
including the WNT receptors, co-receptors and intracellular signalling components 

expressed within the cell. As Dvl is a component of b-catenin-dependent and multiple 

b-catenin-independent pathways it has been hypothesised that Dvl could dictate which 
downstream pathway to utilise through differential phosphorylation (Sen, 2005; Gao 
and Chen, 2010). However, the major deciding factor is the combination of WNT 
receptors and co-receptors present on the target cell to receive the WNT signal (Mikels 
and Nusse, 2006; Grumolato et al., 2010; van Amerongen et al., 2012b). 

1.2.2.4 WNT receptors  

WNT signalling is mediated through a range of WNT receptors, co-receptors and 
antagonists. The combination of receptors and co-receptors available on a cell to bind 
WNT dictates the functional output of the WNT signal, consequently leading to the 
variety of cellular responses to WNT ligands (Grumolato et al., 2010).  

1.2.2.4.1 FZDs and LRPs 

The predominant family of WNT receptors are the FZDs, a family of 7-transmembrane 
G-protein coupled receptors (Liu et al., 2001; Koval and Katanaev, 2011). FZDs have 
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a N-terminal cysteine rich domain (CRD) (Figure 1.4), enabling WNT-binding first 
identified in Drosophila (Bhanot et al., 1996). A big breakthrough for the field came in 
2012 when the crystal structure of xenopus Wnt8 bound to the mouse Fzd8 CRD was 
solved (Janda et al., 2012). This study demonstrated the necessity of the Wnt8 lipid 
moiety to facilitate the Wnt/Fzd interaction, with WNTs binding to the receptor in a 
thumb and index finger-like grip. The palmitoleic lipid represents the thumb, which 
extends into a hydrophobic cavity of the CRD, while the index finger represents 
additional hydrophobic contacts made by the Wnt8 in binding to FZD. A recent study 
has demonstrated the same thumb and index finger grip in human WNT3 binding to 
the CRD of mouse Fzd8 (Hirai et al., 2019). Interestingly, this study found WNT3/Fzd8 
CRD complexes existed in 2:2 homodimers although the functional relevance of this is 
unknown. The 10 mammalian FZDs retain different binding affinities for the 19 
mammalian WNTs, leading to WNTs having preferential binding for particular FZD 
members and different WNT/FZD pairs dictating differential downstream signalling 
(Dijksterhuis et al., 2014; Voloshanenko et al., 2017). The common co-receptors for 
WNT/FZD interactions are the single transmembrane LRPs (MacDonald and He, 
2012). Characterisation of Lrp6 mutated mice first demonstrated the involvement of 
LRPs in WNT signalling, with their phenotypes similar to those knockouts of Wnt 
ligands (Pinson et al., 2000). The so-called linker-region of WNTs separating their N 
and C-terminal domains has recently been demonstrated to be the LRP6 binding site 
(Hirai et al., 2019), an idea previously suggested for WNT co-receptors including LRP6 
(Chu et al., 2013; Eubelen et al., 2018). Interestingly, FZD/LRP complexes also bind 

the ligand Norrin resulting in heterodimerisation and activation of b-catenin-dependent 
WNT signalling (Xu et al., 2004; Ke et al., 2013). Clostridium difficile toxin B (TcdB), a 
disease-causing virulence factor associated with Clostridium difficile infection, was 
also found to bind FZDs (Tao et al., 2016; Chen et al., 2018a). In fact, TcdB competes 
with WNTs for FZD-binding and consequently inhibits WNT binding.  

1.2.2.4.2 Heparan sulphate proteoglycans 

Transmembrane heparan sulphate proteoglycans (HSPGs), particularly the glypican 
and syndecan subfamilies, are capable of binding WNTs (Ai et al., 2003; Niehrs, 2012; 

Sakane et al., 2012). Syndecans positively modulate both b-catenin-dependent and -
independent WNT signalling (Alexander et al., 2000; Munoz et al., 2006; Ohkawara et 
al., 2011; Ren et al., 2018). This regulation is likely due to the ability of HSPGs to aid 
in the solubility of extracellular hydrophobic WNTs, preventing them from aggregating 
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and concentrating them on the outside of the cell membrane in preparation for binding 
to additional WNT receptors (Fuerer et al., 2010; Niehrs, 2012). 

1.2.2.4.3 WNT-binding RTKs 

A subset of RTK subfamilies is capable of binding WNTs and signalling through both 

b-catenin-dependent and -independent pathways (Roy et al., 2018) (Figure 1.4). The 
WNT-binding RTKs are the related to tyrosine kinase (RYK) (Yoshikawa et al., 2003), 
protein tyrosine kinase 7 (PTK7) (Peradziryi et al., 2011), muscle-specific kinase 
(MuSK) (Jing et al., 2009), and RTK-like orphan receptor (ROR) subfamilies (Oishi et 
al., 2003). This subset is distinct from most RTKs not only due to their WNT-binding 
abilities but also because most are pseudokinases (see Section 1.2.1.2) (Mendrola et 
al., 2013; Murphy et al., 2014). The WNT-binding RTKs will be explored in detail in 
Section 1.4. Additional receptors have been implicated in WNT signalling, however 
none are known to bind WNT ligands. For example, adhesion G-protein coupled 

receptor 124 (GPR124) is a coactivator of Wnt7A/7B-driven b-catenin-dependent 
signalling prevalent in the formation of the blood brain barrier (Zhou and Nathans, 
2014). 

1.2.2.5 WNT antagonists and agonists 

Secreted extracellular antagonists as well as transmembrane antagonists and agonists 
add to the high level of regulation of WNT signalling, frequently modulating WNT 
ligand/receptor interactions.  

1.2.2.5.1 WNT inhibitory factor 1 

WNT inhibitory factor 1 (WIF-1) is a secreted WNT antagonist, which binds to WNTs, 

acts as a ligand sink and inhibits both b-catenin-dependent and -independent WNT 
signalling (Hsieh et al., 1999; Poggi et al., 2018). WNTs bind to the WIF domain of 
WIF-1 (Figure 1.4) in a similar way to the CRD of FZDs, with the lipid thumb protruding 
into the WIF-1 alkyl binding site and the WNT C-terminal domain interacting with the 
opposite side of the WIF domain (Kerekes et al., 2015). However, the EGF domains of 
WIF-1 are required for full WNT binding affinity (Malinauskas et al., 2011), likely due 
to these domains containing bound HSPGs, particularly glypican, which strengthen the 
WNT/WIF-1 interaction (Avanesov et al., 2012). Interestingly, the lipid 1,2-
dipalmitoylphosphatidylcholine was found embedded into the WIF domain of WIF-1 
(Malinauskas et al., 2011). The effect of this lipid on WNT-binding is unknown but it 
does raise the possibility of hindering long-range activities of WIF-1, much as the lipid 
moiety of WNT does (see Section 1.2.2). However, the existence of bound HSPGs 
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may counter the hydrophobicity of this lipid, possibly facilitating long-range actions. 
WIF-1 can also bind Xenopus olfactomedin 1 (Nakaya et al., 2008) and mammalian 
connective tissue growth factor (Surmann-Schmitt et al., 2012). While WIF-1 regulates 
the signalling of these other ligands when artificially expressed, its physiological 
relevance is unknown. More enticingly though the protein expressed from the 
Drosophila orthologue of the WIF-1 gene – Shifted – does not bind WNTs, but instead 
hedgehog morphogens (Glise et al., 2005; Gorfinkiel et al., 2005; Avanesov et al., 
2012; Sanchez-Hernandez et al., 2012). However, despite the ability of vertebrate 
WIF-1 to promote hedgehog signalling (Avanesov et al., 2012; Kerekes et al., 2019) it 
is unknown whether it can directly bind hedgehog ligands and this needs to be 
investigated. 

1.2.2.5.2 Other secreted WNT modulators 

Secreted FZD-related proteins (SFRPs) are a family of extracellular modulators 
capable of binding WNTs through their FZD-like CRD and netrin-related motif (Figure 
1.4) (Lin et al., 1997; Wang et al., 1997). Different SFRPs preferentially bind particular 

WNT ligands and inhibit both b-catenin-dependent and -independent WNT signalling 
(Cruciat and Niehrs, 2013). There are multiple other secreted antagonists but unlike 
SFRP and WIF-1 they do not function as ligand sinks and their direct binding of WNTs 
is unknown. Members of the Dickkopf (DKK) family DKK1, DKK2 and DKK4 bind to 

the last two EGF repeat of LRP5/6, inhibiting b-catenin-dependent WNT signalling 
(Mao et al., 2001; Niehrs, 2006). Like DKK, Sclerostin family members bind to the EGF 
repeats of LRP 5/6 and prevent their heterodimerisation with FZD receptors (Li et al., 
2005b; Semenov et al., 2005). Insulin-like growth factor binding protein-4 (IGFBP-4) 
was also found to bind LRP6 and FZD, preventing WNT binding and b-catenin-
dependent WNT signalling (Zhu et al., 2008). Notum is a secreted extracellular WNT 
antagonist that removes the palmitoleic lipid moiety from active WNTs through its 
carboxylesterase activity, rendering the ligand incapable of binding WNT receptors 
(Kakugawa et al., 2015; Zhang et al., 2015b). 

1.2.2.5.3 Transmembrane WNT modulators 

Transmembrane antagonists and agonists help to modulate b-catenin-dependent and 
-independent WNT signalling. The transmembrane E3 ubiquitin ligases – zinc and ring 
finger 3 (ZNRF3) and ring finger protein 43 (RNF43) – ubiquitinate FZD receptors, 
leading to their degradation and subsequent inhibition of WNT signalling (Hao et al., 
2012; Koo et al., 2012). R-spondin proteins inhibit ZNRF3/RNF43 function by 
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promoting their interaction with leucine-rich repeat-containing G-protein coupled 
receptor 4 and 5 (LGR4/5), which leads to the clearance of the ubiquitin ligases from 
the membrane (de Lau et al., 2011; Hao et al., 2012). Indeed, LGRs and R-spondins 

are vital for the amplification of both b-catenin-dependent and PCP WNT signalling to 
a functionally relevant level (Kim et al., 2005b; de Lau et al., 2011; Glinka et al., 2011; 
Yan et al., 2017). The cell-surface protein WNT-activated inhibitory factor 1 (Waif1) 
inhibits b-catenin-dependent signalling and promotes the PCP pathway (Kagermeier-
Schenk et al., 2011). Additional transmembrane antagonists of WNT signalling include 
adenomatosis polyposis coli down-regulated 1 (APCDD1) (Shimomura et al., 2010), 
Sisha (Yamamoto et al., 2005), and Tiki1 (Zhang et al., 2012c). This incredible variety 
of WNT receptors and extracellular or transmembrane modulators results in a highly 
regulated signalling network with numerous combinatorial outputs that suggest WNTs 
have diverse and complex physiological roles.  

1.2.2.6 Physiological roles 

1.2.2.6.1 WNT in embryonic development 

The high conservation of WNTs across metazoans suggests a fundamental role for 
these secreted proteins in physiology. Indeed WNTs have been most studied 
historically in embryology due to their multitude of roles throughout embryonic 
development (Wiese et al., 2018). The requirement of WNT signalling for the formation 
of the body axis was identified when Wnt1 mRNA was ectopically expressed in frog 
oocytes resulting in the creation of a secondary body axis (McMahon and Moon, 1989). 
Ten years later Wnt3 was found to be necessary for vertebrate axis formation (Liu et 
al., 1999). WNTs act as directional growth factors in development through establishing 
an asymmetric distribution of proteins within a cell, resulting in the determination of cell 
polarity (Goldstein et al., 2006; Huang and Niehrs, 2014; Schneider et al., 2015). 
Instead of the entire cell periphery, WNTs contact a specific area of its target cell 
resulting in asymmetry of intracellular components and asymmetric cell division (Habib 
et al., 2013; Loh et al., 2016). Simultaneously, WNTs determine the cell fates of the 
two daughter cells from this asymmetric cell division, generating two cells with often 
opposing differentiation statuses. Importantly, b-catenin-dependent and -independent 
signalling work together in this process regulating both cell polarity and differentiation 
(Huang and Niehrs, 2014). This is a fundamental process for the development of an 
embryo. Furthermore, WNT/PCP signalling-mediated cell polarity is critical for the 
correct organisation of hair follicles (Devenport and Fuchs, 2008), embryonic limb buds 



 23 

(Gao et al., 2011) and stereociliary bundles in the cochlea (Dabdoub et al., 2003; Wang 
et al., 2005). In fact a classical phenotype of defective WNT/PCP signalling is the 
misorientation of stereociliary bundles in the cochlea bought about by incorrect cell 
polarity (Curtin et al., 2003; Montcouquiol et al., 2003). 

Convergent extension (CE) is a morphogenetic process by which cell movement and 
polarity leads to the narrowing and lengthening of embryonic tissue (Wallingford et al., 
2002). CE is pivotal for embryonic development, a process utilised from the generation 
of central nervous system to gastrulation. WNT/PCP signalling was first shown to 
regulate CE in zebrafish (Heisenberg et al., 2000) and Xenopus (Wallingford et al., 
2000), including during the separation of mesoderm and ectoderm in gastrulation 
(Winklbauer et al., 2001). Later Wnt5A and Wnt11 was discovered to modulate CE in 
mice (Andre et al., 2015). CE is also crucial for closure of the neural tube with mutated 
PCP signalling demonstrating neural tube defects including exencephaly and spina 
bifida in model organisms (Ybot-Gonzalez et al., 2007; Andersson et al., 2010; 
Nishimura et al., 2012). Mutations in humans have also linked aberrant WNT/PCP 
signalling to neural tube defects (Lei et al., 2010; Lei et al., 2014; Chen et al., 2018b). 
WNTs also have a large neurological role – with Wnt1-deficient mouse embryos having 
no, or a severely affected, midbrain and cerebellum, and dying within 24 h of birth 
(McMahon and Bradley, 1990; Thomas and Capecchi, 1990). This led to the 
identification that a mutation which caused cerebellum and midbrain defects in mice 
led to a truncated Wnt1 protein (Thomas et al., 1991). Since this discovery, both b-
catenin-dependent and -independent WNT signalling have been identified as 
indispensable for the development of the nervous system and in particular the brain 
(Noelanders and Vleminckx, 2017; Oliva et al., 2018).  

1.2.2.6.2 WNT in adult homeostasis 

In addition to their developmental necessity, WNTs also play a key role in adult tissue 
homeostasis, most notably through their roles in regulating stem cells (Steinhart and 
Angers, 2018). The stem cell role of WNTs was first identified when mice deficient for 
the WNT effector transcription factor, Tcf-4, were found to lack crypt stem cell 
compartments of the small intestine (Korinek et al., 1998). Later Lgr5, a WNT target 
gene (Van der Flier et al., 2007) and positive modulator of WNT signalling (see Section 
1.2.2.3), was identified as a marker of intestinal stem cells in adult mice (Barker et al., 
2007). WNT signalling was then confirmed to be required for the self-renewal of these 
intestinal stem cells (van Es et al., 2012). WNT signalling-responsive stem cells exist 
in many organs. Embryonic and adult mouse neural stem cells require WNTs for their 
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self-renewal (Bowman et al., 2013). Epithelial stem cells secrete WNTs in an autocrine 
fashion for self-renewal (Lim et al., 2013). There are also WNT-responsive 
haematopoietic (Reya et al., 2003), adult mammary gland (van Amerongen et al., 
2012a), nail epithelium (Takeo et al., 2013) and liver (Wang et al., 2015) stem cells. 
Furthermore, Lgr5 is a marker for ovarian (Ng et al., 2014), gastric (Barker et al., 2010), 
kidney (Barker et al., 2012) and hair follicle (Jaks et al., 2008) stem cells. The short-
range disposition of WNTs (see Section 1.2.2) makes them an ideal stimulator for 
renewal of a relatively small and localised set of stem cells (Clevers et al., 2014). These 
factors are secreted, and function within a stem cell niche, while not impacting 
differentiated cells beyond this niche. Interestingly, along with WNTs for their self-
renewal, epithelial stem cells secrete DKK WNT inhibitors (see Section 1.2.2.3), which 
localise near differentiated cells beyond the stem cell niche to seemingly prevent the 
influence of WNTs on these cells (Lim et al., 2013). These WNTs can be secreted by 
the stem cells themselves (Lim et al., 2013) or by stromal cells within the stem cell 
niche, as is the case in intestinal (Kabiri et al., 2014) and bladder (Shin et al., 2011) 
self-renewal. 

WNTs play multiple roles in adult tissues beyond stem cells. For example, WNTs 
regulate adult hippocampal neurogenesis through determining cell fate (Lie et al., 
2005) and the b-catenin-dependent pathway modulates cell proliferation through its 
involvement in cell cycle and mitotic signalling (Tetsu and McCormick, 1999; Niehrs 
and Acebron, 2012). Importantly, there is a highly regulated balance between the 
different WNT signalling pathways (see Section 1.2.2.1 & 1.2.2.2) to maintain tissue 

homeostasis. A transition from b-catenin-dependent to -independent WNT signalling 
is involved in the ageing characteristics of haematopoietic stem cells such as a loss of 
regenerative capacity (Florian et al., 2013). In the zebrafish tail fin there is equilibrium 
between b-catenin signalling to promote regeneration of the fin and Wnt5b b-catenin-

independent signalling, which antagonises b-catenin signalling and so limits 

regeneration (Stoick-Cooper et al., 2007). Wnt5a, signalling through a b-catenin-
independent pathway, inhibits b-catenin signalling in the limbs of mice, facilitating 

chondrogenesis (Topol et al., 2003). Wnt5A/Ca2+ signalling antagonises b-catenin-
dependent Wnt signalling in the development of mouse T cells (Liang et al., 2007) and 
in thyroid carcinomas (Kremenevskaja et al., 2005). This stringently controlled balance 
between different WNT pathways along with the tight regulation of WNT signalling 
components and the diversity of potential ligand/receptor combinations all help to drive 
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the essential functions of WNTs in physiology and prevent the pathological 
consequences of dysregulation.  

1.2.2.7 Oncogenic role 

With WNTs playing such fundamental physiological roles – from regulating cell 
proliferation, movement, polarity to cell fate-determination and stem cell self-renewal 
– it is perhaps unsurprising that these pathways, when corrupted, contribute to the 
establishment and progression of cancer (Anastas and Moon, 2013). The complexity 
and varied oncogenic roles of dysregulated WNT signalling is demonstrated by its links 
to the majority of the hallmarks of cancer (see Section 1.1). 

Genetic alterations of WNT signalling components, from ligands and receptors to 
downstream intracellular molecules, are present in numerous cancer types (Wiese et 
al., 2018). The APC gene was identified through mutations discovered in patients with 
colorectal cancers (Kinzler et al., 1991; Nishisho et al., 1991). In fact, we now know 
that APC mutations occur in more than 85% of colorectal cancers (Brannon et al., 
2014). APC acts as a tumour suppressor and when inactivated allows the cancer to 
evade growth suppression (Hankey et al., 2018). Restoration of APC can lead to 
tumour regression of APC mutant colorectal tumours in vivo (Dow et al., 2015). 

Hyperactivated b-catenin-dependent WNT signalling is a consequence of mutations in 
not only APC (Korinek et al., 1997; Morin et al., 1997) but other b-catenin-dependent 
WNT signalling components too. Loss-of-function mutations in Axin2 (Liu et al., 2000) 

and oncogenic mutations in CTNNB1, the gene encoding b-catenin (Morin et al., 1997) 
have also been linked to amplified b-catenin signalling in colon cancer. Genomic 
instability is another consequence of APC and CTNNB1 mutations (Aoki et al., 2007). 
WNT signalling mutations are present in multiple cancers distinct from colorectal 
cancer including hepatocellular and ovarian cancer and melanoma (Kahn, 2018). E3 
ubiquitin ligase RNF43/ZNRF3 mutations and R-spondin translocations occur in 
cancers including ~20% and ~10% of colorectal cancers respectively (Seshagiri et al., 
2012; Giannakis et al., 2014; Hao et al., 2016). These genetic alterations both give rise 
to WNT-dependent tumours (Jiang et al., 2013; van de Wetering et al., 2015; Madan 
et al., 2016). 

In addition to genetic alterations, components of b-catenin-dependent 
and -independent pathways are overexpressed in many cancers leading to aberrant 
WNT signalling. WNT ligands themselves are upregulated in cancer with their 
autocrine signalling driving tumourigenesis (Bafico et al., 2004; Suzuki et al., 2004; 
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Akiri et al., 2009). Hyperactivated WNT signalling leads to an increase in the 
proliferative capacity of cancer cells (Jiang et al., 2013; Zhang et al., 2013; Tammela 
et al., 2017) and contributes to cancer’s ability to resist cell death through the inhibition 

of apoptosis (Chen et al., 2001; Lu et al., 2004a). A target gene of b-catenin signalling 
is the catalytic subunit of telomerase, TERT, in embryonic stem cells as well as in 
human cancer cells (Hoffmeyer et al., 2012). Consequently, enhanced WNT signalling 
promotes replicative immortality in tumours. WNT5A signalling through both b-catenin-
dependent and -independent pathways also contributes to the rewiring of cellular 
energetic pathways by regulating cancer cell metabolism (Lee et al., 2012; Sherwood 
et al., 2014; Sherwood, 2015). 

1.2.2.7.1 WNT signalling and metastasis 

Aberrant b-catenin-independent WNT signalling, particularly PCP signalling, promotes 
the migration, invasion and metastasis of a number of cancers including melanoma 
(Weeraratna et al., 2002), glioma (Wald et al., 2017), and colorectal (Nishioka et al., 
2013), breast (Luga et al., 2012; Puvirajesinghe et al., 2016), gastric (Kurayoshi et al., 
2006) and ovarian cancers (Asad et al., 2014). WNT5A is the predominant ligand 
stimulator of this metastasis-promoting signalling (Asem et al., 2016). For example, 
WNT5A drives invasion of melanoma cells through PKC activation and actin 
reorganisation (Weeraratna et al., 2002) and migration and invasion of gastric cancer 
cells through the regulation of focal adhesion complexes (Kurayoshi et al., 2006). 
Alternative WNTs can also be responsible for PCP-mediated metastasis such as 
WNT11 in breast cancer cells (Luga et al., 2012), while WNT5A can promote 

migration/invasion through other pathways including b-catenin-dependent signalling 
(Grossmann et al., 2013). To add further complexity, WNT5A/Ca2+ signalling can have 
tumour suppressive properties in thyroid cancers through its inhibition of b-catenin-
dependent signalling (Kremenevskaja et al., 2005). In breast cancer WNT5A signalling 
inhibits breast cancer invasion in vitro (Dejmek et al., 2006) and loss of WNT5A 
increases the risk of recurrent disease in patients (Jonsson et al., 2002). 

WNT signalling promotes epithelial-to-mesenchymal transition (EMT) of cancer cells, 
a process by which tumour cells convert from a proliferative epithelial phenotype to a 
more migratory mesenchymal phenotype, which enhances their ability to metastasise 
(De Craene and Berx, 2013). b-catenin-dependent WNT signalling positively 

modulates EMT in breast cancer, with WNT signalling promoting the GSK3b-mediated 
degradation of Snail2, a key mediator of EMT (Yook et al., 2006; DiMeo et al., 2009; 
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Wu et al., 2012b). WNT5A induces EMT through both b-catenin-dependent and -
independent signalling mechanisms in lung, liver, breast and colon cancer cells (Gujral 
et al., 2014; Wang et al., 2017b). In melanoma, b-catenin signalling drives a more 
proliferative phenotype while suppressing invasion (Arozarena et al., 2011). However, 
a switch to activation of the b-catenin-independent WNT pathways, such as WNT5A-

mediated WNT/Ca2+ signalling, results in inhibited b-catenin signalling, a more invasive 
phenotype and enhanced melanoma metastasis (Weeraratna et al., 2002; 
Dissanayake et al., 2007; Dissanayake et al., 2008; O'Connell et al., 2013). This so-
called ‘phenotype-switching’ shows many similarities with EMT. Despite this, others 

have identified links between activated b-catenin-dependent WNT signalling and 
increased melanoma metastasis in certain contexts (Damsky et al., 2011). This 
provides another example in WNT signalling where it is misleading to assume that a 
particular cellular outcome will result from activation or inhibition of given WNT 
pathways, without also considering the context of that interaction. In reality the 
interplay between the different pathways, the relative expression levels of the various 
WNT receptors and the genetic mutational context of the cell, likely combine with other 
factors to control the cellular outcomes of a WNT signal. 

1.2.2.7.2 WNT signalling and cancer stem cells 

In addition to its role in metastasis, EMT has also been linked to the development of 
stem cell-like properties of cancer stem cells (CSCs) such as dedifferentiation and self-
renewal (Mani et al., 2008; Morel et al., 2008; Wang and Unternaehrer, 2019). CSCs, 
or tumour-initiating cells, are a small subset of cancer cells that possess the ability to 
initiate tumours and ensure long-term maintenance of tumours, and can cause the 
recurrence of tumours post therapy (O'Connor et al., 2014; Peitzsch et al., 2017). 
Activation of b-catenin-dependent WNT signalling is characteristic of CSCs in tumours 
including hepatocellular carcinoma (Mani et al., 2016) and colorectal cancer 
(Vermeulen et al., 2010). Furthermore, CSCs can be identified using markers of b-
catenin-dependent WNT signalling, such as LGR5 in colon cancer (Kemper et al., 
2012; Junttila et al., 2015; de Sousa and Vermeulen, 2016). Intestinal expression of 
Rspondin3 promoted expansion of Lgr5+ stem cells and their niche cell counterparts, 
driving intestinal tumourigenesis (Hilkens et al., 2017). Another group found the 
targeting of Rspondin3 in Rpsondin3-fusion colon tumours leads to a loss of CSC 
properties and reduced growth of tumour xenografts (Storm et al., 2016). Aberrant 
WNT signalling has also been linked to the debate surrounding what the cell of origin 
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is for intestinal cancers. APC mutations in Lgr5+ intestinal crypt stem cells led to rapid 
development of intestinal tumourigenesis in mice (Barker et al., 2009). But others have 
found constitutive WNT activation in intestinal epithelial cells (non-stem cells) leads to 
dedifferentiation and generation of stem cell-like properties that drive tumourigenesis 
(Schwitalla et al., 2013). Skin CSCs also require b-catenin signalling, with an absence 

of b-catenin leading to the loss of CD34+ CSCs and terminal differentiation and 
regression in a skin tumour model (Malanchi et al., 2008). The self-renewal of prostate 
CSCs is also activated by b-catenin-dependent WNT signalling (Bisson and Prowse, 
2009). 

The stem cell niche, the immediate microenvironment surrounding the CSCs including 
both tumour and stromal cells, is pivotal for the preservation of stem cells and regulates 
their functional status (Plaks et al., 2015). The CSC niche is necessary for the induction 
of WNT signalling within CSCs. Myofibroblasts, located in the colorectal CSC niche, 

are involved in inducing b-catenin signalling in the CSCs (Vermeulen et al., 2010). 
Heterogeneity in lung adenocarcinoma leads to an array of tumour cell groupings, with 
Tammela et al (2017) characterising two of these groups. One, predominated by 
LGR5+ cells, has CSC-like properties and drives tumour growth. The second group of 
tumour cells acts as part of the CSC niche, secreting WNTs which stimulate WNT 
signalling in the LGR5+ CSC group (Tammela et al., 2017). 

The CSC niche is part of the greater tumour microenvironment, which is pivotal for the 
establishment, maintenance, and spread of cancer (Wu and Dai, 2017). The tumour 
microenvironment can promote oncogenic WNT signalling within cancer cells 
(Macheda and Stacker, 2008). Exosomes secreted from CAFs are required to 
stimulate autocrine WNT11/PCP signalling in breast cancer cells, which drive their 
migration (Luga et al., 2012). CAF-secreted WNT5A promotes migration of gastric 
cancer cells (Wang et al., 2016b). Fibroblasts from humans older than 55 years secrete 
SFRP2, which reduces WNT b-catenin signalling in melanoma cancer cells, resulting 
in increased phenotype switching and therapy resistance (Kaur et al., 2016). WNT 
signalling within tumour and stromal cells regulates the tumour microenvironment, both 
facilitating immunosuppression and inducing angiogenesis – two hallmarks of cancer 

(Galluzzi et al., 2019). For example, b-catenin-dependent WNT signalling in melanoma 
cells results in lack of T-cell infiltration and mitigates the anti-cancer effects of immune 
checkpoint inhibitors (Spranger et al., 2015). Macrophage-secreted Wnt7B facilitates 
angiogenesis in the MMTV-Polyoma Middle T oncoprotein (PyMT) model of breast 
cancer (Yeo et al., 2014), with deletion of Wnt7B in macrophages reducing the density 
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of blood vessels in the tumour. Furthermore, treatment of orthotopic hepatocellular 
tumours in mice with soluble, WNT-inhibiting, WIF1 and SFRP proteins reduced vessel 
density and angiogenic factors (Hu et al., 2009). 

1.2.2.7.3 WNT signalling and therapeutic resistance 

WNT signalling is being increasingly implicated in the ability of tumour cells to develop 
resistance to cancer therapeutics. Prostate fibroblasts secrete WNT16B in response 
to chemotherapy treatment (Sun et al., 2012). WNT16B signals in a paracrine fashion 
to induce b-catenin-dependent signalling in prostate cancer cells resulting in tumour 
progression, EMT and chemotherapy resistance. WNT5A in particular is increasingly 
being linked to the establishment or maintenance of resistance to targeted therapies 

(Prasad et al., 2015; Asem et al., 2016). WNT5A-mediated b-catenin-independent 
signalling promotes resistance to androgen receptor inhibitors in prostate cancer 
(Miyamoto et al., 2015). Multiple studies have demonstrated a key role for WNT5A 

signalling through b-catenin-independent pathways in resistance to BRAF inhibitors in 
melanoma (O'Connell et al., 2013; Prasad et al., 2015; Ramsdale et al., 2015). The 
vast array of oncogenic functions regulated by WNT signalling – including EMT, CSC 
preservation and immunoevasion – result in WNT signalling playing a crucial role in 
resistance to cancer therapy. 

1.3 Targeted Therapeutics 

1.3.1 Introduction 
The characterisation of genetic alterations and key oncogenic drivers of cancers 
prompted the development of compounds designed to target these proteins and their 
signalling pathways (Vogelstein and Kinzler, 2004). Targeted therapy is the use of 
drugs to specifically inhibit molecules, predominantly proteins, which drive cancer 
growth, progression or maintenance (Lee et al., 2018). At the beginning of the 20th 
century, Paul Ehrlich first described the idea of targeted therapy with the ‘magic bullet’ 
concept – a way of specifically targeting microbes invading the human body (Ehrlich 
and Bolduan, 1906). Utilising targeted therapy for the treatment of cancer had to wait 
until the end of the 20th century with the generation of small molecule kinase inhibitors 
of EGFR in the 1980s (Yaish et al., 1988). The first clinically-used targeted agents 
were an anti-HER2 monoclonal antibody (trastuzumab) given clinical approval by the 
Food and Drug Administration (FDA) for breast cancer in 1998 (Slamon et al., 2001) 
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and a kinase inhibitor for chronic myeloid leukemia (CML), imatinib, in 2001 (see 
Section 1.3.2) (Druker et al., 2001a; Druker et al., 2001b).  

With tumour cells demonstrating “oncogenic addiction” (Weinstein, 2002), targeting 
these oncogenes has often resulted in considerable anti-cancer effects including 
reduced tumour growth and metastasis. While targeted therapy can have adverse 
effects for cancer patients, they are predominantly less toxic and are better tolerated 
than conventional chemotherapy, the previous standard of cancer therapy (Gerber, 
2008). This is because while targeted therapies inhibit molecules utilised either 
exclusively or significantly more by cancer cells than healthy cells due to mutations or 
upregulation, chemotherapy is far less selective, indiscriminately killing dividing cells. 
Targeted therapy can also inhibit more basic cellular processes that transformed 
cancer cells are overly reliant on, relative to healthy cells (Ferguson and Gray, 2018). 
For example, cancers have greatly increased transcription levels compared to normal 
cells, as well as rewiring of transcription processes, that facilitate tumourigenesis 
(Bywater et al., 2013; Bradner et al., 2017). As a result targeted therapeutics have 
been designed to specifically inhibit tumour-promoting cyclin-dependent kinases 
(CDKs) that positively regulate transcription, including CDK7 and CDK8 (Kwiatkowski 
et al., 2014; Pelish et al., 2015). Clinical trials are now underway for CDK7 and CDK8 
inhibitors (Ferguson and Gray, 2018). 

Targeted therapeutics have been established to block all of the hallmarks of cancer 
(Hanahan and Weinberg, 2011) (see Section 1.1). Dysregulation of EGFR signalling 
leads to sustained proliferative signalling in a number of cancers, most notably NSCLC 
(Wee and Wang, 2017). Consequently, EGFR inhibitors have significant anti-
proliferative effects and are used clinically for cancer treatment (Yaish et al., 1988; 
Maemondo et al., 2010). Targeted therapeutics are also used to overcome cancer’s 
ability to resist cell death. The B-cell lymphoma-2 (BCL-2) family was first shown to 
have anti-apoptotic effects in follicular lymphoma in the 1980s (Tsujimoto et al., 1985). 
Since then, targeted agents to anti-apoptotic BCL-2 family members have been 
established and have potent anti-tumour effects in B cell malignancies (Souers et al., 
2013). One of these BCL-2 inhibitors, venetoclax, was FDA approved for chronic 
lymphocytic leukemia (CLL) and AML in 2016 and 2018 respectively (Roberts et al., 
2016; Stilgenbauer et al., 2016). 

Therapeutic agents can target not only the cancer cells but also other tumour-
promoting cells within the tumour microenvironment. Anti-angiogenics are an example 
of this type of targeted therapy. Targeted therapeutics can block the interaction 
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between VEGF and its receptor VEGFR on endothelial cells lining the blood and 
lymphatic vessels (see Section 1.2.1.1) (Vasudev and Reynolds, 2014). One of these 
drugs, bevacizumab, is FDA approved as a single agent or in combination with 
chemotherapy for multiple cancers including metastatic colorectal cancer, NSCLC, 
renal cell carcinoma and glioblastoma. It inhibits tumour angiogenesis, reducing the 
supply of oxygen and nutrients to the cancer and limiting the vessels through which it 
can metastasise (Sandler et al., 2006). Targeted therapy has also been utilised to 
target immune cells within the tumour microenvironment to promote immune-mediated 
destruction of cancer cells. This branch of cancer treatment has grown rapidly in recent 
years and now is considered its own pillar of cancer treatment – immunotherapy. A 
cornerstone of immunotherapy is checkpoint inhibitors, which target specific molecules 
on immune or tumour cells that drive the immunosuppressive regulation of T-cells 
(Pardoll, 2012; Gotwals et al., 2017). Cytotoxic T-lymphocyte-associated protein 4 
(CTLA-4), a T-cell receptor that regulates their activity, was in 1996 the first immune 
checkpoint molecule to be inhibited for an anti-tumour effect (Leach et al., 1996). Since 
then a number of checkpoint inhibitors including those targeting CTLA-4 and 
programmed death 1 (PD1) have demonstrated significant clinical promise for the 
treatment of cancer (Hodi et al., 2010; Hamid et al., 2013; Larkin et al., 2015; Dummer 
et al., 2018a) and are FDA-approved for multiple tumours including melanoma and 
NSCLC. 

While targeted therapies have revolutionised cancer treatment and generated an 
unprecedented level of benefit to patients diagnosed with cancer, they have 
considerable limitations, which greatly reduce their effectiveness. Only a subset of 
patients may respond to a targeted therapeutic, with often inadequate means of 
predicting a patient’s response (Schmitt et al., 2016). Patients that do respond often 
have an initial impressive reduction in tumour growth and/or spread until inevitably 
drug resistance develops (McCormick, 2001; Groenendijk and Bernards, 2014), 
resulting in very few long term cures. This form of resistance, where the tumour 
becomes desensitised to a targeted therapy over time, despite initial susceptibility, is 
known as acquired resistance (Holohan et al., 2013; Sharma et al., 2017). The 
connected term, adaptive resistance, is largely used for more temporary methods 
employed by cancers to evade therapy, often until the more permanent acquired 
resistance is generated. The other broad form, inherent or intrinsic resistance, 
describes where cancers are, and always have been, resistant to the therapeutic.  
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The mechanisms behind cancer’s ability to develop acquired/adaptive resistance to 
targeted therapy are increasingly studied as we look to identify means to prevent or 
overcome this resistance. These resistance mechanisms can be classified into four 
groups that are not mutually exclusive and often occur in parallel – i) reactivation of 
the inhibited target, including through genetic mutations; ii) reactivation of the inhibited 
signalling pathway through dysregulation of proteins either upstream or downstream 
of the inhibited target; iii) increased reliance on, or dysregulation of, alternative 
oncogenic signalling pathways to promote tumour progression; iv) and lastly a 
combination of tumour transcriptome re-wiring and phenotypic transformation to 
facilitate therapy evasion (Neel and Bivona, 2017; Sabnis and Bivona, 2019). As 
resistance mechanisms become elucidated, clinicians are increasingly looking to 
target these mechanisms to prevent, or delay, resistance development and increase 
the efficacy of targeted therapeutics. Consequently, combinations of targeted 
therapies are being employed upfront to treat patients, which not only works to 
overcome resistance but also to counter the heterogeneity of oncogenic signalling 
pathways seen in tumours (Dagogo-Jack and Shaw, 2018). 

1.3.2 Small molecule kinase inhibitors 
Targeted therapy works by modulating the activity of a protein, often enzymes, through 
multiple mechanisms including blocking ligand/receptor interactions, preventing the 
initiation of a signal, or inhibiting the catalytic activity of intracellular proteins or protein 
domains, such as kinases. Small molecule kinase inhibitors (SMKIs) are used 
extensively in the clinic to block the oncogenic kinase activity of the targeted molecule.  

Most SMKIs are ATP competitive inhibitors, binding reversibly to the active site of 
kinase domains and blocking ATP binding (Noble et al., 2004). While this approach 
has been successful with a number of ATP-competitive inhibitors used clinically 
including the first SMKI, imatinib (see Section 1.3.2.1), it does have limitations. This 
approach can lack specificity due to the sequence homology of ATP binding sites 
across a number of related kinases, although it is important to note that many, 
particularly recent, SKMIs, are highly selective for their unique target (Davis et al., 
2011). Further, in some instances they have to compete with and overcome high ATP 
concentrations, leading to less efficient inhibition of kinase activity and a reduction in 
their efficacy (Arslan et al., 2006). Consequently, non-ATP competitive SMKIs have 
also been generated which target allosteric sites of kinases to inhibit their catalytic 
activity through blocking binding of substrates or positive modulators, inhibiting 
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activation of post translational modifications such as phosphorylation, or stabilising 
their inactive confirmation (Kirkland and McInnes, 2009). Recently, there has also been 
a push towards designing irreversible SMKIs that form stronger covalent bonds with 
their targets to prolong their effect and increase their potency. This has led to FDA 
approval for three SMKIs that irreversibly bind to their targets – including the EGFR-
inhibitors osimertinib (Janne et al., 2015) and afatinib (Wu et al., 2014).  

1.3.2.1 Targeting BCR-ABL 

One of the pioneering SMKIs was imatinib (trade name Gleevec or Glivec), a tyrosine 
kinase inhibitor for the treatment of CML (Druker et al., 1996). Imatinib targets an 
oncogenic fusion protein expressed from the chimeric breakpoint cluster region-
abelson (BCR-ABL) gene. This oncogene results from a reciprocal chromosome 
translocation between chromosome 9 and 22 (Nowell and Hungerford, 1960; Rowley, 
1973), which leads to the formation of a shortened chromosome 22, known as the 
Philadelphia chromosome (Ph), containing the BCR-ABL gene. This translocation is 
present in over 90% of patients with CML and often results in a BCR/ABL protein with 
constitutively active tyrosine kinase activity (Ben-Neriah et al., 1986). This fusion 
protein prompts the malignant transformation of haematopoietic stem cells leading to 
CML (Lugo et al., 1990) and was sufficient for leukemia development in mice (Daley 
et al., 1990; Heisterkamp et al., 1990).  

Imatinib revolutionised the treatment of CML patients when the FDA approved it for 
clinical use in 2001, significantly improving overall survival (Druker et al., 2001a; 
Druker et al., 2001b; O'Brien et al., 2003). However, it was quickly identified that the 
treated cancers were developing resistance to imatinib. The majority of resistance 
mechanisms are BCR-ABL-dependent, meaning that reactivation of the inhibited 
oncoprotein is behind tumour resistance (Hochhaus et al., 2002). BCR-ABL mutations 
resulting in amino acid substitutions that ultimately prevent binding of the inhibitor are 
the most common, such as the T315I substitution (Barthe et al., 2001; Gorre et al., 
2001; Hochhaus et al., 2001). Amplification of the BCR-ABL gene is another resistance 
mechanism identified in patients (Gorre et al., 2001). BCR-ABL-independent 
resistance mechanisms also exist, such as the activation of alternative oncogenic 
signalling pathways, but these are less common (Donato et al., 2004). Of note, RNA 
interference (RNAi)-mediated knockdown of WNT/Ca2+ signalling components 
sensitised Ph+ CML cells to Imatinib treatment (Gregory et al., 2010). Some of these 
components included WNT5A, NFAT, CAMKII and the WNT receptor RYK. Further, b-
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catenin-dependent signalling has also been linked with Imatinib resistance in CML 
preclinical models (Heidel et al., 2012; Eiring et al., 2015; Zhou et al., 2017a). 

To counter the tumours’ ability to establish resistance to imatinib, second generation 
BCR-ABL SKMIs were developed, with the main aim of overcoming the more common 
BCR-ABL-dependent mechanisms. These SMKIs bind and inhibit the imatinib-
resistant BCR-ABL fusion proteins, including those with resistance-inducing mutations, 
often as a result of requiring fewer contacts with BCR-ABL than imatinib (Shah et al., 
2004). Nilotinib (Kantarjian et al., 2011), dasatinib (Kantarjian et al., 2012), and 
bosutinib (Cortes et al., 2018) have all since been FDA-approved as first-line 
treatments or following the failure of imatinib treatment. However, these second-
generation SMKIs remain unable to overcome the T315I substitution of BCR-ABL 
leading to resistance, and as such third generation SMKIs have been developed. 
Ponatinib is the only current third-generation BCR-ABL SMKI FDA-approved and was 
developed specifically to counter the T315I substitution (Cortes et al., 2012; Nicolini et 
al., 2017).  

1.3.2.2 BRAF/MEK inhibitors 

The identification that a significant proportion (66%) of malignant melanomas contain 
mutations in the BRAF gene (Davies et al., 2002) resulting in an oncoprotein with 
tumour-promoting signalling (see Section 1.2.1.1) (Wan et al., 2004) revolutionised the 
therapy landscape of this tumour. These discoveries prompted the development of a 
small molecule BRAF inhibitor (BRAFi), vemurafenib (PLX4032 and its preceding 
analogue PLX4072), which neutralises oncogenic BRAF and reduces tumour growth 
in BRAF-mutated melanoma (Tsai et al., 2008; Joseph et al., 2010; Sondergaard et 
al., 2010). In clinical trials vemurafenib was found to significantly out-perform the then 
standard of care therapy in metastatic melanoma (Chapman et al., 2011; McArthur et 
al., 2014) and became FDA-approved in 2011 for metastatic and unresectable 
melanoma patients carrying the BRAFV600E mutation. Additional BRAFis were 
subsequently FDA-approved for melanoma patients with mutated BRAF, namely 
dabrafenib (Hauschild et al., 2012) and encorafenib (Dummer et al., 2018c). 
Encorafenib is of particular interest as this BRAFi has demonstrated increased 
potency, a longer half-life and reduced side effects relative to other BRAFis (Delord et 
al., 2017). Vemurafenib and dabrafenib are also currently in clinical trials for the 
treatment of other cancers with substitutions at the V600 residue of BRAF, including 
thyroid cancer and hairy-cell leukemia (Tiacci et al., 2015; Sanchez et al., 2018). 
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BRAFis such as vemurafenib gave impressive initial responses, with drastic tumour 
shrinkages and increased overall survival (Chapman et al., 2011; McArthur et al., 
2014). However these responses were short lived with a progression free survival of 
approximately 6-7 months as the melanoma rapidly developed resistance to the 
targeted therapy (Flaherty et al., 2010; Hauschild et al., 2012; Sosman et al., 2012). A 
number of resistance mechanisms have since been described for BRAFis, which can 
be broadly classified into those that reactivate the MAPK pathway and those that do 
not. Additional BRAF mutations resulting in the reactivation of this protein were 
searched for; however none were identified (Nazarian et al., 2010). A splice variant of 
BRAFV600E was found to mediate BRAFi-resistance in vitro (Poulikakos et al., 2011) 
while amplification of the mutated BRAF genes was also seen (Shi et al., 2012), both 
of which led to reactivation of inhibited MAPK signalling. Further, mutations in other 
MAPK components – neuroblastoma rat sarcoma viral oncogene homolog (NRAS) 
(Nazarian et al., 2010) and MAPK/ERK kinase (MEK) (Emery et al., 2009) – also lead 
to MAPK reactivation and BRAFi-resistance. A number of MAPK-independent 
mechanisms have also been identified that result in the dysregulation of alternative 
oncogenic pathways. These include upregulated PDGF (Nazarian et al., 2010), IGF-
IR (Villanueva et al., 2010), and MET signalling (Hugo et al., 2015) as well as 
dysregulation of the PI3K/AKT signalling pathway (Deng et al., 2012).  

With reactivation of MAPK signalling the most common result of BRAFi resistance, 
SMKIs to MEK (MEKis), the kinase downstream from BRAF in the MAPK pathway, 
were developed to overcome this. Trametinib is a selective inhibitor of both MEK1 and 
MEK2 and is FDA-approved for BRAFV600E and BRAFV600K mutated melanoma both as 
a single agent and in combination with a BRAFi. In addition to anti-cancer effects 
similar to BRAFis, trametinib was found to have reduced side-effects (Flaherty et al., 
2012). Additional MEKis are currently in clinical trials with cobimetinib FDA-approved 
for BRAFV600E and BRAFV600K mutated melanoma in combination with vemurafenib 
(Ribas et al., 2014). The combination of a BRAFi and MEKi is currently used as the 
standard of care for BRAFV600E and BRAFV600K mutated melanoma (see Section 1.3.5.1 
for combination therapy). 

Recent analyses have revealed BRAFV600E melanomas treated with MAPK inhibitors 
(MAPKis) undergo large-scale transcriptomic changes in the process of developing 
resistance (Hugo et al., 2015; Shaffer et al., 2017; Su et al., 2017). These 
transcriptomic changes begin soon after treatment starts, facilitating an EMT-like 
phenotype switch from an epithelial, proliferative phenotype to a more migratory 
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mesenchymal one, allowing some tumour cells to evade treatment until a more 
permanent change mediating resistance occurs, such as genetic mutations (Sun et al., 
2014; Ramsdale et al., 2015). This dynamic change in gene expression profiles include 

decreased b-catenin-dependent WNT signalling and upregulated b-catenin-
independent WNT signalling, largely through WNT5A, to drive this phenotype switch 
(see Section 1.2.2.7.1) (Weeraratna et al., 2002; O'Connell et al., 2013; Anastas et al., 
2014; Hugo et al., 2015). 

1.3.2.3 Receptor tyrosine kinase SMKIs 

In addition to intracellular kinases, RTKs are frequently targeted in cancer, due to their 
dysregulation in a number of tumours (see Section 1.2.1.1), and often with substantial 
clinical success. RTKs connect to intracellular signalling cascades predominantly 
through their intracellular kinase domains, and consequently the most common 
category of RTK targeted therapies are SMKIs to inhibit the kinase activity of these 
dysregulated receptors and block their signal transduction. There are other ways of 
targeting RTKs – including through inhibitory antibodies and ligand traps that will be 
discussed below (see Section 1.3.3). 

The first RTK-targeting SMKI to be FDA-approved was the EGFR inhibitor gefinitib in 
2003. Gefitinib and erlotinib are reversible first-generation EGFR SMKIs that give 
significant clinical benefit to NSCLC patients with EGFR mutations (Mok et al., 2009; 
Rosell et al., 2012; Kazandjian et al., 2016). Second-generation irreversible EGFR 
SMKIs, afatinib and dacomitinib, also deliver substantial anti-cancer effects to EGFR-
mutated NSCLC patients (Yang et al., 2012). However, the majority of responsive 
tumours develop resistance to both first- and second-generation inhibitors within 8-12 
months (Mok et al., 2009; Rosell et al., 2012). The most prevalent resistance 
mechanism is reactivation of the receptor through an additional mutation, commonly 
resulting in an EGFR T790M substitution, which increases the affinity for ATP and thus 
decreases SMKI binding (Blencke et al., 2003; Pao et al., 2005; Yun et al., 2008). To 
counter this resistance-inducing mutation a third generation EGFR SKMI, osimertinib, 
was developed, which can inhibit EGFR with the T790M substitution and other 
reactivating mutations, giving significant clinical benefit (Mok et al., 2017). In fact, 
osimertinib has been shown to be a more potent first-line treatment for EGFR-mutated 
NSCLC relative to first and second-generation SMKIs (Ramalingam et al., 2018; 
Recondo et al., 2018; Soria et al., 2018).  
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Multiple other EGFR SMKI resistance mechanisms have been identified, including the 
activation of alternative oncogenic pathways (Gao et al., 2019). Some resistant 
NSCLC tumours display amplification of the MET gene leading to upregulation of the 
encoded receptor and enhanced PI3K/AKT signalling (Engelman et al., 2007; 
Cappuzzo et al., 2009). Amplification of the HER2 gene (Takezawa et al., 2012), 
overexpression of HGF (Yano et al., 2008) and upregulation of IGF-IR signalling 
(Cortot et al., 2013) are also resistance mechanisms utilised by NSCLC in response to 

EGFR SMKIs. Enhanced WNT b-catenin-dependent signalling is also seen in resistant 
NSCLC, and targeting this pathway is being explored as a method to overcome EGFR 
SMKI resistance (Casas-Selves et al., 2012; Nakata et al., 2015; Blakely et al., 2017; 
Scarborough et al., 2017). Phenotypic transformations are another method utilised by 
NSCLC to evade targeted therapy. EMT has been implicated in resistance to EGFR 
SKMIs (Sequist et al., 2011; Byers et al., 2013; Poh et al., 2018). Further, around 5% 
of patients who have acquired resistance to EGFR SMKIs see a conversion of their 
tumour from an adenocarcinoma to a small cell lung cancer histology (Sequist et al., 
2011; Niederst et al., 2015). 

While there are many other clinically-used RTK SMKIs that deliver an anti-cancer effect 
through the targeting of tumour cells, including the HER2 SMKI lapatinib in breast 
cancer (Geyer et al., 2006) and the ALK SMKI crizotinib in NSCLC (Solomon et al., 
2014), there are also RTK SMKIs that attack tumour-promoting cells in the tumour 
microenvironment. Sorafenib and sunitinib are SMKIs with multiple RTK targets, 
including the VEGFR family (Ellis and Hicklin, 2008). Consequently, these two 
inhibitors can block VEGFR signalling in endothelial cells in the tumour 
microenvironment and so inhibit tumour angiogenesis (Mendel et al., 2003; Batchelor 
et al., 2007). They deliver significant anti-tumour benefit to patients, and were FDA-
approved initially for renal cell carcinoma but this approval has since widened to 
include pancreatic and hepatocellular carcinoma (Motzer et al., 2007; Llovet et al., 
2008). It should be noted that significant adverse effects are seen with VEGFR and 
other SMKIs as they interfere not only with the oncogenic signalling of the targeted 
RTK but also with their physiological signalling (Chen and Cleck, 2009). For example, 
as VEGFR signalling is fundamental to physiological angiogenesis as well as tumour 
angiogenesis, VEGFR SMKIs produce adverse effects (Schlumberger et al., 2015). 
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1.3.3 Kinase-independent RTK therapeutics  

1.3.3.1 Inhibitory/Neutralising antibodies 

Inhibitory monoclonal antibodies (mAbs) are another form of targeted therapy which 
recognise a unique antigen, frequently a receptor or protein on the cell surface or their 
soluble ligands (Nelson et al., 2010). Because of this, mAbs are more specific than 
SMKIs and are often better tolerated, leading to fewer adverse effects. mAbs to RTKs 
can give significant anti-cancer effects and are extensively used clinically to treat 
cancer patients (Yamaoka et al., 2018). Three mechanisms are utilised by mAbs to 
give their anti-tumour effect: inhibition of ligand/receptor interactions; stimulating 
endocytosis and downregulation of the receptor on the cell surface; and immune-
mediated cytotoxicity (Suzuki et al., 2015). These mechanisms are not mutually 
exclusive as a single mAb can induce more than one of these effects. Similar to SMKIs, 
the efficacy of mAbs can be impaired when tumours are intrinsically resistant to the 
drug, while the clinical benefit to responsive tumours often does not endure as the 
tumour develops acquired resistance to the therapy (Jiang and Ji, 2019). 

1.3.3.1.1 Anti-EGFR - Cetuximab 

The targeting of oncogenic RTKs with mAbs can block ligand binding. These 
antibodies bind either to the ligand-binding domain of RTKs or to the ligands 
themselves to facilitate this inhibition (Scott et al., 2012). Consequently, dimerization, 
autophosphorylation and downstream signalling is blocked delivering an inhibition of 
these oncogenic signalling pathways. Cetuximab is a mAb to EGFR that inhibits 
EGF/EGFR binding and thus reduces oncogenic EGFR signalling to give an anti-
cancer effect (Fan et al., 1993; Goldstein et al., 1995; Li et al., 2005a). Cetuximab is 
FDA-approved for head and neck as well as colorectal cancers, predominantly in 
combination with chemotherapy (Cunningham et al., 2004; Vermorken et al., 2008). In 
addition to inhibition of ligand/receptor binding, cetuximab also induces immune-
mediated killing of cancer cells by antibody-dependent cellular cytotoxicity (ADCC) 
(Kang et al., 2007; Kimura et al., 2007). ADCC is a process whereby the variable region 
of the antibody recognises its cell-surface antigen, binds to it and then recruits immune 
cells through the constant region of the mAb (Clynes et al., 2000). These immune cells, 
including natural killer and macrophages, then induce killing of the bound tumour cell 
(Rajasekaran et al., 2015).  

In addition to intrinsic resistance (Misale et al., 2014b), acquired resistance to anti-
EGFR therapy occurs within a year of treatment (Van Emburgh et al., 2014). An EGFR 
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mutation has been identified in patients that had developed resistance to cetuximab 
which inhibited the binding of the antibody to EGFR (Montagut et al., 2012). Mutations 
in signalling components downstream of EGFR such as Kirsten rat sarcoma viral 
oncogene homolog (KRAS) and BRAF develop in approximately 50% of patients with 
acquired resistance, leading to dysregulation of the pathway even when EGFR is 
inhibited (Diaz et al., 2012; Misale et al., 2012; Misale et al., 2014a). Some resistant 
tumours also show an upregulation of alternative oncogenic RTKs and pathways to 
bypass inhibited EGFR, such as IGF-IR or MET signalling (Scartozzi et al., 2012; 
Bardelli et al., 2013). Upregulated WNT signalling has also been implicated in 
cetuximab resistance, with resistant cells exhibiting an increase in micro-RNAs that 
target negative modulators of b-catenin-dependent WNT signalling including ZNRF3, 
RNF43 and DKK1 (Lu et al., 2017). Further, another study found that patients 
overexpressed EMT markers following cetuximab treatment, in conjunction with an 
upregulation of WNT and transforming growth factor beta (TGFb) target genes 
(Schmitz et al., 2015). 

1.3.3.1.2 Anti-VEGFA - Bevacizumab 

Another mAb inhibiting a ligand/receptor interaction is bevacizumab, which blocks 
VEGF/VEGFR signalling. However, instead of binding to the receptor bevacizumab 
recognises the ligand, VEGFA (Presta et al., 1997). Like VEGFR SMKIs (see Section 
1.3.2.3), bevacizumab is used clinically in cancer patients to interfere with 
VEGF/VEGFR signalling in endothelial cells lining blood vessels within the tumour 
microenvironment and thus to inhibit tumour angiogenesis (Kim et al., 1993). 
Bevacizumab is FDA-approved in a number of tumours including colorectal, lung and 
ovarian cancers (Hurwitz et al., 2004; Sandler et al., 2006; Burger et al., 2011). 

1.3.3.1.3 Anti-HER2 - Trastuzumab 

Trastuzumab is an anti-HER2 mAb that demonstrates significant anti-cancer effects in 
a subset of patients with HER2-positive tumours and is FDA-approved for HER2-
positive breast and stomach cancers (Slamon et al., 2001; Bang et al., 2010). While 
the predominant mechanism of action of trastuzumab in achieving its anti-tumour 
effects has not been resolved, a number of mechanisms have been described and it 
is likely that a combination of these are involved (Hudis, 2007). These include mAb-
mediated endocytosis and down-regulation of HER2 on the cell surface (Cuello et al., 
2001; Valabrega et al., 2005), inhibition of HER2-mediated PI3K/AKT signalling (Yakes 
et al., 2002; Junttila et al., 2009) and ADCC-mediated killing of the tumour (Mimura et 
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al., 2005). As with other targeted therapies, tumours are often intrinsically resistant to 
trastuzumab or develop acquired resistance following treatment that initially delivers 
an anti-cancer response (Gajria and Chandarlapaty, 2011). A number of resistance 
mechanisms to trastuzumab have been described, including the induction of EMT 
through WNT3/3A-driven b-catenin dependent signalling (Wu et al., 2012a; Liu et al., 
2018). 

1.3.3.1.4 Antibody-drug conjugates 

Since the advent of recombinant mAb production, antibody-drug conjugates (ADCs) 
have been developed to deliver toxic payloads to targeted cells (Pietersz and Krauer, 
1994). ADCs are mAbs covalently joined, via a chemical linker, to cytotoxic small 
molecules (Beck et al., 2017). These therapeutics utilise the binding of mAbs to 
upregulated cell surface proteins on tumours as a means to deliver potent cytotoxic 
small molecules specifically to cancer cells. However, the first generation ADCs had 
limited success due to low drug potency and other issues (Pietersz and Krauer, 1994). 
Advancements led to the first FDA-approved ADC – gemtuzumab ozogamicin, an anti-
CD33 mAb conjugated to the cytotoxic agent calicheamicin – in 2000 (Sievers et al., 
2001), but this approval was later withdrawn when no increase in overall survival was 
seen in a post-approval study when compared to chemotherapy (Petersdorf et al., 
2013). More recently, later generation ADCs have seen more success and been 
introduced onto the clinical scene for cancer treatment (Beck et al., 2017). 
Trastuzumab emtansine (T-DM1) is an ADC approved by the FDA in 2013 that delivers 
substantial anti-cancer effects to HER2-positive breast cancer (Verma et al., 2012). 
The three linked N2’-deacetyl-N2’-(3-mercapto-1-oxopropyl)-maytansine (DM1) 
molecules per mAb are cytotoxic through their inhibition of tubulin polymerisation 
(Widdison et al., 2006). Further, T-DM1 retains at least some of the anti-tumour 
capabilities of trastuzumab including ADCC (Junttila et al., 2009) and inhibition of 
downstream PI3K/AKT signalling. 

1.3.3.2 Ligand traps 

Another variation of targeted therapies used to block ligands from binding to their 
receptors including RTKs are ligand traps. These are soluble recombinant proteins 
frequently containing ligand-binding domains fused to the constant (or Fc) region of a 
human Ig. This Fc domain increases the stability and solubility of the attached domains 
as well as allowing for a bivalent configuration (Czajkowsky et al., 2012). Ligand-traps, 
also known as Fc-fusions or ligand sinks, mop up and sequester unbound ligands in 
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the extracellular space, preventing them from stimulating their respective membrane-
bound receptors and so inhibiting their signalling (Czajkowsky et al., 2012). In addition, 
the Fc domain means ligand-traps share the immune-mediated cytotoxic capabilities 
with mAbs, such as ADCC (Shoji-Hosaka et al., 2006) (see Section 1.3.3.1). 

Aflibercept is a ligand-trap containing the second Ig domain of VEGFR2 and the third 
Ig domain of human VEGFR2 fused to an Fc domain (Holash et al., 2002). Therefore, 
aflibercept can bind VEGFA, VEGFB and placental growth factor (PlGF) 
(Papadopoulos et al., 2012) and prevent them from stimulating their receptors, 
resulting in an inhibition of tumour angiogenesis, growth and metastasis (Holash et al., 
2002; Byrne et al., 2003; Frischer et al., 2004). In 2012, aflibercept was given approval 
by the FDA for the treatment of metastatic colorectal cancer following Phase III clinical 
trials demonstrating its significant anticancer effects in combination with chemotherapy 
(Van Cutsem et al., 2012). Other ligand traps to inhibit RTK signalling are being 
developed for cancer treatment, with EGF (Adams et al., 2009; Lindzen et al., 2012) 
and FGF (Tolcher et al., 2016) ligand traps demonstrating anti-tumour activity. Ligand 
traps are used to inhibit signalling of a number of other signalling pathways including 
tumour necrosis factor (TNF) (Mohler et al., 1993) and WNT signalling (Jimeno et al., 
2017). 

1.3.4 Targeting WNT signalling 
Dysregulated WNT signalling exhibits oncogenic roles in numerous tumour types (see 
Section 1.2.2.7), including aiding resistance to targeted therapies (see Sections 1.3.2 
& 1.3.3). Consequently, therapeutically targeting WNT signalling pathways has the 
potential to provide significant benefit to a wide array of cancer patients. Attempts to 
target WNT signalling have existed for a number of years now but until recently they 
have been largely unsuccessful, with no WNT inhibitors FDA-approved for cancer 
treatment (Anastas and Moon, 2013). This was a result of a number of issues including: 
the lack of an easily targeted protein within the signalling pathways; the apparent 
redundancy of a number of signalling components; the complex and poorly-understood 
biochemistry surrounding the WNTs and their multiple signalling pathways (see 
Sections 1.2.2.1-1.2.2.5); and the complications of targeting a signalling network 
critical for adult tissue homeostasis (see Section 1.2.2.6.1) (Kahn, 2014). However, 
enhanced drug discovery platforms along with an increased understanding of the 
biochemistry of WNTs, their interacting partners and the different WNT signalling 
pathways have all aided in the recent enhancement of the development of WNT 
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inhibitors. Indeed, a number of pharmaceutical companies now have WNT signalling 
inhibitors in their drug pipelines, with several currently in clinical trials (Figure 1.5 and 
Table 1.1) (Krishnamurthy and Kurzrock, 2018; Harb et al., 2019). 

1.3.4.1 Inhibiting b-catenin as a transcription factor 

To block dysregulated WNT signalling downstream of oncogenic mutations in 

intracellular components, including APC and b-catenin (see Section 1.2.2.7), initial 

efforts were focused on the inhibition of b-catenin/TCF complexes. But the inhibition of 
these transcription factor complexes was largely unsuccessful with very few 
progressing to clinical testing (Lepourcelet et al., 2004). However, interfering with the 
b-catenin/CBP interaction has proven more successful. The first of these inhibitors, 
ICG-001, which directly binds CBP, inhibits WNT signalling, promotes apoptosis in 
colon cancer cells and reduce in vivo growth (Figure 1.5) (Emami et al., 2004). A 
second-generation inhibitor, PRI-724, has since been developed, with anti-cancer 
effects including inducing differentiation of CSCs (Lenz and Kahn, 2014). Phase I 
clinical trials are now underway for PRI-724 in advanced solid tumours including 
pancreatic cancer (Tabatabai et al., 2017; Harb et al., 2019) (Table 1.1). 

1.3.4.2 Targeting WNT ligands 

With the upregulation of the WNTs themselves in a number of cancers (see Section 
1.2.2.7) academics and pharmaceutical companies have developed ways to neutralise 
these ligands. A number of antibodies to WNTs, including WNT1, WNT2 and WNT5A, 
have been generated and demonstrate anti-cancer effects in pre-clinical models (He 
et al., 2004; He et al., 2005; Mazieres et al., 2005; Hanaki et al., 2012). However, these 
have not yet progressed through to clinical testing. Recently though, inhibitors of WNT 
secretion have become focal points for investigations of WNT therapeutics. LGK-974 
(or WNT974) is a porcupine inhibitor, which interferes with the porcupine-mediated 
palmitoylation of WNTs and so blocks the secretion and activity of a range of WNT 
ligands (Figure 1.5) (Liu et al., 2013). LGK974, and other porcupine inhibitors including 
ETC-159, have demonstrated significant in vitro and in vivo anti-cancer activity, 
particularly in tumour models with WNT signalling-promoting mutations in 
RNF43/ZNRF3 and Rspondin translocations (Chen et al., 2009a; Jiang et al., 2013; 
Liu et al., 2013; Koo et al., 2015; Madan et al., 2016; Hayashi et al., 2017; Huels et al., 
2018; Zimmerli et al., 2018). Both LGK974 and ETC-159 are now in phase I and II 
clinical trials for a number of solid tumours (Tabatabai et al., 2017) (Table 1.1). 
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Table 1.1 Therapeutics targeting WNT signalling in clinical trials for cancer 

Therapeutic Mode of action Clinical trial # Cancer type Combined therapy Phase Status Responsible 
company or institute 

Cirmtuzumab 
(UC-961) 

Inhibitory anti-
ROR1 mAb 

NCT02222688 Relapsed or refractory 
CLL1 Single agent I Completed 

University of California 

NCT02860676 CLL1 Single agent I Completed 

NCT02776917 

HER2 negative 
metastatic, or locally 

advanced, unresectable 
breast cancer 

Paclitaxel Ib Recruiting 

NCT03088878 B-cell lymphoid 
malignancies Ibrutinib Ib/II Recruiting 

Vantictumab 
(OMP-18R5) 

Inhibitory anti-
FZD2 mAb 

NCT01345201 Solid tumours Single agent I Completed 

Oncomed 
Pharmaceuticals 

NCT02005315 Stage IV pancreatic 
cancer 

Nab-Paclitaxel and 
Gemcitabine Ib Completed 

NCT01973309 Locally recurrent or 
metastatic breast cancer Paclitaxel Ib Completed 

NCT01957007 NSCLC3 Docetaxel Ib Completed 

OTSA 101-
DTPA-90Y 

Radiolabelled 
anti-FZD10 mAb NCT01469975 Synovial sarcoma Single agent I Terminated Centre Leon Berard 

Ipafricept 
(OMP-54F28) 

FZD-Fc - WNT 
ligand trap 

NCT01608867 Solid tumours Single agent I Completed 

Oncomed 
Pharmaceuticals 

NCT02050178 Stage IV pancreatic 
cancer 

Nab-Paclitaxel and 
Gemcitabine Ib Completed 

NCT02069145 Hepatocellular 
carcinoma Sorafenib Ib Completed 

NCT02092363 
Recurrent Platinum-
Sensitive Ovarian 

cancer 

Paclitaxel and 
Carboplatin Ib Completed 
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LGK974/ 
WNT974 

Porcupine 
inhibitor 

NCT02278133 
Metastatic colorectal 

cancer with BRAF and 
WNT pathway mutations 

Cetuximab and 
encorafenib I/II Completed Array BioPharma 

NCT01351103 Malignancies dependent 
on WNT ligands PDR001 I Recruiting Novartis 

NCT02649530 
Metastatic head and 
neck squamous cell 

carcinoma 
Single agent II Withdrawn University of Michigan 

Rogel Cancer Center 

ETC-159 Porcupine 
inhibitor NCT02521844 Advanced solid tumours Pembrolizumab I Active, not 

recruiting 
A*STAR Research 

Entities 

PRI-724 
Inhibitor of 

CBP4/b-catenin 
interactions 

NCT01302405 Advanced solid tumours Single agent I Terminated 

Prism Pharma NCT01764477 Advanced or metastatic 
pancreatic cancer Gemcitabine I Completed 

NCT01606579 Advanced myeloid 
leukemias Single agent I/II Completed 

NCT02413853 Metastatic colorectal 
cancer 

Bevacizumab and 
chemotherapy I Withdrawn University of Southern 

California 

DKN-01 Anti-DKK1 mAb 

NCT01457417 
Multiple myeloma and 

advanced solid 
malignancies 

Single agent I Completed 

Leap Therapeutics 

NCT01711671 Relapsed or refractory 
multiple myeloma 

Lenalidomide and 
dexamethasone I Completed 

NCT02375880 Advanced biliary and 
gallbladder cancer 

Gemcitabine and 
cisplatin I Completed 

NCT02013154 
Relapsed or refractory 

esophagogastric 
malignancies 

Paclitaxel or 
pembrolizumab I Recruiting 

NCT03395080 
Recurrent epithelial 

endometrial or epithelial 
ovarian cancer 

Paclitaxel II Recruiting 
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NCT03645980 Advanced liver cancer Single agent I/II Recruiting Johannes Gutenberg 
University Mainz 

NCT03837353 Advanced prostate 
cancer Docetaxel Ib/II Recruiting NYU Langone Health 

NCT03818997 
Advanced biliary tract 
and esophagogastric 

cancer 

Atezolizumab and 
paclitaxel II Not yet 

recruiting 

European 
Organisation for 
Research and 

Treatment of Cancer 

BHQ880 Anti-DKK1 mAb 

NCT00741377 Relapsed or refractory 
myeloma Zoledronic Acid I Completed 

Novartis NCT01302886 High risk smouldering 
multiple myeloma Single agent II Completed 

NCT01337752 Multiple myeloma Single agent II Completed 

Foxy-5 WNT5A mimetic 

NCT02020291 Metastatic breast, colon 
and prostate cancer Single agent I Completed 

WntResearch AB NCT02655952 Metastatic breast, colon 
and prostate cancer Single agent I Completed 

NCT03883802 Resected colon cancer FOLFOX5 regimen II Recruiting 
1 CLL, chronic lymphocytic leukemia; 2 FZD, frizzled; 3 NSCLC, non-small cell lung cancer; 4 CBP, CREB binding protein; 5 FOLFOX, chemotherapy regimen of folinic acid, 

fluorouracil and oxaliplatin. 
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1.3.4.3 Blocking WNT ligand/receptor interactions 

Recent attempts to target the WNT receptors and/or block WNT ligand/receptor 
interactions in cancer treatment has seen substantial success. Ipafricept (OMP-54F28) 
is a ligand trap developed by Oncomed Pharmaceuticals that contains a truncated 
WNT-binding FZD8 fused with the human IgG1 Fc region (Figure 1.5) (Liu et al., 2013). 
Consequently, FZD8-Fc fusions function as WNT ligand sinks, inhibiting WNT 
signalling and reducing the growth of tumours in pre-clinical models (DeAlmeida et al., 
2007b; Hoey, 2013). Further, ipafricept synergised with chemotherapies, including 
taxanes, in patient derived xenograft models of pancreatic and ovarian cancer to 
deliver anti-tumour effects (Hoey, 2013; Fischer et al., 2017). Ipafricept has now 
progressed to a number of clinical trials (Table 1.1) (Jimeno et al., 2017). A number of 
other WNT ligands traps, including Fc fusions, have demonstrated anti-cancer effects 
through the inhibition of WNT signalling in pre-clinical models using the WNT-binding 
regions of SFRP1, WIF1 and FZD7 (Vincan et al., 2005; Hu et al., 2009; Lavergne et 
al., 2011; Wei et al., 2011). 

Antibodies to WNT receptors, inhibiting WNT binding, have also been utilised to block 
WNT signalling. Vantictumab (OMP-18R5) is an anti-FZD7 inhibitory antibody 
developed by Oncomed Pharmaceuticals, which has since been found to bind and 
inhibit WNT binding to four other FZDs – FZD1, 2, 5 and 8 (Figure 1.5) (Gurney et al., 

2012). Vantictumab inhibits b-catenin-dependent WNT signalling (it remains untested 
with respect to b-catenin-independent signalling) and reduces the growth of several 
tumour xenografts including lung, breast and pancreatic tumours and reduces CSC 
frequency (Gurney et al., 2012). Vantictumab also synergises with chemotherapies, 
including taxanes, to enhance its anti-tumour effects (Gurney et al., 2012; Fischer et 
al., 2017). Vantictumab is being evaluated in phase I clinical trials for the treatment of 
solid tumours, including pancreatic and NSCLC (Table 1.1).  

Anti-ROR1 antibodies demonstrated anti-cancer effects inducing apoptosis in CLL, 
pancreatic cancer and melanoma cells (Daneshmanesh et al., 2012; Hojjat-Farsangi 
et al., 2013a), while decreasing the metastatic potential of breast cancer cells (Cui et 
al., 2013b). Cirmtuzumab, an anti-ROR1 mAb, has progressed through phase I clinical 
trials in CLL and is now entering phase II (Figure 1.5) (Table 1.1) (Choi et al., 2018). 
ADCs have also been developed using cirmtuzumab and a conjugated toxin, which 
display anti-cancer effects in vitro and in vivo (Baskar et al., 2012; Cui et al., 2013a). 
In addition inhibitory mAbs have been developed to other WNT-binding RTKs: ROR2 



 47 

(Arabzadeh et al., 2016; Hossein et al., 2017), PTK7 (Gartner et al., 2014; Damelin et 
al., 2017), and RYK (Halford et al., 2013), with anti-ROR2 and anti-PTK7 mAbs having 
anti-tumour effects. An anti-FZD10 ADC, 90Y-OTSA-101, has also demonstrated anti-
cancer effects in synovial sarcomas (Figure 1.5) (Fukukawa et al., 2008) and is being 
evaluated in phase I clinical trials (Table 1.1) (Giraudet et al., 2018). 

1.3.4.4 Tankyrase and DVL inhibitors 

Drugs that stabilise the b-catenin destruction complex and thus inhibit b-catenin-
dependent signalling have been developed. Tankyrase 1 and 2 are poly-ADP-
ribosylating enzymes that stimulate the degradation of Axin by the proteasome and so 
promote b-catenin-dependent WNT signalling (Callow et al., 2011). Small molecule 

tankyrase inhibitors stabilise Axin, and consequently the b-catenin destruction complex 
which results in the inhibition of WNT signalling (Figure 1.5) (Huang et al., 2009). 

Tankyrase inhibitors deliver anti-cancer effects to tumours with dysregulated b-
catenin-dependent signalling, including the reduction of tumour growth in 
neuroblastoma, liver and colorectal cancers (Lau et al., 2013; Tian et al., 2013; Ma et 
al., 2015; Mizutani et al., 2018; Menon et al., 2019). Inhibitors of the DVL interaction 
with FZD have been generated to inhibit WNT signalling. Small molecules blocking the 
PDZ domain of DVL binding to FZD (Figure 1.5) reduces the growth and induces 
apoptosis of lung and prostate cancer cells (Fujii et al., 2007; Grandy et al., 2009). 

1.3.4.5 Non WNT-specific inhibitors 

In addition to inhibitors that specifically target WNT signalling, some pre-existing drugs 
that target other cellular components have been found to also inhibit WNT signalling. 
Niclosamide is an FDA-approved drug for tapeworm treatment but has also been 
shown to inhibit b-catenin WNT signalling in the cancer setting (Chen et al., 2009b). It 
regulates WNT signalling by stimulating internalisation of FZDs and degradation of 
LRP6, DVL and b-catenin, leading to reduced tumour growth in in vitro and in vivo 
models of colorectal and ovarian cancer in an autophagy-mediated process (Lu et al., 
2011; Osada et al., 2011; Arend et al., 2014; Monin et al., 2016; Wang et al., 2019). 
Non-steroidal anti-inflammatory drugs (NSAIDS), such as celecoxib, a cyclooxygenase 
(COX)-2 inhibitor FDA-approved for rheumatoid arthritis, also inhibit WNT signalling 
and deliver anti-cancer benefits in preclinical models including impaired EMT, CSC 
self-renewal and tumour growth (Brown et al., 2001; Egashira et al., 2017; Huang et 
al., 2017). Other pre-existing drugs that also deliver anti-tumour effects through the 
inhibition of WNT signalling include pyrvinium pamoate (Thorne et al., 2010; 
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Venerando et al., 2013; Xu et al., 2016) and ethacrynic acid (Lu et al., 2009; Wu et al., 
2016). 

1.3.4.6 Positive regulators of WNT signalling 

In addition to its tumour-promoting role, WNT signalling can also play tumour 
suppressive roles in certain contexts (Anastas and Moon, 2013). Consequently, there 
are examples where drugs that promote WNT signalling have demonstrated anti-
cancer benefits. A negative regulator of b-catenin WNT signalling, DKK1 (see Section 
1.2.2.5.2), is overexpressed in multiple human tumours and has been linked to the 
poor prognosis of patients and tumour progression (Tian et al., 2003; Sheng et al., 
2009; Li et al., 2011). However, it has been suggested that any tumour-promoting role 
of DKK1 may be WNT-independent (Lyros et al., 2019). Further, the role of DKK1 in 
cancer is not exclusively oncogenic as tumour suppressive roles for DKK1 have also 
been demonstrated (Vibhakar et al., 2007; Hirata et al., 2011; Chen et al., 2018c). 
Focusing on the tumour promoting roles of DKK1 led to the development of two anti-
DKK1 mAbs, DKN-01 and BHQ880, which are being evaluated in phase I and II clinical 
trials in myeloma, esophageal cancer and NSCLC (Figure 1.5 and Table 1.1) 
(Padmanabhan et al., 2009; Edenfield et al., 2014; Bendell et al., 2016).  

While WNT5A can play a number of oncogenic roles (see Section 1.2.2.7), in other 
contexts it has tumour suppressive properties (Jonsson et al., 2002; Liang et al., 2003; 
Ying et al., 2008; Mehdawi et al., 2016). A hexapeptide WNT5A agonist, Foxy-5, was 
established to mimic the tumour suppressive effects of WNT5A and did impair 
metastasis of breast cancer cells in vitro and in vivo (Figure 1.5) (Safholm et al., 2006). 
The mimetic is now in phase I clinical trials for metastatic solid tumours including breast 
cancer (Table 1.1) (Soerensen et al., 2014). In line with the oncogenic roles of WNT5A, 
a WNT5A antagonist has been utilised to demonstrate reduced migration and invasion 
in melanoma cells (Jenei et al., 2009; Linnskog et al., 2014). This demonstrates the 
complexity of targeting WNT signalling, in that there is a network of connected and 
inter-dependent pathways of which any can be tumour suppressive or oncogenic 
depending on the context. 

1.3.4.7 Complications of targeting WNTs 

WNT signalling is a highly regulated system of pathways, with a delicate balance 
between b-catenin-dependent and b-catenin-independent signalling (see Section 

1.2.2.6.1). Further, with b-catenin-independent signalling negatively regulating b-
catenin-dependent signalling and vice-versa, any dysregulation that biases the 
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balance towards one or the other will be amplified by this feedback. Cancer utilises 

this WNT signalling switch for example in melanoma, where a shift from b-catenin-
dependent to b-catenin-independent signalling occurs to produce more migratory 
melanoma cells to evade therapy (see Section 1.2.2.7) (O'Connell et al., 2013). 
Consequently, when using therapeutics to a particular WNT signalling pathway the aim 

should be to restore this balance. Whether b-catenin-dependent or -independent WNT 
signalling is tumour-promoting in a given context, the inhibition of this oncogenic 
pathway is designed to bring the pendulum back to the middle but without an over-
correction that could lead to the dysregulation of another WNT pathway. 

Another complication of inhibiting WNT signalling is the adverse effects seen by 
targeting a signalling network with substantial physiological roles, most notably their 
adult roles in neurological function and stem cell self-renewal in numerous organs 
(Flanagan et al., 2017) (see Section 1.2.2.6.2). The complete ablation of WNTs in adult 
mice, through conditional knockout of the Wntless protein required for WNT secretion 
(see Section 1.2.2.1), caused their death (Valenta et al., 2016). This mortality was 
caused by the depletion of intestinal stem cells brought about by loss of WNT 
signalling. In line with this finding, intestinal toxicity was identified in mice with higher 
concentrations of LGK974 (see Section 1.3.4.2) (Liu et al., 2013) and tankyrase 
inhibitors (see Section 1.3.4.4) (Lau et al., 2013; Zhong et al., 2016). However, there 
were lower concentrations that demonstrated anti-cancer effects and showed 
significantly reduced or no intestinal toxicity. An adverse effect seen in clinical trials of 
multiple WNT targeting agents is an increase in bone fractures or turnover due to 
decreased bone strength (Tabatabai et al., 2017). This is due to the role of WNT 
signalling in bone development and maintenance (Kim et al., 2013a; Zhong et al., 
2014). Phase I clinical trials of the anti-FZD antibody vantictumab and FZD8-Fc 
ipafricept (see Section 1.3.4.3) identified bone toxicities resulting in vantictumab phase 
I clinical trials being temporarily placed on hold (Smith et al., 2013; Flanagan et al., 
2017; Jimeno et al., 2017). However, these bone side effects were effectively managed 
by monitoring a bone turnover marker b-C-terminal telopeptide (b-CTX) and 

subsequent treatment with zoledronic acid if b-CTX levels doubled (Jimeno et al., 
2017; Tabatabai et al., 2017). Consequently, there are challenges with targeting WNT 
signalling that need to be understood and kept in mind during treatment. With an 
increase in understanding the multitude of WNT pathways and the context-dependent 
nature of their signalling, inhibitors to WNT signalling are slowly progressing through 
to clinical trials (Table 1.1 and Figure 1.5). 
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1.3.5 Future of targeted therapy 

1.3.5.1 Combination therapy 

Single agent targeted therapies deliver promising anti-cancer effects, but as shown in 
the previous section are severely limited by intrinsic or acquired resistance 
mechanisms of cancer. The use of these drugs in combination with other therapies, 
including chemotherapy, additional targeted therapies or immunotherapy, has 
dramatically increased their efficacy (Bayat Mokhtari et al., 2017). The ability of therapy 
combinations to counter tumour heterogeneity is critical to their effectiveness (Palmer 
and Sorger, 2017b; Dagogo-Jack and Shaw, 2018). Tumour heterogeneity can be 
between different tumours (inter-tumour heterogeneity) or within a tumour (intra-
tumour heterogeneity) and both contribute to therapy resistance, particularly intrinsic 
resistance (Lee and Swanton, 2012). In addition to acquired resistance being a novel 
mechanism developed by cancer to overcome therapy, there is evidence that pre-
existing clones harbouring these resistant mechanisms are present in the initial 
sensitive tumour, albeit at very low levels, and are selected for when the cancer is 
exposed to the therapy (Diaz et al., 2012; Misale et al., 2012). Consequently, having 
combinations of drugs targeting the heterogeneity within a tumour results in the 
ablation of these rare resistant clones, and would help to prevent acquired resistance.   

The success of combining rituximab with the CHOP therapy regimen for non-Hodgkin’s 
lymphoma demonstrates the efficacy of combination therapy in overcoming tumour 
heterogeneity and drug resistance (Coiffier et al., 2002). Rituximab is an antibody to 
the cell-surface protein CD20 on B-cells, which delivers anti-cancer benefits to 
lymphoma patients (McLaughlin et al., 1998). CHOP was the standard of care 
combination of four chemotherapeutic drugs (cyclophosphamide, doxorubicin, 
vincristine, and prednisone) (Fisher et al., 1993). The addition of rituximab to CHOP 
(RCHOP) was shown to significantly increase the complete response of large-B-cell 
lymphoma patients to 76% as well as their overall survival compared to CHOP alone 
(Coiffier et al., 2002; Mounier et al., 2003). It was long thought that pharmacological 
interactions between drug combinations, such as the five individual therapeutics in 
RCHOP, deliver a synergistic effect that could explain their increased anti-cancer 
benefit (Lehar et al., 2009). However, a recent study on RCHOP in diffuse large B-cell 
lymphoma utilising DNA barcoding on subclones demonstrates that the combination’s 
effectiveness is not through synergy (Palmer and Sorger, 2017a; Palmer et al., 2018). 
Instead the low level of cross-resistance between the five individual therapies means 
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the combination of RCHOP is able to overcome the heterogeneity within a tumour and 
consequently the intrinsic resistance that exists to the individual therapies. Further, the 
efficacy of combination therapies in a population is often due to the independent action 
of each individual drug within the combination and not synergy between drugs (Palmer 
and Sorger, 2017b). Combination therapy counters heterogeneity between tumours 
from different patients because one drug in the combination will be effective against 
one tumour, while an alternative tumour may be unresponsive to that drug but sensitive 
to another drug within the combination. Consequently, combination of therapies with 
separate modes of action, such as inhibition of different oncogenic pathways, will be 
effective in cancer treatment.  

With this in mind, combination therapies can be utilised to enhance and lengthen the 
response to targeted therapy by overcoming both intrinsic and acquired resistance. 
Combinations of therapies targeting context-dependent oncogenic signalling pathways 
will work to counter heterogeneity within and between tumours and repress intrinsic 
resistance. Further, thoughtful combination therapy will work to overcome acquired 
resistance whether it develops from a selected-for pre-existing clone or a novel 
acquired mechanism. Consequently, drug combinations with agents that target these 
resistance mechanisms (see Sections 1.3.2 and 1.3.3), from alternative oncogenic 
signalling pathways to the induction of phenotypic transformations such as EMT to 
bypass signalling mechanisms used, to reactivation of inhibited oncogenic pathways, 
generate enhanced anti-cancer benefits to patients. 

With the recent uptake in combination therapies for cancer treatment, there are 
multiple illustrations of their efficacy in the clinic. With multiple resistance mechanisms 
to BRAFis involving the reactivation of the MAPK pathway (see Section 1.3.2.2), a 
good example is the combination of BRAFis and MEKis used in melanoma patients. 
The clinical trials of these combinations demonstrated the enhanced anti-cancer 
benefit of the combination relative to a BRAFi alone, increasing the overall response 
rate as well as progression free survival (Larkin et al., 2014; Long et al., 2014). 
Importantly, these advantages were not seen with sequential treatment of the targeted 
therapies (Kim et al., 2013b), showing the necessity for upfront combination therapy. 
This combination has also been FDA-approved in BRAF-mutated thyroid and NSCLC, 
following clinical trials illustrating their anti-cancer benefits together (Planchard et al., 
2016; Subbiah et al., 2018). 

Approximately 10% of patients with metastatic colorectal cancer have the BRAFV600E 
mutation, however, they do not respond well to BRAFis (Kopetz et al., 2010). EGFR-
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mediated activation of MAPK signalling bypassing the inhibited BRAF protein is a 
common mechanism for this intrinsic resistance (Prahallad et al., 2012). Consequently, 
combination therapy of BRAF and EGFR inhibition results in anti-cancer effects in 
BRAFV600E mutant colorectal cancer (Connolly et al., 2014; Corcoran et al., 2018) and 
a Phase III clinical trial is underway evaluating the combination of cetuximab (anti-
EGFR) with a BRAFi and MEKi (Van Cutsem et al., 2019). Further, to overcome 
acquired resistance to EGFR SMKIs in NSCLC resulting from the upregulation of 
alternative oncogenic signalling pathways (see Section 1.3.2.3), additional 
combination therapies are being evaluated. For example, the addition of a MET 
inhibitor to an EGFR SMKI therapy provides enhanced benefit for NSCLC patients with 
elevated MET expression or MET-driven resistance (Spigel et al., 2013; Wu et al., 
2018).   

With the oncogenic role of WNT signalling, particularly in the development of 
therapeutic resistance, the use of WNT targeted therapies in drug combinations has 
substantial potential. Tankyrase inhibition improves the response of NSCLC cells to 
EGFR inhibitors in preclinical models by inhibiting WNT-driven resistance (Casas-
Selves et al., 2012; Wang et al., 2016a; Scarborough et al., 2017). The addition of PRI-
724 to the BCR-ABL SMKI nilotinib increased the anti-cancer benefit relative to nilotinib 
treatment alone in a preclinical in vivo CML model (Zhou et al., 2017a). Further, the 
success of combining vantictumab (anti-FZD) and ipafricept (FZD8-Fc) with 
chemotherapy in preclinical models (see Section 1.3.4.3), has prompted clinical trials 
evaluating combination therapies of these WNT therapeutics with chemotherapy and 
other targeted therapy (Table 1.1) (Tabatabai et al., 2017). 

With the tumour microenvironment playing a critical role in the ability of cancer to resist 
and evade therapy (Wu and Dai, 2017), combination therapies can also include drugs 
targeting the stromal components of a tumour (Reisfeld, 2013). Recently, with the rapid 
rise of immunotherapy, a number of targeted therapies have been combined with 
immunotherapies, particularly checkpoint inhibitors, and delivered promising results 
(Gotwals et al., 2017). The ability of targeted therapies to inhibit pivotal oncogenic 
signalling pathways, delivering a significant initial attack on the tumour, may reduce 
the immunosuppressive characteristics of cancer, sensitising the remaining tumour to 
immunotherapy (Vanneman and Dranoff, 2012). However, a dampened immune 
response is seen when tumours are resistant to therapy; for example studies have 
revealed a loss of CD8+ T cell tumour infiltration in BRAFi and MEKi-resistant tumours 
(Hugo et al., 2015). Therefore, combining targeted therapy such as BRAFis with 
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immunotherapy to increase T-cell infiltration may aid in overcoming resistance. 
Preclinical studies showed an enhanced anti-cancer effect when combining a BRAFi 
and/or MEKi with an anti-programmed death ligand 1 (PDL1) or anti-PD1 checkpoint 
inhibitor compared to single agent therapy (Hu-Lieskovan et al., 2015; Ebert et al., 
2016). Consequently, a number of clinical trials evaluating the combination of anti-
PDL1 mAbs with BRAFis and MEKis are well underway (Gotwals et al., 2017; Ribas 
et al., 2017; Sullivan et al., 2017; Dummer et al., 2018b). Of note, previous clinical trials 
testing anti-CTLA4 checkpoint inhibitors and BRAFis/MEKis were terminated due to 
liver and gastrointestinal toxicity (Ribas et al., 2013; Minor et al., 2015). The potential 
of combining immunotherapy with WNT targeting therapeutics to drive improved anti-
cancer clinical responses has recently become of interest (Galluzzi et al., 2019) as 
more studies are demonstrating the immunomodulatory role of WNT signalling and 
therapeutics targeting WNT signalling in a number of preclinical mouse models 
(Yaguchi et al., 2012; Holtzhausen et al., 2015; Hong et al., 2016). This has led to the 
first clinical trial combining these two therapies with Novartis running a Phase I clinical 
trial investigating the combination of LGK974 and PDR001 (anti-PD1 antibody) in solid 
tumours (NCT01351103; see Table 1.1). 

The greater response achieved by combination therapy compared to the use of 
individual drugs is promising and suggests a move towards increased use of drug 
combinations for cancer treatment. However, rational polytherapy is required as 
multiple drugs not only risk the effect of increasing adverse effects in patients but also 
increase the price of the most effective treatment. Consequently, treatment regimens 
need to not only include drugs which elicit the best response for each patient but avoid 
the use of drugs that have no effect. A thorough understanding of each tumour – its 
heterogeneous populations and potential mechanisms of therapy resistance - is 
required to achieve the optimal drug combinations for that patient and will increase the 
efficacy of first line combination therapy (Neel and Bivona, 2017). 

1.3.5.2 The effect of biomarkers and personalised medicine 

A biomarker-directed approach to prescribing targeted therapy will aid in increasing 
treatment efficacy and decreasing the burden, both financial and clinical, of patients 
using inefficacious treatments. A thorough inspection of the genomic and 
transcriptomic landscape of each tumour - including its heterogeneity - prior to 
treatment will allow clinicians to identify the most appropriate therapies to not only 
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target the oncogenic driver but also any mechanisms of resistance favoured by the 
tumour (Neel and Bivona, 2017). 

Gefitinib (EGFR SMKI) treatment is a notable example of where biomarker-directed 
therapy is highly advantageous. In 2003 gefitinib was given accelerated approval for 
patients with metastatic NSCLC, irrespective of EGFR status, but this approval was 
withdrawn in 2005 as clinical trials demonstrated no improvement in survival outcome 
relative to a placebo control (Thatcher et al., 2005). The introduction of testing for 
EGFR mutational status as a biomarker propelled successful trials and gefitinib was 
reapproved by the FDA in 2015 for metastatic NSCLC with EGFR mutations (Mok et 
al., 2009; Kazandjian et al., 2016). In addition to biomarkers increasing the efficacy of 
targeted therapy, biomarkers could also predict and mitigate side effects of 
therapeutics. Patients treated with EGFR SKMIs can experience significant adverse 
effects (Vogel and Jennifer, 2016). Personalised medicine could be utilised to foretell 
adverse effects that a patient may develop, allowing subsequent changes to the 
treatment regimen, schedule or dosing to prevent or reduce these complications.  

A major hurdle preventing the more extensive use of personalised medicine is the 
inadequacy of a single tumour biopsy taken pre-treatment to represent the 
considerable heterogeneity within a tumour as well as the tumour after resistance has 
developed. However, more recent studies have described the ability of serial biopsies 
to accurately represent a tumour and its microenvironment (Lee et al., 2013; Lara et 
al., 2019). Performing a re-biopsy of a tumour after resistance has developed is often 
challenging and sometimes impossible (Kawamura et al., 2016). Consequently, less 
invasive biopsy techniques have been developed, such as liquid biopsy, which uses 
circulating tumour cells or circulating tumour DNA to readily biopsy a tumour as soon 
as resistance begins to develop in order to prescribe a therapy regime to overcome 
this resistance (Ahronian and Corcoran, 2017; Pasini and Ulivi, 2019). Lastly, the use 
of programs to ascertain the resistance mechanisms in tumours upon death of the 
patient, such as CASCADE (Alsop et al., 2016), will provide invaluable insight into the 
mechanisms of resistance tumours develop that ultimately lead to death and enable 
clinicians to tailor therapies to susceptible patients to overcome these mechanisms.  

The identification of biomarkers to increase the efficacy of WNT therapeutics has 
already begun. Genetic dysregulation of RNF43/ZNRF3 or the Rspondins generate 
WNT-dependent tumour suggesting their use as potential indicators for sensitivity to 
WNT therapeutics (Madan and Virshup, 2015). For example, porcupine inhibitors have 
shown promising results in pre-clinical models with Rspondin3-translocations (Madan 
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et al., 2016) or inactivating RNF43 mutations (Jiang et al., 2013). This has followed 
through into clinical trials for LGK974 where the porcupine inhibitor is being evaluated 
in tumours dependent on WNT ligands, often due to RPSO translocation or RNF43 
mutations (Table 1.1). Clinical trials of other WNT therapeutics have identified gene 
sets with predictive transcriptomic signatures. A 6-gene signature, including WIF1 and 
DKK1, has been developed for vantictumab (anti-FZD) treatment in breast cancer 
(Zhang et al., 2014b) and a 3-gene signature in pancreatic cancer (Zhang et al., 2016). 

With a treatment landscape increasingly moving towards personalised medicine, each 
individual tumour will be evaluated in-depth using multiple ‘omics’ approaches, 
including genomics and transcriptomics, but also through investigative tools such as 
patient-derived xenografts. Results from all these analyses could be compared to 
databases that will guide the optimal combination of therapy for that specific tumour. 
However, this treatment approach requires a large number of diverse and effective 
therapies to be effective. Consequently, there is a need to understand signalling 
pathways that are less tractable and poorly characterised to identify novel cancer 
targets and therapeutics to increase the efficacy of precision medicine and to provide 
more effective, longer-lasting treatment and a higher percentage of cures. 

1.4 Related to Tyrosine Kinase (RYK) and other WNT-binding 
RTKs 
The WNT-binding RTKs are an understudied subset of receptors that uniquely link the 
WNT and RTK families (see Section 1.2.2.4.3). One of these receptors, RYK, is the 
focus of this thesis. Despite connecting these two families pivotal for numerous 
cancers, the WNT-binding RTKs and RYK in particular are poorly characterised in the 
cancer context. Consequently, RYK presents as a molecule with a potentially untapped 
role in cancer, which when elucidated may provide insight into the development of 
novel therapeutics. 

1.4.1 RYK domain topology, ligands and pseudokinase 
classification 
RYK and members of the other WNT-binding RTK subfamilies are conserved across 
a range of metazoan genomes, suggesting a fundamental requirement for these 
receptors. The study of RYK homologs in model animals have been essential to our 
present understanding of the biology and function of this receptor. Derailed (Drl) 
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(Callahan et al., 1995), doughnut (Oates et al., 1998) and derailed-2 (Sakurai et al., 
2009) are Drosophila homologs of RYK, while Caenorhabitis elegans (nematode) 
(Inoue et al., 2004), zebrafish (Lin et al., 2010), Xenopus (Kim et al., 2008a) and all 
mammalian genomes contain one transcribed Ryk gene per haploid genome (Hovens 
et al., 1992; Stacker et al., 1993; Kamitori et al., 2005).  

1.4.1.1 Domain organisation of RYK 

RYK and its homologs, including Drl, share the same basic topology including a WIF 
domain, a domain shared with the secreted WNT modulator WIF-1 (Figure 1.4), in its 
distinctively short N-terminal extracellular region that mediates the direct binding of 
WNTs (Patthy, 2000; Yoshikawa et al., 2003). There is little similarity between the 
domain topology of the extracellular regions of RYK and the other WNT-binding RTKs 
(Figure 1.4). The WNT-binding modules of the RORs (Stricker et al., 2017) and MuSK 
(Ghazanfari et al., 2011) are cysteine-rich domains that are structurally similar to those 
of the FZD family. The extracellular region of PTK7 is composed of seven Ig-like 
domains, with Ig domains 4-7 required for optimal WNT-binding (Jung et al., 2002; 
Burden et al., 2013; Martinez et al., 2015; Stricker et al., 2017). All WNT-binding RTKs 
have a single-pass transmembrane helix, which in RYK is followed by an intracellular 
juxtamembrane region of high serine and threonine content (Figure 1.4) of unknown 
functional relevance. The major intracellular feature of RYK is its pseudokinase 
domain, which when compared to the consensus PTK sequence exhibits atypical 
amino acid residues at multiple sites thought critical for kinase activity. Substitutions in 
the glycine-rich loop (subdomain I) and subdomain II of RYK, conserved regions 
required for the binding and orientation of ATP, are thought to result in kinase inactivity 
(Hovens et al., 1992; Simoneaux et al., 1995). Alterations to the residues at the start 
of the activation loop and in the catalytic loop, pivotal for effective phosphotransfer, are 
assumed to be responsible for the apparent inability of RYK to autophosphorylate, or 
phosphorylate substrates (Hovens et al., 1992). These observations were supported 
by additional biochemical evidence suggesting a lack of kinase activity including an 
apparent inability for nucleotide binding (Hovens et al., 1992; Stacker et al., 1993; 
Yoshikawa et al., 2001; Mendrola et al., 2013; Murphy et al., 2014). Together these 
observations provide a basis to classify RYK as a pseudokinase RTK. However, it must 
be noted that RYK may require particular conditions for kinase activity that are yet to 
be identified. For example, ERBB3, which was originally thought of as kinase-inactive 
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but was later found to have very weak kinase activity (Shi et al., 2010; Steinkamp et 
al., 2014). 

RYK is not the only WNT-binding RTK with a kinase-inactive PTK domain. PTK7, 
ROR1 and ROR2 all contain substitutions within normally conserved motifs important 
for PTK activity; consequently, these receptors were also predicted to be 
pseudokinases. PTK7 remains classified as a pseudokinase due to the absence of 
detectable kinase activity (Miller and Steele, 2000; Jung et al., 2004). However, 
categorization of the RORs remains unresolved. Multiple studies have shown that 
ROR2 immunoprecipitates from mammalian cell lysates contain a kinase activity  
(Masiakowski and Carroll, 1992; Liu et al., 2007; Akbarzadeh et al., 2008; Mikels et al., 
2009). In similar assays, ROR1 was also reported to have weak kinase activity 
(Masiakowski and Carroll, 1992; Yamaguchi et al., 2012). Importantly, in all these 
studies the contribution of co-precipitated kinases to the observed phosphorylation 
was not addressed. Other groups have demonstrated the inability of ROR1 and ROR2 
to bind ATP, along with a lack of intrinsic kinase activity, which suggests pseudokinase 
categorization (Gentile et al., 2011; Bainbridge et al., 2014; Murphy et al., 2014). The 
C. elegans ortholog of the RORs, CAM-1, was found to contain an active PTK domain 
capable of ATP binding (Bainbridge et al., 2014). One caveat of these studies is that 
they were restricted in the conditions they used for the assay of in vitro kinase activity. 
For example, a cofactor not required for traditional RTK activity may be essential for 
ROR kinase activity and not present in the assay. Consequently, considering the 
limitations of all preceding assays, we believe ROR1 and ROR2 should currently be 
considered pseudokinases. However, further structural and/or biochemical 
investigations are required to resolve this.  

Lastly, a PDZ (post synaptic density protein, Drosophila disc large tumour suppressor 
and zonula occludens-1 protein)-binding motif present at the C-terminus of RYK allows 
interaction with a wide array of proteins e.g. Src family kinases (Halford et al., 2000; 
Lu et al., 2004b; Macheda et al., 2012; Petrova et al., 2013). This motif, along with 
others in PTK7, ROR1 and ROR2 that mediate protein binding, will be discussed 
further below. 

1.4.1.2 WNTs are ligands of RYK 

For a decade after cloning, mammalian RYK had no known ligand. The first hint of 
WNTs being involved in RYK signalling was provided by sequence alignments, which 
revealed strong similarity between a portion of the extracellular region of RYK and the 
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WIF domain of WIF-1 (Patthy, 2000). This was followed by the demonstration that the 
Drosophila ortholog of RYK, Drl, bound Wnt5 (Yoshikawa et al., 2003). Since then, 
many WNTs have been found to bind and signal through RYK and its homologs – 
including mammalian WNT 1 (Lu et al., 2004b), WNT3A (Lu et al., 2004b), WNT5A 
(Keeble et al., 2006) and WNT5B (Chakravadhanula et al., 2015) (Figure 1.4). 
Similarly, the ROR, PTK7 and MuSK subfamilies were orphan receptors for at least a 
decade after cloning, before WNTs were identified as cognate ligands (Oishi et al., 
2003; Jing et al., 2009; Peradziryi et al., 2011). Multiple WNTs have since been shown 
to signal through the WNT-binding RTKs (Figure 1.4), with WNT5A being the most 
studied binding partner for this subclass of receptors. Whether WNT5A is the most 
physiologically relevant ligand, however, remains to be determined from a complete 
analysis of the broader WNT family. While some aspects of the signal transduction 
pathways arising from WNT activation of RYK have been described, their context-
dependency and the physiological relevance are still poorly understood. 

1.4.2 The signalling mechanisms of RYK and other WNT-binding 
RTKs 

1.4.2.1 b-catenin-dependent (canonical) WNT signalling 

A large number of downstream signalling proteins are activated (or inhibited) by RYK 

and other WNT binding RTKs (Figure 1.6). These include b-catenin, with multiple 
studies demonstrating a requirement for RYK in activation of a β-catenin/TCF-
responsive reporter gene (Lu et al., 2004b; Berndt et al., 2011; Adamo et al., 2017). 
Wnt1 and Wnt3A required Ryk to stimulate TCF-dependent transcription, with Wnt1 
signalling via a Ryk/Fzd8 receptor complex (Lu et al., 2004b). This study also identified 
the presence of Ryk and cytoplasmic adaptor protein Dvl in a complex in mouse brain 
through co-immunoprecipitation experiments and that this regulated canonical Wnt 
signalling. An independent study suggested a model whereby RYK and Mindbomb 1 

(MIB1), an E3 ubiquitin ligase, form a complex that stimulates b-catenin-dependent 
WNT signalling (Berndt et al., 2011). Using RNAi and a reporter of WNT/b-catenin–
activated transcription, RYK and MIB1 were shown to be necessary for WNT3A-
induced stabilization of b-catenin and canonical WNT signalling in HEK293 cells in vitro 
(Berndt et al., 2011). Stem cell-like features of glioma have also been identified as 

dependent upon b-catenin-dependent WNT signalling through RYK (Adamo et al., 
2017).  
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However, other groups have failed to detect RYK-mediated activation of b-catenin-
dependent WNT signalling (Macheda et al., 2012) and some have described Ryk-
dependent suppression of canonical WNT signalling in, for example, the promotion of 
osteoclast differentiation (Santiago et al., 2012). Both the PTK7 and ROR subfamilies 
have been shown to antagonize canonical WNT signalling in WNT5A-dependent and 
-independent manners (Mikels and Nusse, 2006; Winkel et al., 2008; Mikels et al., 
2009; Witte et al., 2010; Peradziryi et al., 2011; Hayes et al., 2013). However, the 
mechanism(s) of inhibition is largely unknown, with models invoking sequestration of 
WNTs by these receptors or through binding to FZDs as co-receptors to influence 
WNT/FZD interactions (Forrester et al., 2004; Green et al., 2007). To further 

complicate this issue, ROR2 and PTK7 can also activate or stabilize b-catenin-
dependent WNT signalling (Li et al., 2008; Winkel et al., 2008; Puppo et al., 2011; 

Rasmussen et al., 2013). Consequently, the WNT-binding RTKs can modulate b-
catenin-dependent WNT signalling in a highly context-dependent manner. For 
example, a model by Winkel and colleagues proposes that phosphorylation of ROR2 

by intracellular signalling proteins dictates whether ROR2 activates or inhibits b-
catenin-dependent WNT signalling (Winkel et al., 2008).  

1.4.2.2 Planar cell polarity (PCP) signalling 

In addition to modulating the b-catenin-dependent WNT pathway, the WNT-binding 

RTKs appear to signal predominantly through b-catenin-independent WNT pathways 
including the PCP and WNT/Ca2+ pathways. RYK participation in PCP signalling has 
been demonstrated by studies examining the Ryk knockout mouse, which identified a 
classic defective PCP phenotype: incorrect polarity of stereociliary bundles of outer 
hair cells in the cochlea (inner ear) (Andre et al., 2012; Macheda et al., 2012). A genetic 
interaction between Ryk and Vangl2, a core PCP component, along with their presence 
in a complex was observed. For example, Ryk−/−;Vangl2+/− mice display neural tube 
defects (a result of defective PCP signalling), which are not seen in either Ryk−/− or 
Vangl2+/− mice. One model proposed that Wnt5A stimulates Ryk binding to Vangl2, 
leading to increased Vangl2 stability and activation of PCP signalling (Andre et al., 
2012). Ryk is required in vitro for Wnt3A-mediated activation of the PCP component 
RhoA and for Wnt11-dependent convergent extension movements, a PCP-driven 
developmental process, in both Xenopus and zebrafish (Kim et al., 2008a; Macheda 
et al., 2012). The ROR1 and PTK7 knockout mouse strains also display misorientation 
of stereociliary bundles in the inner ear suggesting a role for these RTKs in PCP 
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signalling (Lu et al., 2004c; Diaz-Horta et al., 2016). PTK7 and ROR2 both form 
complexes with Vangl2 and neural tube defects were reported in Ptk7- or Ror2-
deficient mouse strains in the context of a Vangl2+/− genetic background (Figure 1.7; 
see Section 1.5.3) (Lu et al., 2004c; Gao et al., 2011). Additional biochemical evidence 
exists demonstrating the ability of PTK7, ROR, and to a lesser extent MuSK, 
subfamilies to signal via PCP pathways (Yamamoto et al., 2008; Golubkov et al., 2010; 
Banerjee et al., 2011; Gordon et al., 2012; Green et al., 2014; Martinez et al., 2015). 

1.4.2.3 WNT/Ca2+ and other pathways 

Multiple studies have shown a requirement for Ryk in normal development of the 
corpus callosum where an influx of Ca2+ into the cytoplasm leads to the outgrowth and 
repulsion of axons (Li et al., 2009; Lin et al., 2010; Hutchins et al., 2011; Liu et al., 
2015c). Wnt5A/Ryk signalling required for axonal outgrowth in cortical cultures 
involves CAMKII and the regulation of Ca2+ influx into the cytoplasm, suggesting 
Wnt/Ca2+ pathway signalling (Li et al., 2009; Hutchins et al., 2011). Wnt3a and Wnt5b 
can also initiate Ryk-dependent WNT/Ca2+ signalling (Lin et al., 2010; Liu et al., 2015c). 
The other WNT-binding RTKs have not yet been reported to signal directly through the 
WNT/Ca2+ pathway.  

Both the ROR and PTK7 subfamilies stimulate PI3K/AKT signalling (Liu et al., 2015d; 
Fernandez et al., 2016; Shin et al., 2016), a pathway which is known to crosstalk with 
WNT signalling (Perry et al., 2011; Vadlakonda et al., 2013) and participate 
downstream of WNT5A (Kawasaki et al., 2007; Kim et al., 2011; Zhang et al., 2014a). 
RYK also signals through PI3K/AKT in some contexts, with one group showing that 
RYK is required, along with FZD7, for WNT5A-driven activation of AKT in melanoma 
(Figure 1.6) (Anastas et al., 2014). 

1.4.2.4 RYK as a scaffold 

Consistent with the apparent pseudokinase feature of most WNT-binding RTKs, a 
common theme among this subclass of receptors is the ability to act as a scaffold 
promoting the binding of intracellular proteins and other receptors (Lu et al., 2004b; 
Shnitsar and Borchers, 2008; Witte et al., 2010). This mechanism facilitates interaction 
with other proteins, bringing activating proteins in proximity to substrates, or promoting 
membrane localization of intracellular signalling proteins (see Section 1.2.1.2). The 
PDZ-binding motif of RYK is crucial in allowing the receptor to interact with other 
signalling proteins. One such example is the DVL family of intracellular proteins that 
are key for b-catenin-dependent and -independent WNT signalling. The PDZ domain 
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of DVLs bind the C-terminus of Ryk (Figure 1.6) (Lu et al., 2004b). Both PTK7 and 
ROR2 also bind DVL proteins to recruit them to the plasma membrane (Shnitsar and 
Borchers, 2008; Witte et al., 2010). The membrane localization of DVL has been 

proposed as an indicator of b-catenin-independent signalling while b-catenin-
dependent signalling requires predominantly cytoplasmic Dvl (Wallingford and Habas, 
2005; Komiya and Habas, 2008). RYK’s PDZ-binding motif also promotes the binding 
and activation of c-Src (Wouda et al., 2008). The physical interaction of their respective 
orthologs in Drosophila, DRL and SRC64B, was induced by Wnt5 and led to SRC64B 

activation, DRL phosphorylation and b-catenin-independent signalling (Wouda et al., 
2008; Petrova et al., 2013). Mouse Ryk and human c-SRC were also shown to present 
in a complex (Figure 1.6) (Wouda et al., 2008). c-Src also interacts with and is activated 
by ROR1, ROR2 and PTK7 (Figure 1.6) (Akbarzadeh et al., 2008; Lai et al., 2012; 
Yamaguchi et al., 2012; Andreeva et al., 2014; Gentile et al., 2014).  

WNT-binding RTKs can interact with other transmembrane receptors, either facilitating 
activation of the bound receptor or promoting phosphorylation and possibly activation 
of themselves. As well as binding Vangl2 (Andre et al., 2012; Macheda et al., 2012), 
RYK can form complexes with FZD receptors and so act as a co-receptor for WNT 
ligands (Inoue et al., 2004; Lu et al., 2004b; Kim et al., 2008a), or even interact with 
EPH receptors, although the functional or signalling relevance of this latter interaction 
is unknown (Figure 1.6) (Halford et al., 2000; Kamitori et al., 2005). The other WNT-
binding RTKs bind a variety of other receptors, in particular those involved in WNT 
signalling (Figure 1.6). Complexes form between PTK7, ROR1 and ROR2 and 

commonly lead to b-catenin-independent WNT signalling (Paganoni et al., 2010; 
Martinez et al., 2015; Podleschny et al., 2015; Yu et al., 2016). Therefore, studies 
exploring if RYK physically interacts with any of these WNT-binding RTKs and, if so, 
whether these heterodimers result in the activation of RYK or the generation of novel 
signalling outputs would provide valuable insight. 

1.4.2.5 Proteolytic cleavage 

RTK signalling is not restricted to plasma membrane-embedded forms, since receptors 
can be localized to membranes elsewhere in the cell or extracellular space and may 
be active in full-length or truncated versions generated by alternative splicing or 
proteolytic cleavage (Chen and Hung, 2015). These differential subcellular 
localizations, including within the nucleus or endosomes, result in signalling pathways 
and outcomes distinct from the membrane-anchored receptor (Lemmon and 
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Schlessinger, 2010; Carpenter and Liao, 2013). RYK undergoes sequential proteolytic 
cleavage to release the extracellular region into the extracellular space and the 
intracellular region into the cytoplasm, both of which appear able to regulate signalling 
(Lyu et al., 2009; Reynaud et al., 2015; Chang et al., 2017). A three-step cleavage 
model for RYK, based on the findings of multiple groups in a variety of model 
organisms, was proposed (Halford et al., 2013). In vitro and in vivo experiments in the 
zebrafish system identified a primary cleavage site within the WIF domain of RYK, 
probably within a tetrabasic consensus motif (KRRK; single amino acid code) for 
proprotein convertases. However, a disulfide bond formed in zebrafish between two 
WIF domain cysteine residues that flank the cleavage site appears to prevent this 
event resulting in release of an N-terminal fragment (Halford and Stacker, 2001; Lin et 
al., 2010; Halford et al., 2013). An unknown metalloprotease cleaves between the WIF 
domain and transmembrane helix in the RYK extracellular region to shed the 
extracellular N-terminal fragment (RYK-NTF), leaving a membrane-bound C-terminal 
fragment (RYK-CTF) (Lyu et al., 2008; Lyu et al., 2009; Halford et al., 2013).  

In the final cleavage event, g-secretase cleaves RYK-CTF in the transmembrane helix 
to release an intracellular fragment of RYK (RYK-ICF) into the cytoplasm (Lyu et al., 
2008; Lyu et al., 2009). RYK-ICF can then be translocated to the nucleus, although the 
mechanism has not been fully elucidated. Recently, Smek1 and Smek2 were shown 
to be necessary for RYK-ICF nuclear translocation; with a Smek/RYK-ICF complex 
regulating transcription of neuronal differentiation genes (Chang et al., 2017). 

Intriguingly, Wnt3 was required for Ryk-ICF nuclear translocation despite the g-
secretase cleavage event itself being Wnt3-independent (Lyu et al., 2008). This raises 
the possibility that Wnt3 activation of a separate Wnt receptor is required for Ryk-ICF 
to traffic to the nucleus. The same group identified heat shock protein 90 and its co-
chaperone cell division cycle 37 (CDC37) as Ryk-ICF binding partners and identified 
this complex as necessary to prevent degradation of Ryk-ICF (Lyu et al., 2009).  

PTK7 is similarly processed by stepwise proteolytic cleavage, resulting in the release 
of a soluble extracellular fragment followed by an intracellular fragment that can 
translocate to the nucleus (Golubkov et al., 2010; Golubkov et al., 2011; Golubkov and 
Strongin, 2012; Golubkov et al., 2014). While no cleavage events have been described 
for the ROR subfamily, indications are that their intracellular regions can translocate to 
the nucleus when transiently expressed (Tseng et al., 2010). The importance of 
proteolytic cleavage to the signalling and function of the WNT-binding RTKs is largely 
unknown. The shedding of extracellular fragments raises the possibility of a WNT 
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sequestration role, whereby these soluble fragments bind WNTs to prevent them from 
stimulating membrane-bound receptors. The ability of glial DRL to sequester Wnt5 is 
known to be critical for its role in development of the Drosophila olfactory system; 
however, whether a cleaved extracellular fragment plays this role is unknown 
(Grillenzoni et al., 2007; Yao et al., 2007; Sakurai et al., 2009; Fradkin et al., 2010). 
Intracellular fragments that translocate to the nucleus also suggest a role for RYK-ICF 
in the regulation of gene expression through interaction with transcription complexes. 
The nuclear translocation of RYK-ICF is essential for neural differentiation of 
embryonic mouse stem cells, and regulates the fate of neural progenitor cells in 
response to Wnt3A by promotion of differentiation into GABAergic neurons and 
suppression of oligodendrocyte formation (Lyu et al., 2009; Zhong et al., 2011; Chang 
et al., 2017). 

RYK displays a unique variation on RTK signalling, utilizing the WNT family of ligands 
and a pseudokinase intracellular region, thus requiring the potential engagement of 
other signalling receptors. The type of signal transduced can therefore be dependent 
upon the availability and context of specific ligands and co-receptors in a given cellular 
microenvironment.  

1.4.3 Physiological roles of RYK 

1.4.3.1 Developmental functions 

Investigations of RYK homologs, particularly in mouse, fruit fly, nematode 
(Caenorhabditis species) and zebrafish, provide substantial evidence of the functional 
importance of RYK signalling in embryonic development. The RYK field has focused 
on interrogating roles for this unique RTK within developmental biology and in 
particular in neurological development. For example, axon pathfinding in both the brain 
and spinal cord is a major neurological process requiring RYK or its homologues 
(Callahan et al., 1995). As a morphogen, WNT generates a concentration gradient that 
allows RYK-mediated repulsion to appropriately direct axonal growth and pathfinding 
in a number of neuronal contexts (Bonkowsky et al., 1999; Yoshikawa et al., 2003; Li 
et al., 2009; Hutchins et al., 2011; Blakely et al., 2013; Clark et al., 2014b; Hollis et al., 
2016). Recent studies have also demonstrated the ability of Ryk to negatively modulate 
dendritic morphogenesis (Yasunaga et al., 2015; Lanoue et al., 2017). Ryk was 
required to restrict dendrite growth and branching in both mouse hippocampal and 
cortical neurons in vitro as well in layer 2/3 pyramidal neurons of the postnatal 
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somatosensory cortex in vivo (Lanoue et al., 2017). The significant role of RYK in 
development of the nervous system has been reviewed extensively (Fradkin et al., 
2010; Clark et al., 2014a; Halford et al., 2015). MuSK, PTK7 and ROR subfamilies are 
also critical for axon pathfinding and other neurological developmental processes 
(Winberg et al., 2001; Cafferty et al., 2004; Kim and Burden, 2008; Jing et al., 2009; 
Wagner et al., 2010; Petrova et al., 2014).  

Mammalian models are pivotal for elucidating the biological function of human genes. 
The initial characterization of Ryk-knockout mice revealed phenotypes including 
craniofacial and skeletal defects along with embryonic lethality (Halford et al., 2000). 
Homozygote Ryk-deficient mice die on their day of birth and the embryos display 
growth retardation, a cleft secondary palate and malformed limbs, facial bones and 
cranial vault (Figure 1.7). However, Ryk+/- mice have no identified phenotypes or 
reduction in life expectancy (Halford et al., 2000). Since then further studies have 
identified a range of other phenotypes in Ryk-deficient mice in particular within the 
nervous system such as aberrant axonal guidance (Keeble et al., 2006) and 
exencephaly (Macheda et al., 2012) (Figure 1.7), demonstrating a diversity of RYK-
dependent developmental processes (Halford et al., 2015). Two developmental 
phenotypes common to WNT-binding RTK knockout mice are defects of the inner 
ear/cochlea and neural tube (Figure 1.7), demonstrating defective b-catenin-
independent WNT signalling. Mice lacking wild-type PTK7 or ROR receptors also show 
defects in the cardiovascular and respiratory systems (Figure 1.7). This raises the 
possibility of Ryk-deficient mice also having phenotypes in these organ systems. An 
impediment to further study encountered with knockout mice of each WNT-binding 
RTK is their perinatal death (Figure 1.7).  

1.4.3.2 RYK in adult cells 

Establishing the functions of RYK in adult mammalian cells remains a significant 
challenge. The embryonic lethality of Ryk-deficient mice motivated the generation of a 
conditional Ryk-knockout mouse (Hollis et al., 2016). LoxP sites flank exons 3-6 of Ryk 
(encoding the WIF and transmembrane domains) allowing Cre-inducible deletion of 
the Ryk gene. This was used to show adult mice deficient for Ryk in the motor cortex 
demonstrated improved functional recovery after spinal cord injury (Hollis et al., 2016). 
This model provides the opportunity to examine the requirement for Ryk in postnatal 
tissues. This is a necessity for the RYK field not only for the invaluable biological insight 
it will provide, but also for assessment of potential side effects seen upon 
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therapeutically targeting RYK in human diseases (see following sections). The 
generation of mouse models containing conditional alleles of genes encoding the other 
WNT-binding RTKs is also necessary to aid elucidation of the functions of these 
receptors in postnatal tissues. 

WNT5A drives mutually exclusive cellular outcomes in the mammary gland that are 
dependent on either WNT5A/RYK or WNT5A/ROR2 signalling (Kessenbrock et al., 
2017). In response to WNT5A, RYK promotes proliferation of mammary stem cells and 
progenitors, while ROR2 drives inhibition of mammary branching morphogenesis 
(Kessenbrock et al., 2017). This demonstrates the complexity of signalling driven by 
the WNT-binding RTKs. In some contexts the WNT-binding RTKs can operate 
cooperatively (Martinez et al., 2015; Podleschny et al., 2015), while in others, including 
the mammary gland, they can work counter to each other to drive significantly different 
cellular outcomes (O'Connell et al., 2013; Kessenbrock et al., 2017). Multiple groups 
have also demonstrated the importance of RYK in repopulation and proliferation of 
hematopoietic stem cells (Povinelli and Nemeth, 2014; Famili et al., 2016).  

1.4.4 RYK in non-cancerous pathologies 
The pivotal roles of Ryk in embryonic development revealed by the phenotypes of Ryk-
deficient mice (Figure 1.7; see Section 1.4.3.1) have so far guided investigations of 
RYK in human disease. Given the requirement for Ryk in axonal pathfinding and 
neurological development, it is perhaps unsurprising that RYK plays a role in 
pathologies of the nervous system. Multiple groups have shown the ability of Ryk to 
impair axon regeneration in the spinal cord of animal models as well as considerable 
spatial changes in RYK expression following spinal cord injury (Hollis and Zou, 2012; 
Gonzalez et al., 2013). Inhibitory anti-Ryk antibodies can promote recovery following 
spinal cord injury in mouse models (Liu et al., 2008; Miyashita et al., 2009; Hollis et al., 
2016). Ryk-dependent Wnt/Ca2+ signalling was found to contribute to neuropathic pain 
in rats, with attenuation by neutralizing anti-Ryk antibodies (Liu et al., 2015c).  

Ryk also appears to play a role in animal models of neurodegenerative diseases. The 
intracellular region of Ryk was found to inhibit the neuroprotective activity of the 
forkhead transcription factor FOXO in the early phases of Huntington’s disease 
modeled in C. elegans (Tourette et al., 2014). With an independent study 
demonstrating the ability of Ryk to suppress dendrite growth and morphogenesis the 
prospect of Ryk impacting neural plasticity has been raised (Lanoue et al., 2017). Ryk 
was also found upregulated in the motor neurons and ventral white matter of a mouse 
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model of amyotrophic lateral sclerosis, suggesting a role for RYK in this 
neurodegenerative disease characterized by motor neuron death (Tury et al., 2014).  

The skeletal and craniofacial defects of the Ryk knockout mice (Figure 1.7) indicate 
the potential for involvement of RYK dysfunction in human disorders of the skeletal 
system. Given the known genetic involvement of WNT5A in Robinow syndrome 
(Person et al., 2010; Roifman et al., 2015) and the phenotypic similarities of Wnt5A−/− 
and Ryk−/−;Vangl2−/− mice, it was suggested that RYK may play a role in this rare 
musculoskeletal syndrome (Andre et al., 2012; Andre and Yang, 2013; Mazzeu, 2013). 
Another pathology characterized by abnormalities of the phalanges, Brachydactyly 
Type B, is also caused by ROR2 mutations (Oldridge et al., 2000; Schwabe et al., 
2000). A mutation in RYK, seemingly reducing the receptor’s activity, has been found 
in a patient with cleft lip and palate (Watanabe et al., 2006).  Further strengthening the 
link between aberrant signalling by WNT-binding RTKs and skeletal system 
abnormalities, PTK7 has been implicated in scoliosis, a disorder resulting in abnormal 
curvature of the spine. Ptk7 mutant zebrafish display scoliosis (Hayes et al., 2014; 
Grimes et al., 2016) and a missense mutation in the sixth Ig-like domain of PTK7, 
resulting in a loss of WNT/PTK7 signalling, was discovered in a scoliosis patient 
(Hayes et al., 2014).  

Recent studies have revealed the involvement of RYK in other human pathological 

conditions. WNT5A/TGF-b-induced extracellular matrix production by airway smooth 
muscle cells, a characteristic of asthma, was found to be RYK-dependent (Kumawat 
et al., 2013). WNT5A/RYK signalling can also increase the permeability of endothelial 
cell junctions and consequently prevent the effective repair of an endothelial cell 
monolayer in vitro through modulating their cell to cell junctions (Skaria et al., 2017). 
This ability to affect endothelial hyperpermeability implies a role in sepsis an acute 
condition allowing excessive vascular permeability. 

Like the other WNT-binding RTKs, investigations into RYK in human disease have 
been directed largely by the functions of RYK in developmental biology especially 
within the nervous system (see Section 1.4.3.1). Further elucidation of the in vivo roles 
of Ryk through phenotypic characterization of mammalian model systems in which Ryk 
loss-of-function is conditional (see Section 1.4.3.2) will likely demonstrate important 
roles in other physiological and pathological contexts. Organ systems and diseases 
containing indispensable WNT signalling, in particular those driven by RYK-binding 
WNT ligands (Figure 1.4), for example within the respiratory (Pongracz and Stockley, 
2006; Baarsma and Konigshoff, 2017) and cardiovascular systems (Gessert and Kuhl, 
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2010; Tian et al., 2010; Gay and Towler, 2017) are worth exploration for RYK-
dependence. 

1.4.5 RYK in cancer 
Investigations of RYK function in cancer are quite preliminary, with studies being 
limited to in vitro experiments using human cell lines. However, with many cancers 
exhibiting dysregulation of cell polarity and movement (Talmadge and Fidler, 2010; 
Muthuswamy and Xue, 2012; Daulat and Borg, 2017; Lorentzen et al., 2018), 
processes modulated by RYK throughout embryonic development, an oncogenic role 
for RYK larger than currently known is foreseeable. Dysregulation of developmental 
signalling pathways frequently leads to the formation and/or maintenance of cancer 
and its associated microenvironment (Aiello and Stanger, 2016). WNT signalling 
pathways are prime examples of this, with dysregulation of both b-catenin-dependent 
and -independent signalling driving and maintaining numerous cancers (see Section 
1.2.2.7) (Anastas and Moon, 2013; Kahn, 2014). Consequently, there exists potential 
for dysregulated WNT/RYK signalling to facilitate oncogenic properties of cancer, 
particularly in tissues in which RYK is developmentally important. 

Initial in vitro studies have established a role for RYK in the growth and survival of 
particular human cancer cell lines. These studies have exploited knockdown of RYK 
mRNA using siRNA technology due to the restricted availability of other forms of 
inhibitors of RYK and its ligands. Overcoming resistance to BRAFis in melanoma 
remains a largely unmet clinical need with WNT signalling known to be play a key role 
in the development and maintenance of this resistance in melanoma (see Section 
1.3.2.2) (Prasad et al., 2015; Ramsdale et al., 2015; Webster et al., 2015a; Webster et 
al., 2015b). One study identified RYK, along with FZD7, as the relevant WNT5A 
receptors in this context. Upregulation of RYK mRNA was seen in BRAFi-resistant 
cells along with the coupling of RYK to AKT signalling (Anastas et al., 2014). In vitro 
knockdown of RYK or FZD7 reduced the viability of BRAFi-resistant cell lines. This 
study also suggested that RYK is required in melanoma pre-BRAFi treatment as in 
vitro knockdown of RYK reduced the viability of BRAFi-naive melanoma. The ROR 
receptors have also been implicated in transduction of WNT5A-mediated signals in 
melanoma (Figure 1.8). For example, O’Connell et al (2013) describe a hypoxia-
induced WNT5A-dependent transition from a ROR1+ proliferative state to a ROR2+ 
invasive state leading to increased resistance to BRAFis. 
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The levels of WNT5A and RYK expression correlated with the World Health 
Organization histological grade in glioblastoma patient samples (Habu et al., 2014). 
Upregulation of RYK mRNA was seen in glioblastoma patient samples and stem cells 
(Adamo et al., 2017). In vitro knockdown and overexpression experiments 
demonstrated the necessity of RYK for the migration and anchorage-independent 

growth of glioma cells along with a cancer stem cell-like phenotype through b-catenin-
dependent signalling (Adamo et al., 2017). RYK knockdown suppressed the WNT5A-
induced invasiveness of U-105MG and U-251MG glioma cells (Habu et al., 2014). 
PTK7 and ROR1 have also been shown to have oncogenic roles in glioblastoma (Liu 
et al., 2015a; Jung et al., 2016) (Figure 1.8).  

High expression of RYK protein was described in T- and B-cell acute lymphoblastic 
leukemia as well as AML (Alvarez-Zavala et al., 2016). A patient with atypical CML 
was found to have a chromosomal translocation predicted to result in a highly truncated 
form of RYK (Micci et al., 2009). However, it remains unknown if this truncation is of 
causal relevance. The ROR receptors have numerous oncogenic roles in leukemia 
and other blood malignancies from migration and invasion to inhibition of apoptosis 
(Choudhury et al., 2010; Bicocca et al., 2012; Daneshmanesh et al., 2012; Hojjat-
Farsangi et al., 2013b; Daneshmanesh et al., 2015; Yu et al., 2016; Hasan et al., 2017; 
Yu et al., 2017) (Figure 1.8), with ROR1 proposed as a therapeutic target in leukemia, 
including immunotherapy (Shabani et al., 2015; Aghebati-Maleki et al., 2017). 
Overexpression of RYK protein was identified in circulating cancer cells from patients 
with small cell lung cancer, and at the mRNA level in atypical teratoid rhabdoid tumour 
tissues and cell lines (Chakravadhanula et al., 2015; Hamilton et al., 2015). 

Current evidence suggests that RYK may have primarily oncogenic activities (Figure 
1.8), which concurs with WNT signalling pathways and components that are often 
thought of as primarily pro-tumourigenic. However, arguably this could also be due to 
the relatively more difficult identification of anti-cancer roles for the WNT-binding RTKs. 
Importantly, WNT signalling pathways can also be tumour-suppressive (Figure 1.8).  
For example, b-catenin-dependent WNT signalling is thought to be anti-tumourigenic 

in retinoblastoma (Tell et al., 2006). WNT5A-driven b-catenin-independent WNT 
signalling has tumour-suppressive properties in multiple contexts through an ability to 
antagonize tumour-promoting b-catenin-dependent signalling in ovarian cancer (Bitler 
et al., 2011), thyroid cancer (Kremenevskaja et al., 2005) and breast cancer (Jonsson 
et al., 2002; Dejmek et al., 2005; Leris et al., 2005). WNT5A has also been shown to 
possess anti-tumourigenic properties in B-cell malignancies through mechanisms 
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other than inhibiting canonical WNT signalling (Liang et al., 2003). Importantly, two 
distinct protein isoforms of human WNT5A have been described: WNT5A-L, which has 
tumour-suppressive properties, and the N-terminally truncated isoform WNT5A-S that 
utilizes an alternative start codon and promotes tumour progression (Bauer et al., 
2013). These alternative isoforms appear to be conserved across multiple model 
organisms. This mechanism of signalling diversification has not been fully appreciated 
and must now be considered carefully in future studies involving WNT5A and related 
WNTs in cancer. Another RYK ligand, WNT11, has also been shown to drive tumour-
suppressive WNT signalling (Toyama et al., 2010). In addition, PTK7 and ROR2 are 
tumour-suppressive in particular contexts (Easty et al., 1997; Ford et al., 2013; Kim et 
al., 2014; Wang et al., 2014a). 
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1.5 Summary 
Cancer is fundamentally a genetic disease with a build-up of genetic and epigenetic 
alterations. These aberrations result in the dysregulation of cellular signalling pathways 
that are otherwise tightly controlled in physiological adult cells and in embryonic 
development. This dysregulation leads to the upregulation or aberrant activation of pro-
tumourigenic signalling, while downregulating or inactivating tumour suppressive 
signalling. The RTKs and WNTs are examples of two signalling families that are 
notoriously dysregulated in numerous cancers, with their aberrant expression or 
regulation leading to the promotion of tumourigenic properties including tumour growth, 
metastasis, EMT and therapy resistance. RTKs have been successfully targeted in 
cancer, largely through inhibition of the kinase activity of their intracellular PTK 
domains or through blocking their respective ligands from binding. Attempts to 
therapeutically target WNT signalling have been ongoing for years. Despite this, these 
efforts have been largely unsuccessful with no WNT inhibitors approved for the 
treatment of cancer. One of the reasons for this ineffectiveness has been the complex 
nature of WNT signalling, with a variety of interconnected signalling pathways 
stimulated by numerous individual WNT ligands and receptors. A recent shift of focus, 
however, to try and directly inhibit WNT ligands and/or receptors has seen more 
success with a number of these therapeutics having entered clinical trials. 

The use of drugs to specifically inhibit these dysregulated signalling pathways, known 
as targeted therapy, has revolutionised cancer therapy. However, while delivering 
promising initial responses these drugs often become ineffective due to the ability of 
the cancer to develop therapeutic resistance. Numerous studies have been 
implemented to try to overcome this resistance, revealing an extensive heterogeneity 
of tumours as well as the resistance mechanisms employed by these tumours. A 
common link between these mechanisms is their frequent use of alternative signalling 
pathways to overcome therapeutic inhibition. Consequently, combination therapy is 
becoming increasingly used clinically to increase the efficacy of targeted therapy 
through its ability to target multiple independent signalling pathways and thus target 
more tumours and prevent resistance development. However, a limitation of 
combination therapy is the relatively small number of signalling pathways that can be 
inhibited by the currently approved drugs, with many targeting a small subset of well-
studied pathways. Consequently, there is a need to identify proteins in alternative 
signalling pathways that could be targeted in tumours and to use this knowledge to 
generate novel therapeutics. 
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One such understudied protein that has the potential to be a novel therapeutic target 
is RYK. RYK is a member of the WNT-binding RTKs, a subset of five human RTKs 
that bind WNTs and transmit their signals. RYK is pivotal for embryonic development, 
however its role in cancer remains largely unknown. This is because RYK is a poorly 
characterised protein due to i) its pseudokinase nature, preventing the use of SMKIs 
to target RYK; ii) the complex but inadequately defined signalling mechanisms of RYK 
that include proteolysis in addition to acting as a co-receptor and a protein scaffold to 
modulate multiple WNT signalling networks; and iii) an absence of tools for RYK 
interrogation such as a lack of quality, validated RYK antibodies and the non-existence 
of RYK signalling assays. However, a number of attributes of RYK and its parental 
RTK and WNT families when taken in conjunction suggest an untapped potential for 
RYK in a cancer setting. These include: i) the ability of RYK to modulate WNT signals, 
particularly WNT5A, throughout development; ii) WNT5A being increasingly found to 
drive tumour-promoting characteristics of many cancers; and iii) the broader significant 
role of WNT and RTK families in cancer. This Thesis looks to address this issue by 
firstly determining if RYK is expressed in human tumours and if so if it has a 
pathological role in these tumours. Following this work and the establishment of in vitro 
RYK-dependent tumour models, the efficacy of two RYK/WNT signalling inhibitors 
developed by our lab will be evaluated for their anti- or pro-cancer effect. Ultimately, 
this may facilitate the focus on the therapeutic targeting of RYK signalling, with the end 
goal being to provide a therapeutic to an alternative and unique signalling pathway that 
will increase the efficacy of targeted therapy for a subset of cancer patients. 
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1.6 Hypothesis and Aims 

1.6.1 Hypothesis 
RYK-dependent WNT signalling is a pro-tumourigenic signalling pathway in a subset 
of cancers. Consequently, therapeutically targeting this RYK/WNT signalling will have 
an anti-cancer effect in these contexts. 

1.6.2 Aims 
1.  To identify human tumours and human tumour cell lines that display significant 
mRNA expression of RYK and its ligand, WNT5A (Chapter 3); 

2.  To assess the requirement for RYK in human cancer cell lines through genetic 
perturbation (Chapter 3); 

3.  To generate and validate a chicken anti-RYK antibody and to assess the expression 
of RYK protein in human NSCLC and breast cancers (Chapter 3); 

4.  To establish a novel RYK signalling bioassay and optimise the expression and 
purification of two RYK/WNT signalling inhibitors (Chapter 4); 

5.  To evaluate the in vitro and in vivo efficacy of targeting RYK signalling in human 
tumour cells (Chapter 4); 

6.  To assess the transcriptomic effect of inhibiting RYK signalling in cancer (Chapter 

4).
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Figure 1.1 The human RTK subfamilies 

A schematic representation of the 20 human RTK subfamilies embedded as full-length 
receptors in the plasma membrane of a cell. Each subfamily has its unique combination 
of extracellular domains and motifs displayed. RTKs also possess intracellular PTK 
domains, which typically exhibit intrinsic tyrosine kinase activity. However, the EGFR, 
EPH, ROR, PTK7, RYK and STYK subfamilies contain members with no kinase 
activity, known as pseudokinases. A key is provided in the figure to define each 
domain, motif and symbol. All abbreviations are defined in the list of abbreviations on 
pages VIII-XV. 
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Figure 1.2 b-catenin-dependent WNT signalling 

A schematic overview of b-catenin-dependent (canonical) WNT signalling. A) In the 
presence of WNTs, the ligand will bind FZDs and LRPs, facilitating their dimerization 
and recruitment of DVL. This promotes inhibition of the b-catenin destruction complex 

containing Axin, APC, CK1 and GSK3b. Multiple models of this inhibition exist (see 
Section 1.2.2.2). Illustrated here is the DVL-mediated recruitment of this complex to 
the FZD/LRP complexes at the plasma membrane and subsequent inhibition of the 

kinases CK1 and GSK3b. This leads to an accumulation of b-catenin in the cytoplasm 
and its subsequent nuclear translocation. In the nucleus it binds with TCF/LEF 
transcription factors and CBP to drive expression of WNT target genes. B) In the 
absence of WNTs, FZDs and LRPs will not form a complex. The destruction complex 
will be active, recruiting and phosphorylating b-catenin. This prompts its ubiquitination 

by b-TRCP and degradation via the proteasome. All abbreviations are defined in the 
list of abbreviations on pages VIII-XV. 
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Figure 1.3 b-catenin-independent WNT signalling 

A schematic overview of the two major b-catenin-independent signalling pathways. A) 

The PCP pathway involves FZDs and other WNT-receptors or coreceptors (see Figure 
1.4). PCP signalling alters the actin cytoskeleton of cells and in turn regulates cell 
polarity. There is also a transcriptional effect through Jun and ATF2-mediated gene 
expression. B) The WNT/Ca2+ pathway also involves FZDs and other WNT-
receptors/co-receptors. The signalling outputs are mediated largely through inhibition 
of b-catenin-dependent signalling and promotion of NFAT-regulated transcription. All 
abbreviations are defined in in the list of abbreviations on pages VIII-XV. 
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Figure 1.4 The human WNT-binding receptors 

Schematic representations of the human WNT receptors, including the WNT-binding 
RTKs. Five members of the RTK family (MuSK, RYK, ROR1, ROR2 and PTK7) are 
able to bind WNTs. These WNT-binding RTKs (left, in shaded region) and other WNT 
receptors (right, unshaded region) are shown embedded in the plasma membrane with 
their specific protein domains indicated (see Key). The secreted WNT modulators, 
WIF-1 and sFRPs, are also shown. Only WNT receptors and secreted inhibitors that 
directly bind WNTs are illustrated. Depicted above the individual WNT-binding RTKs 
are members of the WNT family demonstrated to bind these specific receptors. WNT 
members filled in green represent mammalian WNTs shown to bind and signal through 
the respective RTK, while those unfilled represent mammalian WNTs only known to 
bind the respective RTK. All abbreviations are defined in the list of abbreviations on 
pages VIII-XV. Figure reproduced from review Roy et al. (2018).  



 78 

 

 

Figure 1.5 Therapeutics specifically targeting WNT signalling 

Schematic representation of WNT-specific therapeutics and how they each impact 
WNT signalling. Each therapeutic is represented as a red-outlined capsule. Its 
inhibitory or activating mode of action is illustrated with a red arrow. All abbreviations 
are defined in the list of abbreviations on pages VIII-XV. 
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Figure 1.6. Mammalian signalling partners of the WNT-binding RTKs. 

Molecules for which evidence in mammalian models (either in vivo or in vitro) provides 
insight into human signalling, for example in cancer, are shown. For signalling 
information identified in other important model systems see Wheeler and Yarden 
(2015).  The “Interacting Molecules” represent those demonstrated to interact directly 
or in complex with the respective RTK and to drive signalling. WNT ligands have not 
been added to the figure, as this information is available in Figure 1.4. The “Activated 
Downstream Molecules” represent those activated through signalling dependent upon 
a WNT-binding RTK but for which evidence for interaction with the RTK is either non-
existent or inconclusive. This activation could be demonstrated, for example, by a 
relevant activity assay or associated with phosphorylation. An increase in mRNA 
expression of the respective gene was not considered evidence of protein activation. 
Molecules have been tentatively placed into canonical, PCP/Ca2+ or other pathways 
based on published studies. Note that although molecules may be seen as 
participating in a particular pathway (e.g. PCP/Ca2+), this does not exclude the 
possibility that the molecule could act in other signalling pathways (e.g. canonical). All 
abbreviations are defined in the list of abbreviations on pages VIII-XV. Figure 
reproduced from review Roy et al. (2018). 
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Figure 1.7. Phenotypes of mice deficient for each of the WNT-binding RTKs.  

The viability and resulting phenotypes of the mice deficient for the five WNT-binding 
RTKs are displayed. Strains deficient for these receptors have been crossed with other 
receptors implicated in WNT signalling and phenotypes of these mice are collated in 
the “Other WNT receptor mutant phenotypes” column. Figure reproduced from review 
Roy et al. (2018). 

References: 1(Halford et al., 2000); 2(Zhong et al., 2011); 3(Keeble et al., 2006); 
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al., 2010); 8(Nomi et al., 2001); 9(Ho et al., 2012); 10(Diaz-Horta et al., 2016); 
11(Takeuchi et al., 2000); 12(Oishi et al., 2003); 13(DeChiara et al., 2000); 14(Schwabe 
et al., 2004); 15(Maeda et al., 2012); 16(Yamada et al., 2010); 17(Gao et al., 2011); 18(Lu 
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22(DeChiara et al., 1996); 23(Hesser et al., 2006); 24(Terrado et al., 2001). 
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Figure 1.8 Diagram illustrating in vitro and in vivo studies demonstrating the 
roles of WNT-binding RTKs in oncogenic processes.  

The figure classifies studies in terms of seven oncogenic effects represented by the 
segments of the circle: Growth, Migration, Self-Renewal, Survival & Proliferation, 
Resistance, Invasion and Apoptosis. The colored rings represent the studies relating 
to a specific receptor (see key within figure). The individual tumour types used in each 
study are represented: 1) with abbreviations defined at left; 2) black tumour types 
represent tumour-promoting properties of the receptors, while those colored red 
indicate tumour-suppressive roles; 3) in vivo studies are displayed in blue while the 
rest are based on in vitro experiments on human/mouse cancer cell lines; 4) the 
number represent references (see below). For example, there are in vitro studies 
involving the tumour-promoting properties of PTK7 in leukemia (Ref #29) and 
oesophageal (Ref #56) cancers that indicate a role in the development of resistance. 
Figure reproduced from review Roy et al. (2018). 
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Materials and Methods 
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2.1 General Solutions  
Ultrapure water (referred to as Milli-Q water) was produced using a purification system 
(Milli-Q Integral Water Purification System, Merck Millipore, VIC, Australia). Milli-Q 
water is the solvent for all solutions unless stated otherwise. Dulbecco’s phosphate 
buffered saline with no Ca2+ or Mg2+ pH 7.4 (DPBS); 1 M trisaminomethane (Tris) pH 
7.6; 0.5 M ethylenediaminetetraacetic acid (EDTA); Tris-borate-EDTA (TBE) buffer - 
0.89 M Tris, 0.89 M boric acid, 20 mM EDTA; Tris-buffered saline (TBS) buffer pH 7.6; 
Lennox lysogeny broth (LB) - 10 mg/mL casein hydrolysate, 5 mg/mL yeast extract 

and 5 mg/mL NaCl; and LB agar plates (LB + 5 mg/mL agar) with 75 µg/mL ampicillin 
were prepared by Research Laboratory Support Service (Peter MacCallum Cancer 
Centre, VIC, Australia). 

Flow buffer is a DPBS based buffer developed by Dr Michael Halford (Peter 
MacCallum Cancer Centre, VIC, Australia) for flow cytometry analysis. Flow buffer 
contains 0.5% bovine serum albumin (BSA; Sigma-Aldrich, MO, USA #A7906), 20 mM 
N-2-hydroxyethylpiperazine-N-2-ethan sulfonic acid (HEPES; Life Technologies, 
#11344041), 0.5 mM EDTA in DPBS, pH 7.4. Aliquots are stored at -20°C and kept at 

4°C upon thawing. 

Lithium dodecyl sulfate (LDS) 4X lysis buffer was generated with the following 
ingredients: 141 mM Tris base (Sigma-Aldrich, #93362), 106 mM Tris HCL (Sigma-
Aldrich, #93363), 10% glycerol (Sigma-Aldrich, #G5516), 0.51 mM EDTA, pH 8.5 and 

stored at 4°C. 

2.2 Antibodies, Chemicals and Proteins  

2.2.1 Antibodies 
The primary and secondary antibodies used in immunoassays, such as Western 
blotting and immunohistochemistry are listed in Table 2.1. All inhibitory antibodies used 
are listed in Table 2.2. 
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Table 2.1 Antibodies for Immunoassays 

Antibody Company Catalogue # Host Clonality Assay 

Anti-FLAG M2 Sigma-Aldrich, MO, USA F9291 Mouse Monoclonal Western 
Blot 

Anti-GAPDH1 Cell Signalling 
Technologies, MA, USA 2118 Rabbit Monoclonal Western 

Blot 

Anti-mouse IgG 
(IRDye 800CW) LI-COR, NE, USA 926-32212 Donkey Polyclonal Western 

Blot 

Anti-rabbit IgG  
(IRDye 680RD) LI-COR 926-68073 Donkey Polyclonal Western 

Blot 

Chicken anti-
RYKEC 

In collaboration with 
Creative Biolabs, NY, 

USA 
N/A Chicken Polyclonal IHC2 

Chicken IgY 
control GenScript, NJ, USA A01010 Chicken Polyclonal IHC2 

HRP3 
conjugated anti-

chicken IgY 
Jackson Immuno 

Research, PA, USA 703-035-155 Donkey Polyclonal IHC2 

1 GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 2 IHC, immunohistochemistry; 3 HRP, 

horseradish peroxidase. 

Table 2.2 Inhibitory Antibodies 

Antibody References Form Application 

RWD1 (Halford et al., 
2013) 

Fully human 
monoclonal 

Blocks the WNT-binding capabilities of 
RYK 

Foravirumab (Bakker et al., 
2005) 

Fully human 
monoclonal 

Targets the rabies virus glycoprotein. 
Used as an isotype control for RWD1 

RYK-Fc (Blakely et al., 
2011) Ligand-trap 

Sequesters WNTs preventing signalling 
through RYK and potentially other 

receptors 

Thy1mut-Fc (Filkova et al., 
2015) Ligand-trap Mutated form of Thy1. Used as a control 

for RYK-Fc 

2.2.2 Chemicals and Proteins 
LGK974 (Selleckchem, TX, USA, #S7143) and the vemurafenib analogue, PLX4032 
(Active Biochem, Kowloon, Hong Kong, #A-1130) were dissolved in 100% dimethyl 
sulfoxide (DMSO), aliquoted and stored at -20 °C. Recombinant human WNT3A (R&D 
Systems, MN, USA, #5036-WN), WNT5A (R&D Systems, #645-WN) and WIF-1 (R&D 

Systems, #1341-WF) were reconstituted at 200 µg/mL in DPBS + 0.1% BSA 
(Probumin, Merck Millipore, #821006), aliquoted and stored at -20 °C. 
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2.3 Cell culture 

2.3.1. Cell lines and culturing conditions 
The A549, MDA-MB-231, OVCAR3, A375, A375R, LOXIMVI, RPMI7951, T47D and 
PC3 cell lines were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 
(Life Technologies, CA, USA, #12633012) supplemented with 10% v/v fetal bovine 
serum (FBS; SAFC Biosciences Pty. Ltd., Brooklyn, VIC, Australia, #12003C), 2 mM 
GlutaMax-I (Life Technologies, #35050061) and penicillin-streptomycin (100 U/mL, 
100 μg/mL, respectively; Life Technologies,#15140122) in a humidified atmosphere of 
5% CO2 at 37°C. A375R cells were also cultured in 3 µM PLX4032 to maintain BRAFi-
resistance. Cell lines expressing the doxycycline-inducible CRISPR-associated protein 
9 nuclease (Cas9) were cultured in 10% Tet System Approved FBS (Takara Bio, CA, 

USA, #631106) to replace the normal FBS above with the addition of 2 µg/mL 
puromycin (Life Technologies, #A1113803). Cell lines expressing guide RNAs were 
also cultured in 8 µg/mL blasticidin (Blasticidin S hydrochloride, Abcam, MA, USA, 
#ab141452). MC3T3-E1 cells were cultured in alpha MEM (Life Technologies, 
#12000063) supplemented with 10% FBS and penicillin-streptomycin (100 U/mL, 100 
μg/mL, respectively). The GFP-Kif26b reporter cell line was a gift from Henry Ho 
(University of California, CA, USA) and are NIH/3T3 cells stably expressing a GFP-
tagged Kif26b protein that has been previously described (Susman et al., 2017; Karuna 
et al., 2018). The GFP-Kif26b cells are cultured in Dulbecco's Modified Eagle Medium 
(DMEM; Life Technologies, #11965092) supplemented with 10% FBS, 2 mM 
GlutaMax-I and penicillin-streptomycin (100 U/mL, 100 μg/mL, respectively) in a 
humidified atmosphere of 5% CO2 at 37°C. 

Freestyle 293F suspension cells were cultured in serum-free Freestyle 293 expression 
medium (Life Technologies, #12338026) in a humidified atmosphere of 8% CO2 at 
37°C while shaking at 125 rpm. Puromycin (10 µg/mL) was added to 293F cells stably-
expressing protein. The human embryonic kidney 293T (HEK293T) and Chinese 
hamster ovary (CHO) cell lines were cultured in DMEM supplemented with 10% v/v 
FBS, 2 mM GlutaMax-I and penicillin-streptomycin in a humidified atmosphere of 10% 
CO2 at 37 °C. 

The parental L-cells as well as L-cells stably expressing either WNT3A (L-WNT3A) or 
WNT5A (L-WNT5A) (Willert et al., 2003) were obtained from the American Type 
Culture Collection (ATCC) and cultured in DMEM supplemented with 10% v/v FBS, 2 
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mM GlutaMax-I and penicillin-streptomycin in a humidified atmosphere of 5% CO2 at 

37°C. L-WNT3A and L-WNT5A had 400 µg/mL Geneticin (Life Technologies, 
#10131035) added. CM from these cells was generated and stored as previously 
described (Willert et al., 2003). Briefly, the cells were cultured for four days in culture 
media without Geneticin before the CM was removed, sterile-filtered and stored at 4°C. 
New medium was added and the cells were cultured for an additional 2-3 days before 
this CM is removed, sterile-filtered and mixed with the first batch of CM. After mixing 
the two batches, the CM was aliquoted and stored at -20°C or -80°C and when thawed 

kept at 4°C. 

The growth rate and morphology of all adherent cell lines were monitored routinely by 
phase contrast light microscopy. While the growth rate of cells in suspension cultures 
were monitored by cell counting as described in Section 2.3.2. All the human tumour 
cell lines and MC3T3-E1 cells were confirmed negative for mycoplasma following 
testing by the Victorian Infectious Disease Reference Laboratory (Melbourne, 
Australia). For further validation the A549, A375 and MDA-MB-231 cells were 
authenticated by short tandem repeat profiling (Monash Health Translation Precinct, 
Melbourne, Australia). 

2.3.2 Cell counting and passaging 
Prior to detachment all adherent cells were washed with DPBS (0.2 mL/cm2). The cells 
were treated with 0.25% Trypsin-EDTA (0.04 mL/cm2; Life Technologies, #25200072) 
and incubated at 37°C for 5 min to induce detachment. An equal volume of the 
respective culture medium was added to neutralise the Trypsin solution before a 
titurated single cell suspension was collected. The cells were pelleted at 500 x g, RT 
for 5 min and the supernatant was aspirated. The cells were resuspended in the 
desired amount of culture medium and cell counting was performed using an 
automated image-based benchtop assay platform (Countess II Automated Cell 
Counter, Life Technologies, #AMQAX1000). The counting was performed as per the 
manufacturer’s instructions using the recommended 0.4% trypan blue solution (Life 
Technologies, #C10228) and counting slides (Countess Cell Counting Chamber 
Slides, Life Technologies, #C10228). To passage cells the desired amount of a single 
cell suspension was added to fresh pre-warmed culture medium and incubated as per 
Section 2.3.1. 
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2.4 Bacterial Culture and Molecular Biology 

2.4.1 Plasmids 
The lentivector transfer plasmids pCW-Cas9 (Addgene, MA, USA, #50661) and pLX-
sgRNA (Addgene, #50662) were gifts from Eric Lander and David Sabatini. pCW-Cas9 
contains a doxycycline-inducible human codon-optimised 3xFLAG-spCas9 gene and 
confers puromycin resistance in mammalian hosts and ampicillin resistance in bacteria 
(Wang et al., 2014b). pLX-sgRNA encodes a constitutively expressed adeno-
associated virus integration site 1 (AAVS1)-targeting single guide RNA (sgRNA), and 
confers blasticidin and ampicillin resistance in mammalian and bacterial hosts 
respectively. RYK-targeting guide RNAs (sgRYK1 and sgRYK2) were cloned into the 
pLX-sgRNA lentivector using the NdeI and NheI restriction enzyme sites in place of 
the AAVS1 sgRNA (see Section 2.4.4) to generate pLX-sgRYK1 and pLX-sgRYK2. 
The lentivector envelope-encoding plasmid pLTR-G (Addgene, #17532) and 
packaging plasmid pCD/NL-BH*DDD (Addgene, #17531) were gifts from Jakob Reiser 
(Reiser et al., 1996; Zhang et al., 2004). 

The pcDNA3 plasmid and its derivative pcDNA3.M2RFCT plasmid, which encodes a 
constitutively expressed full-length human RYK gene with an N-terminal 2x Myc 
epitope tag and a C-terminal FLAG tag, have been previously described (Halford et 
al., 2013). Both confer ampicillin resistance on their bacterial hosts.  

The pRWD1, pForavirumab and prhRYK-Fc.FLAG plasmids were kindly provided by 
Michael Halford. All contain a puromycin N-acetyltransferase (pac) gene which confers 
puromycin resistance and is used as the selectable marker in mammalian expression 
hosts. Under control of a constitutive cytomegalovirus (CMV) promoter, pRWD1 and 
pForavirumab contain a gene encoding these antibodies composed of human IgG1K 

chains. The human variable and kappa constant regions (CH1k) of their respective light 
chains followed by an internal ribosome entry site (IRES) and then a gene encoding 
the heavy chain made up of their respective variable regions and the IgG1 constant 
heavy chain domains (CH2 and CH3). prhRYK-Fc.FLAG and prhThy1mut-Fc.FLAG 
also contain a CMV promoter followed by the native signal peptide of either RYK or 
Thy1. The entire extracellular domain of RYK is encoded in prhRYK-Fc.FLAG, while 
prhThy1mut-Fc encodes the extracellular region of Thy1 (amino acids 1-130, NCBI 
Reference Sequence NP_001298091) with amino acid 37 mutated from aspartic acid 
to glutamic acid to abolish the integrin binding ability (Leyton et al., 2001). The 
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extracellular regions of both RYK and Thy1 are followed by a short hinge region, the 
human IgG1 constant domains CH3 and CH3 and lastly a C-terminal FLAG tag. The 
prhRYKEC.TST plasmid encodes a gene containing the entire extracellular region of 
RYK including the native signal peptide fused to a C-terminal Twin-Strep-Tag®, which 
is under control of a CMV promoter. The pRWD1, pForavirumab, prhRYK-Fc.FLAG, 
prhThy1mut-Fc.FLAG and prhRYKEC.TST plasmids each contain 3’ and 5’ inverted 
terminal repeats that flank the promoter, protein-encoding cassette and mammalian 
selective markers that allow these genetic features to be inserted into mammalian DNA 
through a transposase. The pCMV-HAhyPBase plasmid was a gift from the Wellcome 
Sanger Institute (Cambridgeshire, UK) and encodes a hyperactive piggyBac 
transposase as previously described (Yusa et al., 2011).  

2.4.2 Bacteria 
Electrocompetent bacterial cells were generated as previously described (Biechele 
and Moon, 2008) using the Endura Escherichia coli (E. coli) bacterial strain (Lucigen, 

WI, USA), aliquoted and stored at -80 °C. 

2.4.3 Polymerase chain reaction and restriction enzyme digests 
Polymerase chain reactions (PCRs) were run as per manufacturer’s instructions using 
one of two DNA polymerase master mix buffers: i) OneTaq Hot Start Quick-Load 2X 
Master Mix (NEB, MA, USA, #M0488) when amplifying a region of DNA for separation 
by electrophoresis (see below) to assess cloning success or ii) Q5 Hot Start High-
Fidelity 2X Master Mix (NEB, #M0494) when amplifying a DNA fragment for molecular 
cloning or sequencing. Primers were synthesised by Integrated DNA Technologies 
(VIC, Australia). If required, PCR fragments were purified using the QIAquick PCR 
purification kit (QIAGEN, VIC, Australia, #28106) as per manufacturer’s instructions. 

Restriction enzyme digests were performed to linearise plasmids for molecular cloning 
or to confirm the success of said cloning. All restriction enzymes were purchased from 
NEB and used in conjunction with the supplied buffers as per manufacturer’s 
instructions. The digested plasmid was purified using the QIAEX II Gel Extraction Kit 
(QIAGEN, #20021) when used for subsequent cloning. When used to validate the 
success of a cloning step, the digested fragments were separated by agarose gel 
electrophoresis. Gels for electrophoresis were made with 0.8 or 1.6% agarose (Bio-
Rad, CA, USA, #1613102) in TBE buffer with 0.5 µg/mL ethidium bromide (Merck 
Millipore, #1116150010). The PCR products or restriction digest reactions were loaded 
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directly onto the agarose gel along with DNA standards (Life Technologies, 
#10787018) to facilitate the determination of fragment size. After electrophoresis the 
DNA was then visualised using ultraviolet light.  

2.4.4 Molecular cloning 
PCR fragments and linearised plasmids were assembled using the NEBuilder HiFi 
DNA Assembly Master Mix (NEB, #E2621S), which contains DNA polymerase, 
exonuclease and DNA ligase, as per manufacturer’s instructions. The assembly 
reaction was then diluted 10-fold in Milli-Q water and 1 µL of this diluted reaction was 

transformed into 40 µL of electrocompetent E. coli (see Section 2.4.2) as previously 
described (Sharma and Schimke, 1996). Following recovery of the transformed 
bacteria, LB agar plates with 75 µg/mL ampicillin or 25 µg/mL kanamycin (Sigma-
Aldrich, #K4000) were streaked with 1, 10 or 90% of the transformed bacteria and 
incubated at 37°C for 20 h and stored at 4°C thereafter.  

Colonies from the agar plates were then picked and used to inoculate 4 mL or 200 µL 

LB liquid cultures with 100 µg/mL carbenicillin (Sigma-Aldrich, #C9231; a substitute for 

ampicillin) or 25 µg/mL kanamycin which were incubated at 37°C for 16-20 h. 1 µL 
from the 200 µL cultures are used as templates for a colony PCR (see Section 2.4.3) 
to confirm the correct structure of the assembled plasmid. Those cultures confirmed to 
contain the plasmid via the colony PCR are then used to inoculate 4 mL cultures grown 
as above. The 4 mL cultures are pelleted at 6000 x g, 4°C for 10 min or stored as liquid 

at 4°C. The pelleted bacteria were stored at -20°C or lysed immediately to isolate 
plasmid DNA (see Section 2.4.5).  

Diagnostic restriction enzyme digests were performed on this purified DNA (see 
Section 2.4.3) to further validate the plasmid. Those confirmed plasmids were then 
subjected to Sanger sequencing to verify their sequence (see Section 2.5). Larger 
liquid cultures of 250 mL LB with respective antibiotic were generated for plasmids with 

the correct sequence. These cultures were inoculated with 500 µL of a small liquid 
culture and incubated at 37°C for 16-24 h in Erlenmeyer baffled flasks before being 
pelleted as above. 

2.4.5 DNA purification 
Plasmid DNA is purified from bacterial pellets of 4 mL liquid cultures using silica 
membrane technology (QIAprep Spin Miniprep Kit, QIAGEN, #27104) and from 250 
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mL liquid cultures using an anion-exchange resin (PureLink HiPure Plasmid Maxiprep 
Kit, Life Technologies, #K210006) as per manufacturers’ instructions. Genomic DNA 
was purified from 1-10 x 106 human cells using anion-exchange technology (Blood & 
Cell Culture DNA Mini Kit, QIAGEN, #13323) as per manufacturer’s instructions. The 
concentration of plasmid and genomic DNA was quantified by measuring the 
absorbance of the DNA at 260 nm (NanoDrop 2000 Spectrophotometer, Thermo 
Fischer Scientific, MA, USA, #ND-2000) and all DNA was stored at -20 °C. 

2.5 DNA Sequencing 
Sanger sequencing was performed by the Gandel Charitable Trust Sequencing Centre 
(Monash Health Translation Precinct, VIC, Australia) to determine the sequence of the 
desired purified DNA. Briefly, 30 ng of a PCR product or 400 ng of plasmid DNA were 
used as template and added to 3.2 pmol of primer. The samples then underwent cycle 
sequencing and capillary electrophoresis. Sequencing results were visualised and 
analysed using a molecular biology software (SnapGene, GSL Biotech LLC, IL, USA). 

2.6 Transfection 

2.6.1 Lipid-mediated transfection of 293F and CHO cells 
Erlenmeyer baffled shaker flasks with 120 mL (Corning, NY, USA, #431405) or 500 
mL (Corning, #431401) total volumes were seeded with 7 x 105 Freestyle 293F 
cells/mL in 30 mL (for 120 mL flasks) or 120 mL (for 500 mL flasks) Freestyle 293 
Expression Medium (see Section 2.3.1). The following day (24 h later), the cells were 
counted (see Section 2.3.2) and diluted to 1 x 106 cells/mL in fresh medium. The 
transfection was then performed using a lipid-based transfection reagent (Freestyle 
MAX Reagent, Life Technologies, #16447100) as per manufacturer’s instructions. For 
transient transfections the protein expression plasmid, for example pRWD1 or 
prhRYK-Fc.FLAG (see Section 2.4.1) was the sole DNA transfected. For transfections 
to produce stable cell pools the plasmid DNA transfected was split at a ratio of 27:1 for 
the protein expression plasmid:transposase plasmid (pCWV-HAhy-PBase) and two 
days after transfection the stable transfectants were selected by the addition of 10 
µg/mL puromycin (Life Technologies, #A1113803). The following day the culture was 
pelleted (100 g, RT, 5 min) and fresh media added. The puromycin and medium was 
then replaced every three days thereafter. 
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CHO cells were used to seed cell culture dishes with 2 x 104 cells/cm2. The following 
day, transfection was performed using a lipid-based transfection reagent 
(Lipofectamine 2000, Life Technologies, #11668027) as per manufacturer’s 
instructions. 

2.6.2 Polyethylenimine (PEI)-mediated transfection of HEK293T 
cells 
For transfection of HEK293T cells, tissue culture dishes were seeded with 105 
cells/cm2. Transfection was then performed using PEI (PEI MAX 40 kDa linear, 
Polysciences, PA, USA, #24765) as previously described (Kuroda et al., 2011). 
Following transfection of HEK293T cells lentivector particles were collected as 
described in Section 2.7 or alternatively cells were harvested 48 h post-transfection 
and cell blocks produced as previously described (Halford et al., 2013). 

2.6.3 Transfection of siRNAs 
The assay IDs for the small interfering RNAs (siRNAs) (Silencer Select siRNAs, Life 
Technologies) used were as follows: hRYK #1, ID #s12390; hRYK #2, ID #s12392; 
mRyk #1, ID #s12391; mRyk #2, ID #s73234; hWNT5A #1, ID #s14872; and hWNT5A 
#2, ID#s14873. The negative control siRNA used was a non-targeting siRNA called 
Silencer Select Negative Control siRNA #2. When assessing the effect of siRNA 
knockdown on the viability or alkaline phosphatase production of cells, the respective 
cell line was transfected with the siRNA in a 96-well plate. A lipid-based transfection 

reagent (0.3 µL; Lipofectamine RNAiMAX Transfection Reagent, Life Technologies, 
#13778075) was mixed with 10 µL of reduced serum media (Opti-MEM Reduced 
Serum Medium, Life Technologies, #31985070) and incubated at RT for 5 min. The 
respective siRNA was then mixed with the diluted transfection reagent to a 
concentration of 100 mM and incubated for a further 15 min at RT. A 96-well cell culture 

plate was seeded with 103 – 104 human tumour or MC3T3-E1 cells in 90 µL of their 
respective culture medium. The lipid/siRNA complex (10 µL) is then added to each well 
and the plate is briefly centrifuged (50 g, 2 min, RT) to evenly distribute cells over the 
surface of each well. 

For the evaluation of siRNA knockdown by real-time quantitative PCR (RT-qPCR) or 
for the generation of cell blocks for immunohistochemistry, the human tumour cells 
were transfected with siRNAs in a 6-well tissue culture plate (Corning, #353046). The 
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transfection was performed as above with the volumes of each reagent upscaled in 
proportion to the surface area increase from a well in a 96-well plate to a well in a 6-
well plate (a 32-fold increase). Cells were harvested five days after transfection for 
either RNA isolation (see Section 2.13) or for the production of cell blocks as previously 
described (Halford et al., 2013). 

2.7 Lentiviral Production 
HEK293T cells were used to seed a 15 cm cell culture dish at 105 cells/cm2 in culture 
medium. The following day the cells were transfected (see Section 2.6.2) with the 
lentivector transfer plasmid (e.g. pCW-Cas9 or pLX-sgRNA), the lentivector packaging 
plasmid (pCD/NL-BH*DDD) and the lentivector envelope plasmid (pLTR-G) at a ratio 
of 3:2:1. The medium was replaced 16 h after transfection with 20 mL fresh warm 
culture medium. A further 24 h after this change, the lentivector-containing medium 
was collected and new medium added to the cells. This new medium was then 
collected another 24 h later and the two lentivector-containing media batches were 
combined and sterile-filtered through a 0.45 µM filter. The lentivector was precipitated 
from this conditioned media by mixing with 0.25 volumes of 50% poly(ethylene glycol) 
(Sigma-Aldrich, #P5413-500G) in DPBS and incubating at 4°C for 24-72 h. The 

precipitated lentivector was then pelleted at 1500 x g, 4°C for 30 min and the 

supernatant discarded. Another centrifugation step at 1500 x g, 4°C for 10 min was 
performed to allow the removal of any residual supernatant. The lentivector was then 
gently resuspended in cold sterile DPBS with 0.1% BSA by incubating on ice for 1 h 
with occasional gentle swirling. The resuspended lentivector was briefly, and very 
gently, titurated, aliquoted, frozen on dry ice and stored at -80°C. 

2.8 Transduction 
A T75 cell culture flask and a 6-well plate was seeded with 6 x 104 cells/cm2 in culture 
medium. The cells were harvested (see Section 2.3.2) from the 6-well plate 23 h after 
seeding, counted (as per Section 2.3.2) and the average number of cells per well 
calculated. This was then multiplied by the fold increase in surface area between a 
well of a 6-well plate and a T75 flask (7.8) and the result was the estimated number of 
cells in the T75 flask to be transduced (n). The medium in the T75 flask was replaced 
24 h after seeding with 100 µL/cm2 culture medium + 8 µg/mL hexadimethrine (Sigma-
Aldrich, #H9268). The lentivector was thawed on ice and added to the T75 flask at a 
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multiplicity of infection (moi) of 0.3-0.4 before the flask was gently swirled to ensure 
complete mixing of the lentivector in the cell culture medium. The volume of lentivector 
added to reach the desired moi was calculated using the formula below: 

! = #	 × 	&
'  

where V = volume of lentivector added (mL), n = the number of cells to be transduced 
(calculated just prior to transduction as detailed above), m = moi and t is the titre of the 
lentivector (transduction units/mL). The cells were washed with DPBS 16-20 h after 
transduction and passaged to a T175 cell culture flask. A further 32 h later the selective 
antibiotic, either 2 µg/mL puromycin or 8 µg/mL blasticidin), was added to the T175 
flask to kill any cells that were not successfully transduced. The medium and antibiotic 
was replaced 24 h later, and then every 72 h thereafter. 

2.9 CRISPR/Cas9-mediated gene knockout 
To generate inducible clustered regularly interspaced short palindromic repeats 
(CRISPR)/Cas9-mediated gene knockouts, the desired cells were transduced (as per 
Section 2.8) with pCW-Cas9 and a lentivector encoding the desired guide RNA either 
AAVS1 (pLX-sgRNA) or one of two RYK guide RNAs (pLX-sgRYK1 or pLX-sgRYK2) 
(see Section 2.4.1 for detail on each lentivector plasmid). The cells were selected for 
successful transformants using both selective antibiotics – puromycin and blasticidin – 
for at least six days.  

Table 2.3 Sequences of guide RNAs 

Guide RNA Target Sequence 

sgAAVS1 AAVS1 5’ GGGGCCACTAGGGACAGGAT 3’ 

sgRYK1 RYK 5’ ACTGAAAGTTGTAAGCTGCG 3’ 

sgRYK2 RYK 5’ TGAACAGAAATGTTGACCTG 3’ 

 

For in vitro analysis doxycycline (doxycycline hyclate, Sigma-Aldrich, #D9891) was 

added to the culture medium at 1 µg/mL (A375R cells), 2 µg/mL (A549) or 4 µg/mL 
(MDA-MB-231) to induce expression of Cas9 and thus stimulate CRISPR/Cas9 
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genetic perturbation. The medium and doxycycline was replaced every two to three 
days.  

For the evaluation of Cas9 expression, A375R cells were harvested from a 6-well 
tissue culture plate at respective timepoints post doxycycline-induction, pelleted at 150 

x g at RT for 5 min, washed with PBS and stored at -20°C. The cell pellets were then 
lysed by resuspension in 120 µL 1.2X LDS sample buffer (see Section 2.1), heated at 

70°C for 10 min before a brief sonication (Vibra-Cell, Sonics and Material Inc., CT, 

USA) to reduce viscosity. The lysate was then centrifuged at 17,000 x g at 4°C for 10 
min and the supernatant retained as cleared lysate. A colorimetric (copper chelation) 
protein detection assay (Pierce BCA Protein Assay Kit; ThermoFisher Scientific, 
#23225) was used to determine the concentration of protein in each lysate as per the 

manufacturer’s instructions. The lysate was aliquoted and stored at -80°C before being 
analysed by Western blot (see Section 2.10). 

To assess the extent of CRISPR/Cas9 induced genomic cleavage, gDNA was 
extracted from A375R cells at the respective number of days post doxycycline 
administration as per Section 2.4.5. A fragment of the AAVS1 locus containing the site 
targeted by the AAVS1 guide RNA was then amplified via PCR (see Section 2.4.3). 
The two primers used to amplify the locus had the following sequences: 
CCCCGTTCTCCTGTGGATTC and ATCCTCTCTGGCTCCATCGT (Wang et al., 
2014b). The amplified fragment was purified as described in Section 2.4.3 and then 
underwent Sanger sequencing (see Section 2.5). Decomposition and analysis of the 
sequencing was performed using an online bioinformatics tool (Tracking of Indels by 
Decomposition; TIDE) to assess the frequency of indels at the AAVS1 locus (Brinkman 
et al., 2014).  

To evaluate the CRISPR/Cas9-mediated reduction in RYK mRNA, A549 cells were 
cultured with 2 µg/mL doxycycline for the respective number of days before being 

harvested and stored at -80°C. RNA was then isolated from the cell pellets as per 
Section 2.13. The purified RNA was then subjected to DNase-treatment, used in a 
reverse transcription reaction and the resulting cDNA analysed via RT-qPCR (see 
Section 2.13).  

2.10 Western blot and Coomassie staining 
Lysates (10 µg) or purified protein (2.5 µg) were prepared for sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) by the addition of a sample buffer (to 
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a 1X final concentration of BOLT LDS sample buffer; Life Technologies, #B0007) and 
reducing agent (25 mM final concentration of Bond-Breaker TCEP solution; Life 
Technologies, #77720). This mixture was incubated at 70°C for 10 min. The denatured 
proteins were then separated by SDS-PAGE (Bolt 4-12% Bis-Tris Plus Gels; Life 
Technologies, #NW04120BOX) in an SDS running buffer (a 1X final concentration of 
Bolt MES SDS Running Buffer; Life Technologies, #B0002).  

For Coomassie staining, the gel was then rinsed with Milli-Q water and the protein 
stained as previously described (Wong et al., 2000). Briefly, the gel was heated in a 
microwave in a Fairbanks A staining solution (0.05% Coomassie Brilliant Blue G 
(Sigma-Aldrich, #B0770), 25% isopropanol (Merck Millipore, #1070222511) and 10% 
acetic acid (Merck Millipore, #1000632500)) until just prior to boiling. The heated gel 
and solution were placed on an orbital shaker (Medium Reciprocating Shaker, Ratek, 
VIC, Australia) at 60 rpm at RT for at least 30 mins. The gel was then de-stained by 
heating in 10% acetic acid until just prior to boiling. A folded low linting wiper (Kimtech 
Science Kimwipes; Kimberly-Clark Professional, NSW, Australia, #34120) was added 
to the de-staining solution and gel and this was left gently shaking on an orbital shaker 
at 60 rpm at RT, overnight. 

For Western blots, the proteins were electro-blotted to a nitrocellulose membrane (iBlot 
2 Transfer Stackers, nitrocellulose mini, Life Technologies, #IB23002) using an iBlot 2 
Dry Blotting System (Life Technologies, #IB21001). The membrane was blocked in 
0.5X Odyssey Blocking Buffer (LI-COR, #9274000) in DPBS at RT for 1 h. The 
membrane was then incubated with the respective primary antibodies (see Table 2.1) 
diluted in blocking buffer + 0.1% purified Tween-20 (Tween 20 Surfact-Amps Detergent 
Solution, Life Technologies, #28320) at 4°C, overnight. The next day, the membrane 
was washed in DPBS + 0.1% Tween-20 (Sigma-Aldrich, #P7949-500 mL) for 5 min at 
RT, three times and then incubated with the secondary antibodies diluted as for the 
primary antibody at RT for 1 h. Following this incubation, membranes were washed 
again as above, before a final wash in DPBS alone. The blot was then imaged using 
an infrared fluorescent imager (Odyssey CLx, LI-COR). 

2.11 Histology 
Cell pellets were fixed in 10% neutral buffered formalin and paraffin embedded (FFPE) 
to generate cell blocks as previously described (Halford et al., 2013). Tumour tissue 
from xenograft experiments were cut in half and fixed in 4% paraformaldehyde (Pierce 
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Formaldehyde Methanol-free, Life Technologies, #28908) in DPBS at 4°C overnight. 
The next day the tissue was washed in DPBS at RT for 5 mins, twice before being 
embedded in paraffin. The paraffin embedding and proceeding sectioning was 
performed by the Centre for Advanced Histology and Microscopy (Peter MacCallum 
Cancer Centre). 

For haematoxylin and eosin (H&E) analysis of tissue sections, 3 µM thick sections 
were cut, dewaxed and rehydrated through a series of xylene and decreasing ethanol 
dilutions using an automated slide stainer (ST5010 Autostainer XL, Leica Biosystems, 
VIC, Australia). This slide stainer was then used to stain the sections with H&E before 
they were dehydrated through a series of increasing ethanol dilutions and xylene. 
Coverslips were then mounted onto the sections using a mounting medium (MM24 
Mounting Media, Leica Biosystems, #3801121) and an automated machine (DAKO 
Coverslipper, Agilent, CA, USA). 

2.12 Immunohistochemistry 
Tissue microarrays (TMAs) were constructed from breast and NSCLC patient tissue 
samples obtained from archived diagnostic cases from the Peter MacCallum Cancer 
Centre Pathology Department and St. Vincent’s Hospital (Melbourne, Australia). The 
study was approved by the Human Research and Ethics Committees at Peter 
MacCallum Cancer Centre (project number 00/81). 

For immunohistochemistry on both cells and TMAs, 3 µm thick FFPE sections were 
cut, dewaxed and rehydrated through a series of xylene and decreasing ethanol 
dilutions. Antigen retrieval was performed in a pressure cooker in a low pH buffer (AR6 

Buffer, PerkinElmer, MA, USA) at 124°C with pressure set at 15 - 16 pound-force per 
square inch (psi) for 3 mins. Endogenous peroxidase activity was quenched with 3% 
hydrogen peroxide in DPBS at RT for 5 mins. The primary antibody (see Table 2.1) 
was applied to the sections at 3 µg/ml and incubated at 4°C overnight, followed by 
incubation with a 1/400 dilution of the HRP-conjugated anti-chicken secondary 
antibody (see Table 2.1) at RT for 30 mins. Freshly prepared 3,3’-diaminobenzidine 
(DAB) (EnVision FLEX DAB+ Substrate Chromogen System, Dako, Glostrup, 
Denmark, #GV825) was applied to the sections and incubated at room temperature 
until a suitable intensity of DAB staining had developed. The sections were then 
counterstained with haematoxylin and coverslipped. The slides were imaged at 40X 
magnification (VS120 Virtual Slide Microscope, Olympus Corporation, Tokyo, Japan). 
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The TMAs stained with chicken anti-RYKEC were scored by a pathologist (Dr Jia-Min 
Pang, Peter MacCallum Cancer Centre). The intensity of RYK staining was scored on 
the tumour epithelial cells with the following scale: 0 (absent), 1 (weak), 2 (moderate), 
3 (strong). The percentage of tumour cell stained was also scored on the following 
scale: 1 (<10%); 2 (10-50%); 3 (50-80%); 4 (>80%). The overall RYK expression score 
displayed in this Thesis was calculated by the addition of the intensity and percentage 
scores. 

2.13 RNA extraction and Real-time Quantitative PCR 
RNA was isolated and purified from cell pellets and xenograft tumours using a patented 
RNA extraction technology (RNeasy Plus Mini Kit, QIAGEN, #74134) as per the 
manufacturer’s instructions. The purified RNA was subjected to DNase-treatment 
(TURBO DNA-free Kit, Life Technologies, AM1907) to remove any residual DNA as 
per manufacturer’s instructions. The concentration of all RNA was quantified by 
measuring its absorbance at 260 nm (NanoDrop 2000 Spectrophotometer, Thermo 
Fischer Scientific, #ND-2000) and all RNA was stored at -80°C. Complementary DNA 
was generated from the DNase-treated RNA using reverse transcriptase (High-
Capacity cDNA Reverse Transcription Kit, Life Technologies, #4368814) as per 

manufacturer’s instructions and stored at 4°C.  

RT-qPCR analyses was performed using Taqman Gene Expression Assays (Life 
Technologies, #4331182) which utilise 5’ nuclease chemistry and contain both probe 
and primer set for each gene. The identification numbers of the Taqman Assays used 
were as follows: RYK, Hs00243196_m1; WNT5A, ID #Hs00998537_m1 (amplifies 
both isoforms of WNT5A); LAMC2, ID#Hs01043711_m1; COL1A1, ID 
#Hs00164004_m1; and PMEPA1, ID #Hs00375306_m1. The RT-qPCR was 
performed and analysed per manufacturer’s instructions with a 10-fold dilution of cDNA 
used as the template with three technical replicates performed for each condition 
analysed. The expression of 18S ribosomal RNA (Assay ID #Hs99999901_s1) was 
quantified as an endogenous control to normalise the amount of cDNA added across 
each sample. The RT-qPCR experiments were run on a StepOnePlus Real-Time PCR 
System (Life Technologies, #4376600) and analysed using the StepOne Software v2.3 
(Life Technologies). 
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2.14 Protein Expression and Purification 

2.14.1 Protein expression 
Freestyle 293F cells were stably or transiently transfected (see Section 2.6.1) with the 
relevant protein expression plasmid (prhRWD1; prhForavirumab; prhRYK-Fc.FLAG; 
prhThy1mut-Fc.FLAG or prhRYKec.TST; see Section 2.4.1). For expression of RWD1, 
Foravirumab, RYK-Fc and Thy1mut-Fc, 1X GlutaMAX Supplement (ThermoFisher 
Scientific, #35050061) and 2.5 mg/mL HyClone Cell Boost Supplement 5 (GE 
Healthcare Life Sciences, IL, USA #SH30865), pH 7.4 was added to transient cell 
cultures three and six days post transfection and three and six days after seeding for 
stable cultures. Conditioned media from transient transfectants was collected at 10 
days post-transfection. For stable transfectants the cells were seeded at 4-6 x 105 
cells/mL and conditioned media collected 8-10 days later. All conditioned media was 
filtered through a 0.22 µM filter, 0.1% sodium azide was added and stored at 4°C 
protected from light until purification. 

2.14.2 Protein purification 

2.14.2.1 Protein A and Twin-Strep-Tag® chromatography 

RWD1, Foravirumab and RYK-Fc were protein A-purified over a 5 mL HiTrap 
MabSelect SuRe (HiTrap) column (GE Healthcare Life Sciences, #11003493) and 
RYKEC-TST over a 1 mL StrepTrap HP (StrepTrap) column (GE Healthcare Life 
Sciences, #29048653) using a Äktaprime plus machine (GE Healthcare Life Sciences, 
#11001313) to control buffer flow, and monitored using PrimeView 5.0 software (GE 
Healthcare Life Sciences, #11000359). A maximum pressure of 500 kPa was applied 
to the columns during purification. All solutions used on the columns were filtered 

through a 0.22 µM filter prior to remove any particulates that could contaminate the 
columns or Äktaprime plus machine. The columns were washed with five column 
volumes (CV) of ultrafiltered water prior to purification. All solutions were run over 
HiTrap columns at a flow rate of 5 mL/min and StrepTrap columns at 1 mL/min unless 
otherwise stated. 

HiTrap columns were equilibrated with 5 CV DPBS. The conditioned media held in a 
150 mL glass sample column (Superloop 150 mL, GE Healthcare Life Sciences, #18-
1023-85) was then injected over the column at 3 mL/min. HiTrap columns were then 
washed with 10 CV of DPBS + 0.1% IGEPAL CA-630 (Sigma-Aldrich, #I8896) followed 
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by 10 CV of DPBS. Purified protein was eluted off HiTrap columns with 10 CV 0.5 M 
Arginine pH 3.0 (Sigma-Aldrich, #A5131), with the eluate collected in 3 mL fractions, 
which were immediately neutralised with 0.2 volumes 1 M Tris pH 8.0.  

StrepTrap columns were equilibrated with five CV of 100 mM Tris pH 8.0, 150 mL NaCl 
(VWR International, PA, USA, #0241), 1 mM EDTA (TST buffer) at a flow rate of 5 
mL/min. Using the 150 mL Superloop the conditioned media was injected over the 
StrepTrap column, which was then washed with 10 CV of TST buffer. RYKEC-TST was 
eluted from the StrepTrap column with 10 CV TST buffer + 2.5 mM desthiobiotin 
(Sigma-Aldrich, #D1411), with 1 mL eluate fractions collected. 

Ultraviolet absorbance of all elution fractions from both columns were monitored using 
the Aktaprime plus machine at a wavelength of 254 nm and fractions with absorbance 
readings above baseline were considered to contain purified protein and taken forward 
for buffer exchange and storage (see Section 2.14.2.3). Following elution all columns 
were re-equilibrated with five CV of their respective equilibration buffer rinsed, with five 
CV ultrafiltered water and then washed with five CV 20% (w/v) ethanol. 

2.14.2.2 Anti-FLAG affinity chromatography 

Columns were generated for anti-FLAG chromatography by adding anti-FLAG M2 
Affinity Gel (Sigma-Aldrich, A2220) to an empty chromatography column (25 mL 
SINGLE StEP Column; Thomson Instrument Company, CA, USA, #9452088) as per 
manufacturers’ instructions. RYK-Fc and Thy1mut-Fc were purified over different 

columns to prevent cross-contamination. All buffers were filtered through a 0.22 µM 
filter and were run over the columns via gravity flow. The columns were equilibrated 
with five CV of TBS then the conditioned media was passed over the column. The 
conditioned media filtrate was collected and ran over the column a second time. The 
columns were washed with 10 CV of TBS and the Fc fusions eluted with five CV of 
TBS + 100 µg/mL FLAG peptide (Sigma-Aldrich, #F3290). The entire elution was taken 
forward for buffer exchange and storage (see Section 2.14.2.3). The columns were re-
generated with three CV 0.1 M glycine pH 3.5, re-equilibrated with five CV TBS, then 
washed with five CV and stored in 50% glycerol/50% DPBS + 0.02% sodium azide. 

2.14.2.3 Post-purification protein processing  

If the volume of eluted protein was greater than 30 mL, it was concentrated down using 
a 30 kDa Amicon Ultra-15 Centrifugal Filter Unit (Merck Millipore, #UFC903024) to 15-
30 mL as per the manufacturer’s instructions. Protein solutions were then added to 3.5 
kDa 30 mL Side-A-Lyzer G2 Dialysis Cassettes (ThermoFisher Scientific, #87725) and 
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buffer exchanged against 5 L of DPBS at 4°C as per the manufacturer’s instructions. 
The dialysis was performed in three steps with each step lasting for at least 2 h, 
including one overnight step, and the DPBS buffer replaced between each step. If a 
precipitate was seen following buffer exchange then the solution was centrifuged (5000 
g, 15 min, 4°C) and the supernatant retained. The protein was further concentrated 
using the 30 kDa Amicon Centrifugal Filter Units as above. A colorimetric (copper 
chelation) protein detection assay (Pierce BCA Protein Assay Kit; ThermoFisher 
Scientific, #23225) was used to determine the concentration of protein as per the 
manufacturer’s instructions. The protein was aliquoted into Eppendorf Protein LoBind 
microcentrifuge tubes (Sigma-Aldrich, #Z666505-100EA), snap-frozen in liquid 

nitrogen and stored at -80°C. The bioactivity of RYK-Fc or RWD1 relative to their 
appropriate negative controls was evaluated using the WNT3A-induced alkaline 
phosphatase assay (see Section 2.16). 

2.15 Cell Viability Assay 
The viability of human tumour cells was quantified in black walled 96-well tissue culture 
plates (Corning, #CLS3904-100EA) using fluorescence readings of a resazurin-based 
reagent (PrestoBlueTM Cell Viability Reagent, Life Technologies, #A13261) as per 
manufacturer’s instructions. Briefly, six technical replicates were used for each 

experimental sample per biological replicate. To quantify viability 10 µL of the 
PrestoBlueTM Cell Viability Reagent was added to each well (including wells containing 

media only as a background control) and incubated at 37°C for 20-45 minutes. The 
fluorescence of each well was then quantified using a microplate reader (Cytation 3, 
BioTek Instruments, VT, USA) with excitation and emission wavelengths of 560 and 
590 nm respectively. To remove background fluorescence induced by the cell culture 
medium, the fluorescent readings from the background control wells were removed 
from those of each experimental sample.  

For siRNA experiments, the viability of human tumour cells was quantified five or six 
days post siRNA transfection (see Section 2.6.3). The normalised viability of each 
experimental condition was calculated by normalising their average fluorescent 
reading to that of cells transfected with a negative control siRNA. For CRISPR in vitro 
analysis, the knockout of RYK was induced by doxycycline administration (see Section 
2.9) and a PrestoBlueTM cell viability assay performed 24 h after seeding to determine 
the exact ratio of cells seeded, this ratio was used in viability assay at later time points 
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to correct for any difference in seeding density. The viability was then quantified two 
days later (three days post doxycycline induction) and the culture medium and 
doxycycline replaced. A further two or three days after that (five or six days post 
doxycycline induction) a viability assay was again performed. The normalised viability 
of each CRISPR experimental condition was calculated by normalising their average 
fluorescent reading to that of doxycycline-induced cells containing no guide RNA.  

To assess the effect of LGK974, a 96-well tissue culture plate was seeded with 500 or 
1000 A549 cells per well in culture medium. The following day, the medium was 
replaced with fresh warm medium containing four-fold serial dilutions of LGK974, or 
the equivalent volume of DMSO. The medium and respective LGK974 or DMSO 
dilutions were replaced three days later. A further two days after this change (after five 
days of treatment) the viability of these cells was quantified by a PrestoBlueTM cell 
viability assay. The viability of each LGK974 and DMSO-treated sample was 
normalised to the viability of cells cultured without any drugs or DMSO. 

To evaluate RWD1 in vitro, a 96-well tissue culture plate was seeded with A375R (103), 
A549 (103), MDA-MB-231 (2 x 103) or OVCAR3 (2 x 103) cells per well in culture 
medium with 2% FBS and the plate was briefly centrifuged (50 g, 2 min, RT) to evenly 
distribute the cells over the surface of each well. Four to eight hours after seeding, the 
medium was replaced with fresh warm culture medium with 2% FBS containing four-
fold serial dilutions of RWD1 or Foravirumab. The medium and inhibitors were replaced 
three days later and a further one to three days after this (after four to six days of 
treatment) the viability of these cells were quantified by a PrestoBlueTM cell viability 
assay as above. The viability of each treated sample was normalised to the viability of 
cells cultured without any drugs. 

2.16 Alkaline Phosphatase (AP) Assay 
A 96-well tissue culture plate was seeded with 104 (passage number <10) MC3T3-E1 
cells per well in culture medium. The following day (or 48 h after siRNA transfection to 
allow sufficient time for the siRNA-mediated knockdown to occur) the medium was 
replaced with fresh medium containing either i) three-fold serial dilutions of rhWNT3A; 
ii) four-fold serial dilutions of RYK-Fc, RWD1, Thy1mut-Fc, Foravirumab or rhWIF-1 + 
10 ng/mL rhWNT3A; iii) four-fold serial dilutions of RYK-Fc or Thy1mut-Fc + 6.25% L-
cell WNT3A CM; or iv) 10 ng/mL rhWNT3A alone. The medium was aspirated 72 h 
later (or 48 h later for evaluation of RWD1 and Foravirumab) and the cells washed 
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gently with DPBS. The cells were then lysed with 50 µL of MC3T3-E1 lysis buffer (3 

mM NaHCO3, pH 9.3, 0.15 M NaCl and 0.1% Triton X-100) and incubated at 37°C for 
20 mins. To evaluate the amount of AP present in the lysate, 100 µL of an AP substrate 
solution (5 mg of p-nitrophenyl phosphate (pNPP; Sigma-Aldrich, #N9389) in 1 M 
diethanolamine (Sigma-Aldrich, #D8885)) was added to each well and incubated at 
37°C for 15-30 mins. This reaction was neutralised with the addition of 50 µL of 1 M 
NaOH. The amount of AP produced was then quantified by proxy by calculating the 
amount of chromogenic substrate produced by AP-mediated conversion of the 
substrate. This was performed by measuring the absorbance at 405 nm using a 
microplate reader (Cytation 3). 

2.17 GFP-Kif26b reporter assay 
The GFP-Kif26b reporter assays were based on the previously described protocol 
(Susman et al., 2017; Karuna et al., 2018). A 96-well tissue culture plate was seeded 
with 2.8x104 GFP-Kif26b reporter cells per well in culture medium. The following day 
(or 72 h after siRNA transfection) the medium was replaced with 20 mM LGK974 in 
either i) 100% of L-cell WNT3A, L-cell WNT5A, L-cell CM (see Section 2.3.1 for the 
generation of the CM) or culture medium; or ii) 100% L-WNT5A, L-WNT3A or L-cell 
CM supplemented with four-fold serial dilutions of RYK-Fc or rhWIF-1. The media was 

aspirated 24 h later, the cells were washed with DPBS and detached with 20 µL 

Accutase (Sigma-Aldrich, #A6964) at 37°C for 6 min. The cells were neutralised with 
150 µL flow buffer (see Section 2.1), titurated to ensure a homogenous single cell 
suspension and then transferred to a U-bottomed 96-well plate (Corning, #351177). 
The GFP fluorescence of each well was then determined by volumetric flow cytometry 
(FACSVerse flow cytometer, BD Biosciences, NJ, USA). There were 104 total events 
analysed per well and the data was acquired using FACSuite software (BD 
Biosciences) and analysed using FlowJo software V10 (FlowJo, OR, USA). 

2.18 Tumour Xenografts 
All mouse experiments were performed in accordance with The Australian Code of 
Practice for the Care and use of Animals for Scientific Purposes 8th edition (2013) and 
with approval from the Peter MacCallum Animal Experimentation Ethics Committee 
(ethics numbers E540 and E630). Mice were regularly monitored and looked after daily 
by the Peter MacCallum Animal Facility staff and the project investigators. 
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For the human tumour xenografts, 107 A549, A375R, A549/pCW-Cas9/pLX-sgRNA, 
A549/pCW-Cas9/pLX-sgRYK1 or A549/pCW-Cas9/pLX-sgRYK2 cells were sub-
cutaneously injected in 200 µL DPBS into the left flank of NOD.Cg-Prkdcscid Il2rgtm1Wjl 
(NSG) mice (bred at Peter MacCallum Cancer Centre) using a 26-gauge needle 
(Terumo, Tokyo, Japan, #NN-2613R). Inhibitor administration was performed three 
times per week, beginning the day after injection of tumour cells. Inhibitors were 
delivered via an intraperitoneal injection in a volume of 200 µL of DPBS using a 26-
gauge needle. For the CRISPR/Cas9 in vivo experiment mice were placed on a diet of 
chow containing 600 mg/kg doxycycline (Meat Free Rat and Mouse Plus 600 mg 
doxycycline/kg medicated diet, Specialty Feeds, VIC, Australia, #SF08026) and 
drinking water with 2 mg/mL doxycycline (Sigma-Aldrich, #D9891) and 20 mg/mL 
sucrose (Chem-Supply, SA, Australia, #SA030). The weights of mice were obtained 
by briefly placing each mouse on a balance (FX-5000i, A&D Company, Tokyo, Japan). 
The length (l) and width (w) dimensions of each tumour was measured using calipers 
(Digital Caliper 0-150 mm, Sidchrome, VIC, Australia, #SCMT26115) and from these 
measurements the tumour volume was calculated using the following equation: 

()&*)+	!*,)&- = (,	 ×	/0) × 	0.52 

Mice were euthanised using carbon dioxide inhalation (SmartBox Prodigy Auto CO2 
System, E-Z Systems, PA, USA, #EA-3300TS) when at least one tumour in the 
experiment had reached their maximum volume approved. The tumours were 
harvested immediately, cut in half and fixed in 4% paraformaldehyde at RT for 1-2 h 

and then at 4°C overnight. For the A549 CRISPR/Cas9 tumour xenograft experiment, 
the ipsilateral auxiliary lymph node was inspected for each mouse. If this lymph node 
was enlarged it was harvested and fixed as performed for the tumours. The next day 
the tissue was washed in DPBS twice and then stored in DPBS at 4°C prior to 
histological examination (see Section 2.11). 

Sections from both halves of the fixed tumours were stained with H&E (see Section 
2.11) and the slides were imaged at 40X magnification (VS120 Virtual Slide 
Microscope). The images were analysed using the OlyVIA software (Olympus 
Corporation) and the necrotic areas of the tumours were manually marked as advised 
by a pathologist Prof. Stephen Fox (Peter MacCallum Cancer Centre) as areas of 
tumour with morphological features of necrosis including eosinophilia, cellular debris 
and loss of cytological detail. Using the OlyVIA software the total area of necrosis was 
then quantified and given as a percentage of total tumour area. 
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Isolated ipsilateral lymph nodes were removed from the auxiliary area and also 
sectioned and stained with H&E (see Section 2.11). The stained sections were 
inspected for tumour cells to confirm metastasis. 

2.19 RNA-sequencing 
A549, MDA-MB-231 and OVCAR3 cells were treated with 4 µM RWD1 or Foravirumab 
in culture medium with 2% FBS for 24 h before being harvested with 0.25% trypsin-
EDTA as per Section 2.3.1. The cell pellets were washed with DPBS and stored at –
80°C. RNA was purified from these cell pellets as described in Section 2.13. Library 
preparation and the sequencing of the samples was performed by the Molecular 
Genomics Core (Peter MacCallum Cancer Centre). 

The quantity of the total RNA was checked using Qubit RNA HS (Thermo Fisher 
Scientific). RNA (500 ng) was used for library preparation according to standard 
protocols (QuantSeq 3’ mRNA-Seq FWD, Lexogen, Vienna, Austria, #015.96). Briefly, 
the library was generated with an oligo dT containing the Illumina Read2 linker and a 
random forward primer containing the Illumina Read1 linker. The library was then 
amplified with PCR primers containing sample indices (barcodes) and the Illumina 
clustering sequences. Indexed libraries were pooled and sequenced (NextSeq 500 
instrument, Illumina, CA, USA) to generate 5-15 million single-end 75 base pairs reads 
per sample. 

2.20 Bioinformatics 
The RNA-sequencing data obtained from the TCGA database was generated by The 
Cancer Genome Atlas Program, a joint initiative between the National Cancer Institute 
and the National Human Genome Research Institute, using an Illumina HiSeq 2000 
RNA sequencing platform as previously described (Cancer Genome Atlas Research 
Network, 2008; Cancer Genome Atlas Research Network, 2012). The TCGA data was 
downloaded from the Xena browser maintained by the University of California, Santa 
Cruz (Goldman et al., 2019). Specifically, the gene expression RNAseq – 
IlluminaHiSeq datasets from both the ‘TCGA Lung Squamous Cell Carcinoma (LUSC)’ 
and the ‘TCGA Glioblastoma (GBM)’ cohorts were downloaded. The glioblastoma 
dataset contained 172 samples and the lung SCC dataset contained 553 samples. The 
data was normalised using RNA-seq by expectation maximisation (RSEM) (Li and 
Dewey, 2011) and the resulting RSEM values transformed using the following equation 
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log2(x+1). A statistics and graphing software (Prism 8 for macOS; GraphPad Software, 
CA, USA) was used to generate heatmaps from the transformed data. 

The Cancer Cell Line Encyclopedia (CCLE) data was generated by the Broad Institute 
(MA, USA) using an Illumina HiSeq 2000 or 2500 RNA sequencing platform as 
previously described (Ghandi et al., 2019). The data was downloaded from the Broad 
Institute’s Cancer Cell Line Encyclopedia databank. Specifically, the ‘CCLE RNAseq 
gene expression data for 1019 cell lines (RSEM, gene)’ dataset was downloaded. The 
downloaded data was expressed in transcripts per million (TPM) values and were 
transformed using the following equation log2(TPM+1). A statistics and graphing 
software (Prism 8 for macOS; GraphPad Software) was used to generate the 
heatmaps from the transformed data. 

RNA-sequencing reads were aligned to the reference human genome HG19 using 
HISAT2 (Kim et al., 2015). Transcript expression was then quantified using HTSeq 
software (Anders et al., 2015). Normalised expression was measured as count-per-
million (CPM) on a log2 scale, with library size adjustment performed using the 
Trimmed Mean of M-values method (Robinson and Oshlack, 2010) and edgeR R 
package (Robinson et al., 2010). Differential expression analysis was performed using 
the LIMMA-Voom workflow (Law et al., 2014; Liu et al., 2015b). Genes with 
consistently low expression across 80% of samples were excluded from analysis, to 
reduce noise amplification in the Voom method. Gene set enrichment analysis was 
performed using GSEA (Subramanian et al., 2005), comparing two groups of 
triplicates. MSigDB Hallmarks was used as gene sets reference, to discover 
significantly up-regulated gene sets. Heatmap figures are visualisations of the 
normalised gene expression data, using Pearson correlation distance to compare 
across genes and Euclidean distance to compare across samples. Mean-centring and 
unsupervised hierarchical clustering was applied on both the samples and genes. The 
colour scale of each heatmap is centred at the average normalised expression of all 
samples. 

2.21 Statistics 
All error bars represent ± standard error of the mean (SEM) unless stated otherwise. 
Each experiment in this Thesis has a minimum of two and most frequently three 
independent biological replicates with any exceptions stated. All statistical analyses 
were performed using a statistics and graphing software (Prism 8 for macOS; 
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GraphPad Software). Statistical significance was evaluated by a Student’s t-test with 
the Holm-Sidak method used to correct for multiple comparisons when comparing two 
groups or a two-way analysis of variance (ANOVA) with Tukey’s method used to 
correct for multiple comparisons. All lines of best fit displayed on graphs were 
generated automatically using the graphing software (Prism 8 for macOS; GraphPad 
Software). 
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Chapter 3  

RYK/WNT signalling promotes the growth  

of a subset of human cancer cells
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3.1 Introduction 
Dysregulation of signalling pathways that are essential for, and tightly regulated during, 
embryonic development is a feature of many human tumours (Aiello and Stanger, 
2016). WNTs having fundamental responsibilities in embryonic development (Clevers, 
2006; Nusse and Varmus, 2012) and the dysregulation of WNT signalling has long 
been linked to largely pro-tumour properties, particularly through b-catenin-dependent 
WNT signalling (Reya and Clevers, 2005; Anastas and Moon, 2013) (see Section 
1.2.2.7). However, more recent work has also shed light on the dichotomous activities 

of b-catenin-independent WNT signalling, particularly through WNT5A, in the genesis 
of cancer (pro- or anti-tumorigenic) (Asem et al., 2016; Zhou et al., 2017b). RTKs are 
another family of molecules whose signalling is strictly regulated during development 
(Neben et al., 2019) and whose hyperactivation is a common characteristic of cancer 
and thus a frequent therapeutic target (see Sections 1.2.1.1, 1.3.2.3 and 1.3.3). In 
concordance with these pivotal roles for both RTK and WNT family members, recent 
discoveries have implicated WNT-binding RTKs in multiple cancers (Figure 1.8). 
However, a member of this unique subset of receptors, RYK, is another level of 
regulation between WNTs and RTKs but remains under-investigated in cancer. RYK 
is critical for a plethora of developmental roles (see Section 1.4.3.1) often through its 
ability to transmit WNT5A signals and therefore may modulate WNT5A, and WNT 
signalling more broadly, in tumourigenesis. While initial siRNA knockdown analyses 
have begun to demonstrate the requirement of RYK signalling for a few human tumour 
cell lines (see Section 1.4.5), these studies do not focus on interrogating the role of 
RYK in these contexts and are therefore rather limited.  

Ascertaining which particular oncogenic contexts RYK signalling may play a role in is 
vital to facilitate exploration of RYK in cancer. One way of identifying potential contexts 
is to explore the physiological processes that RYK regulates during development. 
Notably, RYK is pivotal for convergent extension and other processes during 
gastrulation through its ability to regulate cell polarity and movement (Lin et al., 2010; 
Andre et al., 2012; Macheda et al., 2012; Duan et al., 2017). These cellular properties 
are frequently dysregulated in cancer, leading to key cancer characteristics of 
metastasis and invasion (Chatterjee et al., 2012; Muthuswamy and Xue, 2012; 
Lorentzen et al., 2018). This raises the prospect of a role for RYK in the migration and 
invasion of cancer cells or their relocation to other tissues or organs. Another method 
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to identify potential cancer contexts where RYK may play a role is to focus on 
oncogenic processes such as the hallmarks of cancer (see Section 1.1) modulated by 
RYK ligands. To this point WNT signalling is implicated in a number of the hallmarks 
of cancer including sustained proliferative signalling and resisting cell death (Chen et 
al., 2001; Jiang et al., 2013; Tammela et al., 2017) (see Section 1.2.2.7), highlighting 
a potential for RYK in these oncogenic processes. 

After identifying tumourigenic contexts where RYK signalling may play a critical role, 
determining which potential technologies would be best utilised to help define this role 
is also vital to successfully explore the role of RYK in cancer. Genetic analyses of 
model organisms, including most notably the RYK knockout mice (Halford et al., 2000), 
have led to the majority of our current knowledge on RYK signalling biochemistry and 
its roles in the developmental setting (see Section 1.4.3.1) (Figure 1.7). Furthermore, 
the same is true for initial studies that have characterised the role of the other WNT-
binding RTKs, such as ROR1 and ROR2 in cancer (Figure 1.8). This is partly due to 
the pseudokinase nature of RYK and the other WNT-binding RTKs, (see Section 
1.4.1.1), and the complexity of their WNT ligands – including the intricate nature of 
their biochemistry, such as the requirement of their attached lipid moiety for signalling. 
The absence of biochemical assays for RYK signalling and the lack of high-quality 
antibodies for detection of RYK protein has restricted direct analysis of RYK at the 
protein level. Consequently, genetic analyses are the most appropriate means by 
which to begin to explore the role of RYK in cancer. Indeed, with the propagation of 
RNAi and CRISPR/Cas9 tools to induce a knockdown or knockout of a target gene in 
in vitro and in vivo tumour models (Mello, 2007; Doudna and Charpentier, 2014; 
Housden et al., 2017), the experimental systems are available for this type of 
investigation. 

In addition to genetic perturbation methods, having tools to examine the expression of 
RYK protein in patient tumours would provide vital information on the tumour types, 
cellular components and clinical parameters that favour RYK expression. However, as 
noted above, the lack of antibodies capable of recognising RYK in immunoassays such 
as Western blot or immunohistochemistry has hampered previous attempts at these 
analyses. The poor immunogenicity of RYK, particularly its extracellular region, is a 
major reason (Halford et al., 2013; Halford et al., 2015). While some inhibitory 
antibodies to RYK have been successfully described (Halford et al., 2013; Hollis et al., 
2016), many anti-RYK antibodies have low affinity and often detect overexpressed 
levels of RYK but fail to detect endogenous RYK in cell lines and tissues. These anti-
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RYK antibodies used to detect the RYK protein are often not validated in assays with 
an appropriate negative control such as comparing wild-type RYK-expressing cells 
with matched RYK-deficient cells. Consequently, it is hard to accurately determine the 
specificity of many anti-RYK antibodies available for use in immunoassays (Olds and 
Li, 2016). Investigations in our laboratory have demonstrated the unreliability of several 
commercially available anti-RYK antibodies (James Roy and Dr Michael Halford, 
unpublished data). Because of these complications, investigations into the expression 
of RYK protein in human tumours have been rather limited. 

Therefore, to interrogate a potential role for RYK in cancer, this Chapter first 
characterises the expression of RYK mRNA in human tumour subtypes and tumour 
cell lines. Genetic perturbation experiments, through siRNA and CRISPR/Cas9 
technologies, then demonstrate the requirement of RYK and WNT5A for the viability 
of a subset of human tumour cells. This chapter also describes the generation and 
validation of a novel chicken anti-RYK antibody, and uses this reagent to interrogate 
the expression of RYK in human NSCLC and breast human tumours. 
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3.2 Results 

3.2.1 Identifying human tumours and in vitro cancer cell lines 
expressing components of the RYK/WNT signalling axis 
In order to investigate a role for RYK in cancer, the identification of human tumours 
and cancer cell line models where RYK signalling is biologically relevant is required. 
We used a set of criteria to identify human cancers and tumour cell lines where there 
was potential for RYK signalling to modulate a tumourigenic process. Firstly, our 
understanding of RYK in the physiological environment, particularly within 
development, was used to identify tissues of origin for cancers in which RYK may play 
an oncogenic or tumour-suppressive role. Having components of a specific signalling 
pathway expressed and active within a tissue enhances the potential for its 
dysregulation and thus be functionally important in tumours that are derived from that 
tissue or cell of origin. Therefore, with the largely unknown role of RYK in adult cells 
(see Section 1.4.3.2), the developmental expression of RYK could provide valuable 
insight. Consequently, tumours that were derived from developmental tissues known 
to express functionally-relevant RYK were identified. RYK-deficient mice having 
cardiac and craniofacial defects (Halford et al., 2000; Kugathasan et al., 2018), 
therefore it is thought that RYK signalling may be critical for neural crest cells during 
development. Melanocytes also derive directly from neural crest cells (Sommer, 2011) 
and thus melanoma, which develops in melanocytes (Shain and Bastian, 2016), was 
identified as a tumour with potential for RYK-dependency. RYK has a number of 
neurological roles during development (Keeble et al., 2006; Blakely et al., 2013; Clark 
et al., 2014b; Halford et al., 2015) (see Section 1.4.3.1) and remains biologically 
important in the adult brain (Hollis et al., 2016). Consequently, brain tumours were also 
identified as having the potential to be dependent on RYK for a tumourigenic property. 
Lastly, with the discovery that RYK-mediated WNT5A signalling promotes growth of 
the mammary gland in adults (Kessenbrock et al., 2017), some breast tumours were 
also predicted to be potentially RYK-dependent. 

The second method used to identify cancers and cancer cell lines that may be partially 
contingent on RYK signalling was to examine publicly available gene expression 
databases for human tumours and their cell lines with significant expression of RYK 
and/or its WNT ligands. The Cancer Genome Atlas (TCGA) is a project developed to 
define the genomic characteristics of numerous tumour types using data generated 
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from patient tumours including mutational data, copy number variations and 
transcriptomic profiles (Hutter and Zenklusen, 2018). The RNA-sequencing data 
produced by the TCGA was utilised to find an upregulation in expression of RYK and 
its ligand WNT5A in lung squamous cell carcinoma (a subtype of NSCLC) and 
glioblastoma tumours compared to normal lung or brain tissue respectively (Figure 
3.1).  

The Cancer Cell Line Encyclopedia (CCLE) is a database of a variety of genetic, 
proteomic and drug-response data on over 1000 cancer cell lines (Barretina et al., 
2012; Ghandi et al., 2019). The RNA-sequencing expression data was mined to 
identify cancer cells with significant expression of RYK and its WNT ligands. Having 
examined this data, a specific focus was placed on a panel of 60 well-characterised 
human tumour cell lines that are used by the National Cancer Institute (NCI) for drug 
screening, known as the NCI-60 cell lines. These are readily available lines and widely 
used and accepted in the literature as models for their respective tumours (Shoemaker, 
2006). This analysis revealed that RYK was widely expressed across all of these 
cancer cells with OVCAR3 showing the highest expression levels (Figure 3.2). RYK 
was the most widely expressed WNT receptor assessed, including all FZD and WNT-
binding RTK members, with PTK7 and FZD6 also well expressed. Interestingly, the 
WNT family members were selectively expressed at lower levels with WNT5A, WNT5B 
and to a lesser extent WNT7B those WNTs expressed to the greatest extent in these 
cell lines. In response to the identification of melanoma as potentially RYK-dependent 
in the preceding two analyses, the expression data of melanoma cell lines within the 
CCLE was also mined (Figure 3.3). This bioinformatic examination revealed significant 
expression of RYK across most melanoma cells, where again it was the highest 
expressed WNT receptor analysed. RPMI7951 was of note here as it showed high 
levels of RYK and extremely high levels of WNT5A. 

Lastly, particular attention was paid to any cancer cell lines known to be RYK-
dependent for a tumourigenic property. There are two notable but limited examples of 
previous in vitro work that suggest an oncogenic role for RYK. The BRAFi-resistant 
A375R and MEL624R melanoma cell lines (parental lines A375 and MEL624) were 
both shown to have reduced viability upon RYK knockdown (Anastas et al., 2014). 
Knockdown and overexpression experiments in glioblastoma cells have also linked 
RYK to stem-like characteristics of AM38, U87MG and U251MG cells as well as the 
migration and invasion of AM38, U105MG and U251MG cells (Habu et al., 2014; 
Adamo et al., 2017). In addition, cell lines with a dependence on WNT signalling (Jiang 
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et al., 2013) but particularly the known RYK ligand WNT5A, were identified. These 
included the NSCLC A549 cell line (Shojima et al., 2015; Yang et al., 2016a), the 
ovarian OVCAR3 line (Henry et al., 2015), the breast MDA-MB-231 line (Zhang et al., 
2012b; Prasad et al., 2016) and again the BRAFi-resistant melanoma line A375R 
(Anastas et al., 2014). 

As a result of these analyses a variety of human cancer cell lines from multiple tumour 
types including melanoma, NSCLC, breast and ovarian cancer were identified as 
potentially RYK-dependent based on developmental roles of RYK, bioinformatic 
expression data and the published literature. These cell lines, including those bolded 
in Figures 3.2 and 3.3, were then taken forward for genetic interrogation to assess their 
requirement for RYK signalling. 

3.2.2 RNAi analysis reveals a dependence on RYK and WNT5A for 
the viability of multiple human tumour cells in vitro   
The establishment of in vitro cancer models where RYK signalling is active and plays 
a necessary role in the regulation of a key tumourigenic process, such as cell 
proliferation, is paramount to enable exploration of the role of RYK in cancer. Human 
cancer cell lines are a fundamental tool to investigate the characteristics and signalling 
mechanisms present in different tumours and to provide insight into the role of 
particular genes or proteins in the tumour being modelled (Vargo-Gogola and Rosen, 
2007; Gazdar et al., 2010; Niu and Wang, 2015).  

To evaluate the necessity of RYK for the viability of a number of these cell lines genetic 
perturbation experiments were performed, which significantly reduced the level of RYK 
expression present in these cells through siRNA-mediated knockdown of RYK. The 
optimal conditions for siRNA transfection were established using the melanoma A375R 
cell line, which facilitated selection of potent siRNAs and generated significant 
knockdown of RYK or WNT5A mRNA in A375R cells with the use of their respective 
siRNAs (Figure 3.4). Two independent RYK siRNAs reduced RYK mRNA levels down 
to ~12% and 16% compared to cells transfected with a negative control siRNA 48 h 
following siRNA transfection. Two WNT5A siRNAs reduced WNT5A mRNA to ~ 5% 
and 13% respectively.  

The potentially RYK-dependent cancer cells (identified in Section 3.2.1) were 
transfected with RYK siRNAs and their relative viabilities determined five to six days 
post-transfection. These experiments identified four cancer cell lines whose viability 
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was, in part, dependent on expression of RYK (Figure 3.5). The NSCLC A549, breast 
MDA-MB-231, ovarian OVCAR3, and BRAFi-resistant melanoma A375R cell lines all 
showed significantly compromised viability following RYK knockdown.  

Interestingly, not all tumour cells tested demonstrated sensitivity to loss of RYK 
expression. For example, four other cancer cell lines with substantial expression of 
RYK (Figures 3.2 and 3.3) showed no reduction in viability following RYK siRNA 
knockdown (Figure 3.6). The melanoma LOXIMVI, RPMI7951 and breast T47D cells 
showed no decrease in viability, the prostate PC3 cells even showed increased viability 
after loss of RYK expression suggesting these cells have no RYK dependency and 
use alternative mechanisms to sustain their viability. 

The RYK-dependent cells identified in Figure 3.5 were also interrogated for 
susceptibility to loss of a known RYK ligand, WNT5A. In parallel to RYK knockdown, 
siRNA-mediated WNT5A knockdown was also found to compromise the viability of 
A549, MDA-MB-231, OVCAR3 and A375R cells (Figure 3.7). To extend these findings 
one of these cell lines, A549, was treated with a protein inhibitor of WNT signalling to 
provide an alternative method to confirm their dependency on WNT signalling. A549 
cells was treated with the small molecule porcupine inhibitor, LGK974, which inhibits 
the palmitoylation of WNTs and thus blocks secretion of active WNT ligands (Liu et al., 
2013) (see Section 1.3.4.2). In concordance with the WNT5A knockdown experiments, 
the A549 cells were found to be sensitive to higher concentrations of this WNT 
signalling inhibitor (Figure 3.8). 

3.2.3 Establishment of an in vitro inducible CRISPR/Cas9-mediated 
knockout of RYK 
To confirm the dependence of these four cell lines on RYK signalling, an inducible 
method was established to inactivate the RYK gene using CRISPR/Cas9 technology 
and thus generate a genetic knockout of RYK. The pCW-Cas9 lentivectors, which 
encode doxycycline-inducible expression of a FLAG-tagged Cas9 nuclease were 
generated (Wang et al., 2014b). A375R cells were transduced with pCW-Cas9 and 
following selection were treated with 1 µg/mL doxycycline to confirm the inducibility of 
Cas9. Western blot analysis demonstrated expression of Cas9 after two days post-
induction (dpi), and increased expression 4 dpi (Figure 3.9A). As expected, only a very 
small amount of Cas9 was detected in lysates of A375R/pCW-Cas9 cells not treated 
with doxycycline (no dox). 
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A375R/pCW-Cas9 cells were transduced with pLX-sgRNA lentivectors which encode 
a constitutively expressed single guide RNA that directs the Cas9 to target the 
endogenous AAVS1 locus (Wang et al., 2014b). The editing efficiency of this inducible 
CRISPR/Cas9 system was evaluated in A375R cells by inducing Cas9 expression and 
performing Sanger sequencing around the AAVS1 locus to determine the extent of 
CRISPR/Cas9-mediated indel mutations. One day after doxycycline treatment began 
the AAVS1 locus showed 50% indels with these levels rising to ~74% four dpi (Figure 
3.9B). There was no further increase in indel levels from four to seven dpi. 

The AAVS1-targeting guide RNA was replaced in pLX-sgRNA lentivectors with two 
independent RYK guide RNAs to generate pLX-sgRYK1 and pLX-sgRYK2 
lentivectors. A549 cells were then transduced with pCW-Cas9 and pLX-sgRYK1 
lentivectors. The time taken for CRISPR/Cas9-mediated knockout of RYK to occur 
following doxycycline induction was evaluated by measuring RYK mRNA levels via 
RT-qPCR. RYK expression was decreased by 50% 24 h after doxycycline treatment 
(Figure 3.9C). The levels of RYK mRNA were less than 20% by three dpi and dropped 
to ~13% nine dpi.  

This inducible CRISPR/Cas9 technology mediating knockout of the RYK gene was 
then introduced to A549 cells that were susceptible to RYK siRNA knockdown in 
Section 3.2.2. Reduction of RYK mRNA levels was quantified through RT-qPCR in 
both A375R and A549 cells after five to six days of doxycycline treatment. Both RYK 
guide RNAs substantially decreased RYK expression with sgRYK1 reducing RYK 
mRNA levels further than sgRYK2 in these cells (Figure 3.10). In both cell lines, pCW-
Cas9 and pLX-sgRYK1 transduced cells showed little loss of RYK expression without 
doxycycline treatment (Figure 3.10). 

3.2.4 Inducible CRISPR/Cas9 technology confirms establishment of 
RYK-dependent in vitro tumour models 
Following the establishment of this CRISPR/Cas9-mediated system to induce 
knockout of RYK, this genetic perturbation technology was utilised to confirm the effect 
of the siRNA-mediated loss of RYK on cell viability. A549, MDA-MB-231 and A375R 
cells were transduced and selected to contain inducible Cas9 expression and the 
respective guide RNA. In a 96-well plate these cells were treated with doxycycline to 
stimulate inactivation of the RYK gene. In concordance with our siRNA experiments, 
CRISPR/Cas9-mediated loss of RYK expression significantly compromised the 
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viability of these three cell lines (Figure 3.11). In each tumour line, the viability of cells 
expressing a RYK guide RNA was normalised to the viability of cells expressing the 
AAVS1-targeting guide RNA. These experiments confirmed the establishment of our 
RYK-dependent in vitro tumour models. 

The CCLE WNT ligand and receptor expression data for our RYK-dependent models 
was extracted from Figures 3.2 and 3.3 and displayed in a stand-alone heatmap 
(Figure 3.12). This data demonstrates each RYK-dependent cell line has significant 
expression of RYK in concordance with its role as a mediator of cell viability. 
Interestingly, these human tumour cells also show expression of a few other WNT 
receptors in addition to RYK, particularly PTK7 and FZD6 (Figure 3.12). The 
expression of WNT ligands is rather limited with each cell line seemingly expressing 
only a few WNTs at substantial levels although there is no common WNT expressed 
across all these RYK-dependent cancer cell lines (Figure 3.12). However it must be 
noted that the expression data for the A375 melanoma line is for the parental BRAFi-
sensitive version of this cell line and gene expression is known to be significantly 
altered in the BRAFi-resistant A375R cell line (Ramsdale et al., 2015), used in this 
Thesis, including the upregulation of WNT5A signalling. 

3.2.5 Generation of a novel chicken anti-RYK antibody capable of 
detecting RYK in immunohistochemistry 
Having established that RYK can act to promote the growth of a subset of human 
cancer cells, it was important to determine the extent of expression in human tumour 
samples and to identify any patterns or correlations between RYK expression and 
clinical parameters. This would allow evaluation of the clinical relevance of RYK 
signalling in cancer. However, due to the deficiency of anti-RYK antibodies with 
suitable affinity and/or sensitivity to detect RYK in immunoassays (see Section 3.1), it 
was necessary to produce novel anti-RYK antibodies for this study. It was 
hypothesised that the poor immunogenicity that has hampered numerous attempts by 
us and others to produce quality anti-RYK antibodies in mice and rabbits (Halford et 
al., 2013; Halford et al., 2015) is due to the high sequence homology between human 
RYK and mammalian Ryk (Halford et al., 2015). Consequently, high affinity antibodies 
to a human RYK antigen generated in these hosts are removed to prevent self-
targeting. Therefore, it was decided to use chickens as the host due to the increased 
separation in sequence homology between human RYK and chicken Ryk.  
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To do this the extracellular region of RYK was fused to a Twin-Strep-Tag® 
(RYKEC.TST) to aid purification. Following its purification (see Section 2.14.2.1), 
RYKEC.TST was sent to Creative Biolabs (New York, USA), our commercial 
collaborators for this project, to immunise chickens and extract resulting IgY from their 
egg yolk (Figure 3.13). Affinity purification was performed to isolate the anti-RYKEC 
antibodies from this IgY fraction. RYK-Fc (the extracellular region of RYK fused to a 
human Ig constant region) was also purified and used for the affinity purification of 
antibodies to the extracellular region of RYK allowing the removal of antibodies to the 
Twin-Strep-Tag®. Having then received the resulting affinity purified chicken anti-
RYKEC polyclonal IgY antiserum, we determined it was sufficiently free of 
contaminating proteins by SDS-PAGE analysis (Figure 3.13).  

The chicken anti-RYKEC was then validated by immunohistochemistry using cell lines 
expressing either overexpressed or endogenous levels of RYK. Chicken anti-RYKEC 
was capable of detecting RYK in formalin-fixed paraffin-embedded (FFPE) sections of 
HEK293T cells transfected to overexpress RYK relative to vector-transfected 
HEK293T cells (Figure 3.14A). A control chicken IgY polyclonal antiserum was used 
as a negative control to replicate any non-specific staining produced by chicken IgYs. 
Chicken anti-RYKEC was demonstrated to detect endogenous levels of RYK in 
melanoma A375 cells by immunohistochemistry (Figure 3.14B). RYK expression was 
detected in A375 cells transfected with a negative control siRNA but this staining was 
largely ablated in A375 cells transfected with a RYK siRNA demonstrating the 
specificity of chicken anti-RYKEC. 

3.2.6 RYK expression is upregulated in human NSCLC tumours and 
shows an inverse correlation with tumour grade in breast cancers 
Having produced the purified chicken anti-RYKEC antiserum and validated it by 
immunohistochemistry this novel antiserum was used to examine the expression of 
RYK in human tumours to assess if RYK protein is readily expressed as implied by the 
bioinformatic mRNA data (displayed in Figures 3.1-3.3). Furthermore, any correlation 
between RYK expression and clinical parameters may provide deeper understanding 
into the role of RYK in cancer. 

The chicken anti-RYKEC or the IgY control was used to stain tissue microarrays 
containing primary tumour tissue from patients with NSCLC, predominantly 
adenocarcinoma and squamous cell carcinoma subtypes, as well as matched adjacent 
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normal lung tissue. RYK was overexpressed on the epithelial tumour cells in a subset 
of the NSCLC samples when compared to their adjacent normal lung tissue 
counterparts (Figure 3.15A). However, there was no difference in the expression levels 
between lung adenocarcinomas and lung squamous cell carcinomas (Figure 3.15B). 
Interestingly, RYK was also detected on blood vessels of many NSCLC tumours 
(Figure 3.15C). Non-specific staining was seen on a number of immune cells in 
addition to red blood cells, with both the isotype control chicken IgY and chicken anti-
RYKEC showing some staining. Thus, all immune and red blood cell staining was 
disregarded.  

The expression of RYK on primary tumours from patients with carcinoma of the breast 
was also interrogated. Again, the chicken anti-RYKEC antibody and IgY control serum 
was used for immunohistochemical staining of tissue microarrays containing primary 
tumour tissue from patients with breast cancer. In parallel with the NSCLC tumours, 
RYK was found to be expressed on the epithelial tumour cells of a subset of breast 
cancer samples (Figure 3.16A). Interestingly, tumours of the luminal subtype had 
higher RYK expression on average than basal or HER2-enriched tumours (Figure 
3.16B). Furthermore, there was an inverse correlation between RYK expression and 
the histological grade of breast tumours. The tumour grade is determined by 
histologically evaluating tubule formation, nuclear pleomorphism and the mitotic count 
of the tumour (Hortobagyi et al., 2016). As the grading increased from one to three 
(and by definition the tumours become more aggressive) the expression level of RYK 
decreased (Figure 3.16C). Notably, as seen in the NSCLC tumours, significant RYK 
expression was seen on the blood vessels within tumours from patients with breast 
cancer (Figure 3.16D).  
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3.3 Discussion 

3.3.1 Bioinformatic analyses of human tumours and tumour cell 
lines demonstrate RYK is broadly expressed in cancer 
As discussed in Section 1.4.5 and Section 3.1 investigations into a possible role of 
RYK in cancer have been very limited, despite this receptor being at the interface of 
the WNTs and RTKs – two families with numerous well-studied oncogenic roles. This 
results chapter utilises three main criteria to identify cancers and cancer cell lines that 
have potential for dependency on RYK for a process supporting tumourigenesis: i) use 
developmental roles of RYK to assess which tissues or cells express biologically active 
RYK signalling and thus when dysregulated could modulate cancer; ii) bioinformatic 
analyses of both human tumours and human tumour cell lines to identify those with 
significant expression of RYK; iii) and using the published literature to identify human 
tumours and tumour cell lines known to be reliant upon RYK signalling or more 
commonly a RYK ligand. 

RYK transmits a variety of WNT signals throughout development (see Section 1.4.3.1). 
Consequently, a role for RYK in cancer is likely due to its ability to transmit 
dysregulated WNT signalling that some tumours do rely upon (see Section 1.2.2.7). 
However, it was noted that WNT-independent RYK signalling may also be present in 

a tumour setting. Therefore, dependence on a form of WNT signalling, whether b-
catenin-dependent or -independent, is potentially a critical necessity for RYK-
dependence. Using published data, human tumours and human tumour cell lines that 
were known to harbour RYK signalling or to be reliant on signalling through a RYK 
ligand such as WNT5A were identified (Bauer et al., 2013; Anastas et al., 2014; Habu 
et al., 2014; Prasad et al., 2015; Shojima et al., 2015; Webster et al., 2015b; Asem et 
al., 2016; Prasad et al., 2016; Adamo et al., 2017; Binda et al., 2017; Wang et al., 
2017b; Zhou et al., 2017b). 

We hypothesised that RYK signalling would likely be present and biologically active in 
physiological tissues that give rise to tumours where RYK is expressed and has some 
functional importance. Specific oncogenic mutations frequently lead to an increased 
risk of a tissue-specific tumours. For example, APC mutations favour development of 
colorectal cancers, while breast cancer type (BRCA) mutations increase the risk of 
breast and ovarian cancers (Schneider et al., 2017). The tissue-specific nature of 
tumourigenesis that often results from these mutations is not solely due to these genes 
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having expression patterns restricted to these tissue (Sieber et al., 2005; Schaefer and 
Serrano, 2016). However, having the components of the signalling pathway active in 
a specific tissue makes it more likely not only for dysregulation of this signalling 
pathway to occur but also for this dysregulation to have pathological consequences. 
Further, with the dysregulation of tightly controlled developmental signalling pathways 
a common driver of cancer (Kelleher et al., 2006), interrogating tumours that derive 
from developmental tissues or cells with functionally-relevant RYK signalling provides 
a thoughtful means by which to identify RYK-dependent tumour models. 

Performing bioinformatic analyses on the publicly available TCGA gene expression 
dataset allowed identification of tumours with upregulation of RYK and its WNT ligands. 
The finding of RYK mRNA overexpression in glioblastoma compared to normal brain 
tissue (Figure 3.1) helps to validate our identification of tumours with the potential for 
RYK-dependency as all three of our criteria noted above identified brain tumours as 
worth investigating: i) RYK is pivotal for the development of the brain as well as in the 
adult brain (Clark et al., 2014b; Hollis et al., 2016) (see Section 1.4.3); ii) RYK was 
upregulated in glioblastoma tumours; iii) previous studies have also demonstrated a 
potential role for RYK in the migration and invasion of glioblastoma cells (Habu et al., 
2014; Adamo et al., 2017) and discovered WNT5A as a key player in glioblastoma 
invasion and its stem-cell like properties (Hu et al., 2016; Binda et al., 2017; Zhang et 
al., 2017). The upregulation of RYK and WNT5A identified in lung SCC, a subtype of 
NSCLC, in Figure 3.1 is also consistent with numerous studies that suggest a pivotal 
role for WNT5A in promoting proliferation and metastasis in NSCLC (Shojima et al., 
2015; Yang et al., 2016b; Wang et al., 2017a). A consideration that must be taken into 
account when analysing these TCGA datasets is the limited number of samples from 
the respective normal tissues. While gene expression results from 51 normal lung 
tissue samples exist, there are only results from six normal brain tissues. 
Consequently, the interpretation of the glioblastoma data must be made with this 
caveat in mind. This limited number of normal tissue samples seen in the glioblastoma 
dataset was also observed to a greater extent in other tumour datasets. For example, 
the TCGA ovarian cancer dataset had no RYK expression data from normal tissue 
samples and the TCGA melanoma dataset only had expression data of RYK from one 
normal skin sample. This lack of data from normal tissue samples prevented analyses 
of RYK expression in these tumours relative to normal tissue. Accessing gene 
expression datasets with a greater number of normal tissue samples would provide 
insight into whether RYK is upregulated in other tumour types, such as ovarian and 
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melanoma. Access to appropriate control healthy tissue samples is a well-known issue 
for cancer researchers. Further analysis to stratify patient samples based on other 
parameters such as tumour subtype or mutational data may provide additional insight 
into the expression pattern of RYK in cancer. 

Bioinformatic interrogation of the CCLE RNA-sequencing data was also performed to 
identify cancer cell lines with significant expression of RYK and genes encoding its 
ligands. Interestingly, RYK was found to be widely expressed across the NCI-60 
(Figure 3.2) and melanoma (Figure 3.3) cells examined. In fact, RYK was the WNT 
receptor expressed at substantial levels across the greatest number of cell lines. PTK7 
and FZD6 were also well expressed across all cells. This data is in line with previous 
studies that describe a co-receptor role for RYK (Lu et al., 2004b; Andre et al., 2012; 
Anastas et al., 2014), meaning RYK may function predominantly by modulating the 
activity of other WNT receptors. The near universal expression of RYK raises the 
prospect of a function that may be ubiquitous across cancer cells indiscriminate of the 
tissue of origin. Of note, is the extremely low level of expression of ROR2 across most 
cell lines but particularly in melanoma cells (Figure 3.3). This is in contrast to a role for 
ROR2 in the migration and invasion of melanoma cells (O'Connell et al., 2010; Lai et 
al., 2012). Another conclusion from this data is the relatively lower expression of WNT 
ligands compared to their WNT receptors. However, the potential for WNT ligands to 
be expressed and kept in an intracellular store or in the extracellular space in contact 
with the outer membrane of the cell, chaperoned by HSPGs or in exosomes (Fuerer et 
al., 2010; Gross et al., 2012) (see Section 1.2.2.1) mean that WNT mRNA expression 
may fluctuate over time while WNT protein levels remain relatively constant. 
Nonetheless, this data does suggest that WNT5A and WNT5B appear to be the most 
widely expressed WNT ligands, with WNT5A particularly in the melanoma cells. This 
is in concurrence with the well described role for WNT5A in a number of tumourigenic 
properties in melanoma (Weeraratna et al., 2002; Webster et al., 2015b; Asem et al., 
2016) (see Section 1.2.2.7).  

However, this expression data contains limitations that must be considered. Firstly, 
these are in vitro cell lines, so the expression of the WNT receptors and ligands may 
be quite different when exposed to other cell types or mixtures of molecules seen in 
an in vivo setting. The tumour microenvironment is known to have a considerable 
impact on WNT signalling (Macheda and Stacker, 2008; Luga et al., 2012). 
Nonetheless, for the purpose of identifying cell lines that may require RYK signalling 
for a tumourigenic property in vitro this data is a useful guide. Another limiting factor is 
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that gene expression data represents mRNA levels and not protein expression or 
further the evaluation of the activity of the expressed protein. It is known that mRNA 
level does not always correlate with the expression or activity levels of the encoded 
protein (Greenbaum et al., 2003; Tian et al., 2004). A number of factors regulate not 
only the translation of a mRNA but the activity of a protein once it has been translated, 
including its half-life and any post-translational modifications (Baker and Coller, 2006; 
Deribe et al., 2010). This is particularly relevant for RYK as it is known to be post-
translationally modified by glycosylation and proteolysis (Lyu et al., 2008; Lyu et al., 
2009; Halford et al., 2015; Reynaud et al., 2015; Chang et al., 2017) (see Section 
1.4.2.5), however, the biological relevance of these modifications is not fully 
understood. Further, RTKs are frequently phosphorylated to induce their kinase activity 
or facilitate their scaffolding functions (see Section 1.2.1.1) and therefore there is 
potential that RYK may also require phosphorylation to become active. Indeed, RYK 
has been shown to be phosphorylated when co-expressed with EphB2, EphB3 
(Halford et al., 2000) or SRC64B (Wouda et al., 2008) and dephosphorylated by 
treatment with Imatinib mesylate (Gobin et al., 2014). However, this gene expression 
data does provide a valuable, cost-effective and broad screening approach to identify 
cancers and cancer cell lines that have the potential to harbour RYK signalling and 
depend on RYK from a tumourigenic process.  

3.3.2 A subset of human cancer cell lines show reduced viability 
following RYK or WNT5A siRNA knockdown 
To determine which of these cancer cell lines required RYK signalling for their viability 
siRNA knockdown of RYK was utilised. The optimisation of siRNA transfection ensured 
greater than 80% of RYK mRNA was being abolished (Figure 3.4). However, the ~15% 
of RYK mRNA that remain may still produce a biologically-significant amount of RYK 
protein. Long protein half-lives ensure that the levels of a protein remain high well after 
mRNA levels have substantially decreased, consequently, a reduction in mRNA does 
not always guarantee similar or even comparable decrease in protein expression (Wu 
et al., 2004). Unfortunately, the half-life of RYK is unknown but steps were taken to 
assess and decrease the effect of this potential limitation. The viability assays in Figure 
3.5 were performed five to six days following siRNA transfection, despite mRNA levels 
dropping 24-48 h after transfection. This length of time was chosen to ensure maximum 
time for RYK protein levels to be downregulated and a phenotypic response to occur. 
Further, upon generation of the chicken anti-RYKEC antibody, immunohistochemistry 
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analyses demonstrated significant reduction of RYK protein levels in A375 cells 
transfected with a RYK siRNA relative to a negative control siRNA (Figure 3.14). 
However, the possibility remains that even a small amount of RYK protein present can 
give a biological effect that could dampen, or even mask, phenotypic effects of siRNA 
treatment. 

The viability of the potentially RYK-dependent human tumour cells was assessed after 
RYK siRNA knockdown as WNT5A signalling has previously been shown to be 
required for viability-affecting cellular processes such as proliferation and apoptosis 
(Asem et al., 2016) (see Section 1.2.2.7). Therefore, the possibility existed that RYK 
would transmit these WNT5A signals. The PrestoBlueTM Cell Viability assay was 
selected as the readout for the viability of the cells because of its sensitivity and non-
toxic nature (Xu et al., 2015). The discovery that RYK knockdown compromises the 
viability of human cancer cell lines from multiple tumour types raises the prospect that 
RYK signalling may be tumour-promoting in a range of human cancer cells in vitro. 
The possibility remains that this reduction could be greater if the RYK mRNA could be 
reduced below the 10-20% mark we achieved using the RYK siRNAs. Interestingly, 
WNT5A knockdown reduced the viability of these four lines to a greater extent than 
RYK knockdown, which suggests other WNT receptors may also be involved in 
WNT5A signal transmission. This is consistent with studies showing that these lines 
are also sensitive to loss of other WNT receptors, including PTK7, ROR1, ROR and 
multiple FZDs (Speers et al., 2009; Yang et al., 2011; Anastas et al., 2014; Henry et 
al., 2015; Shojima et al., 2015). This demonstrates the potential complexity of WNT 
signalling in these cells, with the expression of multiple WNT ligands (see Figures 3.2 
and 3.3) and their potential sensitivity to loss of multiple WNT receptors suggesting a 
network of WNT ligand/receptor interactions. In agreement with WNT5A-dependence, 
OVCAR3 expresses the ligand as does A375 (Figure 3.12). Further, the BRAFi-
resistant version A375R has increased expression of WNT5A (Ramsdale et al., 2015). 
Interestingly, the CCLE data in Figure 3.12 suggests that A549 and MDA-MB-231 both 
express very little to no WNT5A mRNA in contrast to their susceptibility to its loss. Both 
these lines express WNT5B and with high sequence homology between WNT5A and 
WNT5B (Kessenbrock et al., 2017) it is possible that there is an off-target effect of the 
WNT5A siRNA to downregulate WNT5B and this generates the phenotypic response. 
To this point WNT5B is also a known RYK ligand (Lin et al., 2010) (Figure 1.4). 
However, another scenario is a consequence of having two distinct WNT5A isoforms 
present in tumour cells (Bauer et al., 2013). They produce two different mRNA 
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transcripts and often display opposite expression patterns, with one or the other 
overexpressed in a tumour (Bauer et al., 2013). It is possible that the CCLE RNA-
sequencing data may only recognise one of these isoforms as WNT5A and therefore 
while the other isoform may be expressed it is not recognised as WNT5A.  

To give validity to the siRNA findings in this Thesis, WNT5A is known to promote 
proliferation or inhibit apoptosis in A549 cells (Shojima et al., 2015; Yang et al., 2016b) 
and in MDA-MB-231 cells WNT5A has been shown to be crucial for other cellular 
processes including migration and invasion (Prasad et al., 2016). The loss of viability 
in A549 cells as a result of LGK974-mediated inhibition of autocrine WNTs (Figure 
3.8), confirms the reliance of these cells on WNT signalling  

The finding that a number of human tumour cell lines with substantial expression of 
RYK are not sensitive to RYK siRNA knockdown demonstrates that despite almost 
ubiquitous expression of RYK in cancer cells only a subset is in fact RYK-dependent. 
Furthermore, RYK siRNA knockdown increased the growth of PC3 prostate cancer 
cells suggesting that RYK may act as a suppressor of tumour growth in some contexts. 
WNT5A is known to inhibit proliferation and increase apoptosis of prostate cancer cells 
including PC3 cells (Thiele et al., 2015; Ren et al., 2019), which suggests that RYK 
may transmit WNT5A signals in these anti-tumour functions. However, it is not known 
which autocrine WNT ligand these cells are responding to in vitro. In an in vivo setting 
it remains unknown whether the resulting tumours would become more sensitive to 
loss of RYK if a different WNT ligand secreted by the tumour microenvironment was 
stimulating the tumour in a paracrine fashion. Therefore, the identification of 
biomarkers to determine human cancers and cancer cells where RYK is playing a pro- 
or anti-tumour function would be highly beneficial.  

While these siRNA studies have identified four cancer cell lines reliant upon RYK for 
their viability, the potential for off-target effects need to be considered. Sequence-
independent off-target effects have been described through a number of mechanisms 
including interfering with endogenous microRNA machinery (Khan et al., 2009; 
Sigoillot and King, 2011). To mitigate this possibility our assays were controlled using 
a negative control siRNA to replicate any sequence-independent off-target effects. 
However, sequence-specific off-target effects are another consideration when using 
siRNAs (Sigoillot and King, 2011). siRNAs can act like microRNAs and interact with a 
number of mRNAs in their 3’ untranslated region that show partial complementarity 
(Doench et al., 2003; Jackson et al., 2003; Birmingham et al., 2006). Consequently, 
siRNAs can downregulate the expression of multiple off-target genes. As a result, 
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another genetic tool, such as CRISPR/Cas9, is required to properly validate the RYK-
dependency of the cell lines identified via the siRNA experiments. 

3.3.3 Establishment of inducible CRISPR/Cas9 knockout of RYK in 
human tumour cells 
When establishing an inducible CRISPR/Cas9 system, validation experiments of a 
number of parameters are paramount. Firstly, we confirmed that the doxycycline-
induced Cas9 is significantly expressed after only two days of doxycycline-treatment 
and the leakage of Cas9 expression without doxycycline is very low (Figure 3.9A). To 
assess the editing efficiency of the system, a guide RNA targeting the AAVS1 locus 
was introduced and the frequency of indel mutations assessed. The genomic cleavage 
was evaluated by Sanger sequencing of a PCR product generated from gDNA of 
doxycycline-treated cells that encompass the cleavage site at the AAVS1 locus. This 
method was chosen at it is one of the more sensitive techniques to assess 
CRISPR/Cas9-induced indel frequency (Zischewski et al., 2017). The indel frequency 
of 68% observed after two days of doxycycline-treatment and 74% after four days is 
greater than that observed by others using the same inducible CRISPR/Cas9 system 
in CML KMB7 cells (Wang et al., 2014b). This could be partly due to the increased 
sensitivity of the Sanger sequencing method compared to the SURVEYOR mutation 
detection assays used by Wang and colleagues (Zischewski et al., 2017). Whether this 
editing efficiency is also cell-line specific is another consideration and suggests this 
analysis should be performed for each cell line the inducible CRISPR/Cas9 system is 
used in. However, the substantial reduction of RYK mRNA seen in both A375R and 
A549 cells containing RYK guide RNAs following doxycycline-treatment (Figure 3.10) 
demonstrates the effectiveness of this system in each line. Another advantage of this 
inducible CRISPR/Cas9 system is the lack of mRNA reduction seen when no 
doxycycline is added to the cells (Figure 3.9C and Figure 3.10). This allows the addition 
of doxycycline to act as an absolute switch to induce RYK knockout providing flexibility 
during these studies. The use of tetracycline-free FBS when culturing cells transduced 
with the doxycycline-induced Cas9 lentivector, pCW-Cas9, is pivotal to achieving this 
attenuation of expression leakage (see Section 2.3.1). Importantly though, a 
substantial amount of RYK mRNA remains even after RYK knockout is induced (Figure 
3.10). Consequently, any remaining RYK protein may hide or diminish phenotypic 
effects induced by this loss of RYK as discussed in Section 3.3.2 with the siRNA 
studies. 



 129 

3.3.4 Inducible CRISPR/Cas9 knockout of RYK also impacts on the 
viability of A549, MDA-MB-231 and A375R cells 
The CRISPR/Cas9-mediated inactivation of RYK in A549, A375R and MDA-MB-231 
cells significantly reduced the viability of these three lines, replicating the effect seen 
with the RYK siRNAs in these cells. The major discovery from the siRNA and the 
CRISPR/Cas9 experiments is the establishment of four RYK-dependent in vitro tumour 
models from four different tissues of origin whose viability is sensitive to genetic loss 
of RYK. This identification was critical to facilitate the exploration of RYK in cancer in 
this Thesis but also provides models by which others can extend on the work presented 
throughout this Thesis. Unfortunately, we were unable to get an adequate reduction of 
RYK mRNA when this CRISPR/Cas9 technology was introduced into OVCAR3 cells. 
Therefore, this system would require further optimisation including perhaps the 
evaluation of new RYK guide RNAs to be able to perform this CRISPR/Cas9 analysis 
in the OVCAR3 cell line. However, the siRNA experiments demonstrated a 
susceptibility of this cell line to RYK knockdown too. 

In both the siRNA and CRISPR studies, identifying cancer cells where RYK was 
required for their viability was the focus. Future investigations should examine whether 
RYK is also required for the migration and/or invasion of cancer cells. As discussed in 
Section 3.1 the developmental functions of RYK in regulating cell polarity and 
movement (Lin et al., 2010; Macheda et al., 2012) suggest a potential role for 
dysregulation of RYK signalling leading to aberrant cancer cell migration or invasion. 
Further, WNT signalling, particularly WNT5A, is implicated in oncogenic cellular 
migration and invasion in vitro and metastasis in vivo, including notably in melanoma 
(Asem et al., 2016). Interestingly, WNT5A is known to regulate the migration or 
invasion of the cancer cells demonstrated in this Thesis to harbour biologically-relevant 
RYK signalling. WNT5A promotes the migration or invasion of A549 (Wang et al., 
2017a) and OVCAR3 (Henry et al., 2015) cells, while inhibiting migration and invasion 
in MDA-MB-231 cells (Prasad et al., 2016).  

3.3.5 Generation of a novel chicken antibody to the extracellular 
region of RYK 
The frequent use of unvalidated, poor quality antibodies in research is a key contributor 
to the inability of the biomedical research community to reproduce findings (Baker, 
2015b; Baker, 2015a). In many cases, the absence of appropriate negative controls 
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during antibody validation results in the distribution of low-quality antibodies (Olds and 
Li, 2016). Typically, commercial antibodies are considered ‘specific’ if they detect their 
target protein in Western blot or immunohistochemistry analysis, even without the use 
of a negative control to ensure this signal is abolished when the target protein is 
suppressed (Olds and Li, 2016). Consequently, many antibodies may detect their 
target protein but also show considerable non-specific activity, which often confounds 
experimental analysis. Over the past two decades our laboratory has drawn similar 
conclusions about the RYK antibodies that are available for commercial use after 
extensive interrogation. Another issue with RYK antibodies is that they are often 
evaluated by their ability to detect overexpressed levels of RYK but not endogenous 
levels and consequently, do not have the sensitivity and/or specificity required to detect 
RYK present in non-artificial biological settings. 

This low affinity is hypothesised to be due to the poor immunogenicity of RYK (Halford 
et al., 2015). As a result, we generated chicken polyclonal antibodies to the 
extracellular region of RYK to utilise the evolutionary distance between human RYK 
and chicken RYK proteins. Indeed, others have demonstrated the utility of chickens as 
a host to generate antibodies to antigens that are poorly immunogenic in mammals 
due to their high conservation (Gassmann et al., 1990). We successfully validated our 
chicken anti-RYKEC in immunohistochemistry by demonstrating its ability to specifically 
detect overexpressed RYK (Figure 3.14A) as well as endogenous RYK and the 
abolition of this signal upon RYK siRNA knockdown (Figure 3.14B).  

Further validation of this antibody should be undertaken to assess its effectiveness in 
additional assays such as Western blot, flow cytometry and immunoprecipitation 
analyses. A limitation of this antibody that must be considered is that it recognises only 
the extracellular region of RYK. We know that RYK undergoes proteolysis, resulting in 
the shedding of the intracellular region of RYK into the cytoplasm where it can be 
functionally-relevant and translocate to the nucleus (Lyu et al., 2009; Halford et al., 
2013) (see Section 1.4.2.5). Therefore, this antibody will not detect the cleaved 
intracellular region. The generation and validation of an antibody to the intracellular 
region of RYK would fill this void and when used in conjunction with this chicken anti-
RYKEC would allow investigators to determine whether the detected RYK is full-length, 
or is just the cleaved extracellular or intracellular region. This would provide valuable 
insight into whether RYK proteolysis is required for its signalling in this context.  
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3.3.6 RYK expression is upregulated in human NSCLC and is 
inversely correlated with tumour grade in breast cancer 
The novel chicken anti-RYKEC antiserum was utilised to evaluate the extent of RYK 
expression in primary tumours from patients with NSCLC and breast cancer. This 
included identifying any patterns between RYK expression and known clinical or 
biological parameters. In parallel with the finding that RYK mRNA was upregulated in 
lung SCC relative to normal lung tissue in the TCGA data (see Figure 3.1), the 
immunohistochemical analysis identified a subset of NSCLC human tumours that 
showed upregulated RYK protein levels compared to normal adjacent lung tissue, 
albeit with no difference between the two major NSCLC subtypes: adenocarcinoma 
and squamous cell carcinoma (Figure 13.5A&B). Primary tumours from patients with 
breast cancer also displayed significant RYK expression in concordance with 
significant levels of RYK mRNA expression seen in human tumour cell lines of breast 
origin in the CCLE data (Figure 3.2). Obtaining samples of breast tumours and 
matched normal tissue would provide an ability to assess whether RYK is expressed 
in a subset of breast tumours as seen with NSCLC. Comparing the tumours that did 
and did not display overexpression of RYK would provide insight into a potential 
biomarker for RYK upregulation which would facilitate further understanding of which 
tumour contexts RYK signalling may be relevant in. 

The discovery that RYK expression decreases as breast tumour grade increases is of 
potential importance. The higher the grade the more aggressive the breast tumour is 
and the worse the prognosis. Therefore, this data suggests that as tumours become 
more aggressive RYK expression may be reduced. RYK expression was also found to 
be enhanced in breast tumours of the luminal subtype compared to HER2 and basal 
subtypes. Luminal breast tumours are further split into luminal A and luminal B types, 
where patients with luminal A breast cancer have a better prognosis and lower risk of 
recurrence among any of the subtypes (Voduc et al., 2010). Consequently, RYK being 
expressed higher in the luminal subtype comparatively, which include the less 
aggressive tumours may also suggest an inverse correlation between RYK expression 
and the invasiveness of breast tumours. However, it must be noted that this data is 
limited and, while it demonstrates some promising trends worth further investigation, a 
larger interrogation of RYK expression and these clinical parameters using a higher 
number of patient samples would increase the statistical power of the study and 
facilitate statistically-backed conclusions. Unfortunately, the patient data was limited 
for the NSCLC tumour samples, but future investigations assessing correlations 
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between RYK expression and the lung cancer stage or whether the tumour has 
metastasised, would complement the discoveries of trends made above. Obtaining 
human tumour tissue from patients with ovarian cancer and melanoma or other cancer 
types would enlarge this analysis and provide a means to ascertain whether the 
overexpression of RYK is statistically significant for a subset of other tumours in 
addition to NSCLC and whether the trend for RYK expression to decrease as tumours 
become more aggressive is seen in a variety of tumour types. 

In addition to the epithelial tumour cells, RYK staining was also seen on a number of 
blood vessels in both NSCLC and breast tumours (Figure 3.15C and 3.16D). This 
raises the prospect that RYK may modulate an oncogenic characteristic of the tumour 
microenvironment as well as the tumour cells themselves. A previous study has 
demonstrated a role for RYK in regulating endothelial cell permeability (Skaria et al., 
2017) and thus further investigation into a potentially pro- or anti-tumour role for RYK 
on blood vessels could broaden the scope of RYK in cancer. 

The finding that immune cells and red blood cells were stained by both the chicken IgY 
control and chicken anti-RYK antibodies led to the conclusion that this novel antibody 
cannot be used to examine RYK expression in blood and immune cells. Furthermore, 
while RYK plays a role in the self-renewal capabilities of haematopoietic stem cells 
(Povinelli et al., 2015; Famili et al., 2016), a recent study found the RYK had extremely 
low expression levels, if expressed at all, in normal lymphocytes, monocytes and 
granulocytes (Alvarez-Zavala et al., 2016). This suggests that RYK may indeed not be 
expressed on these immune cells. However, the generation of another anti-RYK 
antibody, perhaps to the intracellular region of RYK (as mentioned in Section 3.3.5) 
would provide a means by which to properly examine this. 

Lastly, interrogating the expression of different WNT ligands in tumours expressing 
RYK may expedite elucidation of which specific WNTs drive RYK signalling in a cancer 
context. Immunohistochemical staining of the NSCLC and breast cancer tissue 
microarrays used above with antibodies to a variety of WNT ligands would facilitate 
the identification of expression crossover between RYK and specific WNTs. 

3.4 Conclusion 
This study used a set of criteria, including a bioinformatic analysis of publicly available 
databases to identify multiple human tumours and human tumour cell lines that had 
the potential to harbour biologically-relevant RYK signalling. Interrogation of these cell 
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lines through inhibitory RNAi, facilitated discovery of cancer cell lines from four different 
tumour types whose viability was dependent on expression of RYK. Inducible 
CRISPR/Cas9 knockout of RYK was then used to confirm that genetic loss of RYK 
significantly decreased the viability in three of these cell lines. Therefore, these 
experiments demonstrated that RYK is involved in maintaining the viability of a subset 
of in vitro human tumour cells and four cell lines were established as RYK-dependent 
in vitro cancer models that were utilised to further interrogate the role of RYK in cancer. 

In addition, a novel chicken anti-RYKEC antiserum was generated and validated for use 
in immunohistochemistry. The production of this antibody is valuable for investigations 
into RYK signalling not only in the cancer context but also in physiological conditions 
or in other pathologies. The chicken anti-RYKEC antibody was then utilised to 
demonstrated an upregulation of RYK in a subset of tumour samples from NSCLC 
patients relative to matched normal tissue samples. RYK was also expressed in a 
subset of tumour samples from breast cancer patients with a trend suggesting RYK 
expression is decreased in the higher grade tumours which is consistent with findings 
described later in this Thesis that loss of RYK signalling promotes EMT and potentially 
metastasis (see Sections 4.2.6 - 4.2.8). Blood vessels in both the NSCLC and breast 
cancer samples showed significant staining of RYK. Consequently, we showed the 
clinical relevance of RYK signalling, with RYK present in a number of patient tumours. 
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Figure 3.1 RYK and WNT5A are upregulated in lung SCC and glioblastoma.  

Graphical depiction of the gene expression of RYK and WNT5A from RNA-sequencing 
data obtained from The Cancer Genome Atlas (TCGA) database (Cancer Genome 
Atlas Research Network, 2008; Cancer Genome Atlas Research Network, 2012). RYK 
and WNT5A are upregulated in A) lung SCC tumours compared to normal lung tissue 
and B) in glioblastoma tumours relative to normal brain tissue. The lung SCC cohort 
contains 51 normal tissue samples and 502 primary tumour samples. The glioblastoma 
cohort contains 6 normal tissue samples and 154 primary tumour samples. RNA-

sequencing values are in log2(RSEM+1) form. Error bars represent ± SEM.  
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Figure 3.2 Expression of WNT receptors and ligands in NCI-60 cancer cell 
lines 

Heatmap depicting the gene expression of the WNT-binding RTKs, FZDs and WNT 
ligands in the NCI-60 cell lines from RNA-sequencing data obtained from the Cancer 
Cell Line Encyclopedia (CCLE) database. The NCI-60 are 60 human tumour cell lines 
used by the National Cancer Institute for drug screening. Each column represents a 
gene with the names on top of each column. Each row represents a cell line ordered 
by their tumour of origin with their names labelled on the left of the heatmap. Gene 
expression values are displayed in log2(TPM+1) form with the colour key shown below 
the heatmap demonstrating the value each colour represents. In short, dark red 
indicates the highest expression, while dark blue the lowest expression. The cell lines 
bolded represent those evaluated for susceptibility to RYK siRNA knockdown in 
Figures 3.5 and 3.6. A yellow background has been used for three cell lines that are 
identified in Figure 3.5 as sensitive to RYK siRNA knockdown. 
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Figure 3.3 Expression of WNT receptors and ligands in melanoma cell lines 

Heatmap depicting the gene expression of the WNT-binding RTKs, FZDs and WNT 
ligands in melanoma cell lines from RNA-sequencing data obtained from the CCLE 
database. Each column represents a gene with the names on top of the column. Each 
row represents a cell line with their names labelled on the left of the heatmap. Gene 
expression values are displayed in log2(TPM+1) form with the colour key shown below 
the heatmap demonstrating the value each colour represents. In short, dark red 
indicates the highest expression, while dark blue the lowest expression. The cell lines 
bolded represent those evaluated for susceptibility to RYK siRNA knockdown in 
Figures 3.5 and 3.6. A yellow background has been used for the A375 cell line, whose 
paired BRAFi-resistant line (A375R) was identified in Figure 3.5 as sensitive to RYK 
siRNA knockdown. 
  



 139 

 
 

Figure 3.4 RYK and WNT5A siRNAs significantly reduce expression of their 
respective targets in A375 human melanoma cells 

A) Quantification of RYK mRNA in A375 cells five days following transfection with two 
independent RYK siRNAs (red). B) Quantification of WNT5A mRNA in A375R cells 
five days following transfection with two independent WNT5A siRNAs (blue). The level 
of RYK and WNT5A expression was normalised to the expression of the respective 
gene in A375R cells transfected with a negative control siRNA (black). C, D) Western 
blots demonstrating the expression of WNT5A in cells transfected with one of two 
individual WNT5A siRNAs or a negative control siRNA in RPMI7951 and A375 cells 
respectively. An anti-GAPDH was used to detect GAPDH protein levels as a loading 
control.  Error bars represent ± SEM (n=3). The SEM for the technical replicates 
compromising the negative control data in A & B was 4-10%.  
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Figure 3.5 RYK siRNA knockdown reduces the viability of a variety of cancer 
cell lines 

Quantification of the viability of cancer cell lines five to six days following transfection 
with two individual RYK siRNAs (red) normalised to the viability of the same cell line 
transfected with a negative control siRNA (black). The viability assay was performed 
using the PrestoBlueTM Cell Viability Reagent (see Section 2.15). A) A549 NSCLC 
cells; B) MDA-MB-231 breast cancer cells; C) OVCAR3 ovarian cancer cells; and D) 
A375R BRAFi-resistant melanoma cells all showed compromised viability upon loss of 

RYK. Error bars represent ± SEM (n=3). The SEM for the technical replicates 
compromising the negative control data in A-D was 2-12%.  
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Figure 3.6 High RYK expression does not guarantee susceptibility to RYK 
siRNA knockdown 

Quantification of the viability of cancer cell lines that are not sensitive to loss of RYK 
expression five to six days following transfection with two individual RYK siRNAs (red) 
normalised to the viability of the same cell line transfected with a negative control 
siRNA (black). The viability assay was performed using the PrestoBlueTM Cell Viability 
Reagent (see Section 2.15). A) LOXIMVI melanoma cells; B) RPMI7951 melanoma 
cells; C) T47D breast cancer cells; and D) PC3 prostate cancer cells showed no loss 
of viability upon RYK knockdown. Error bars represent ± SEM (n=2). 
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Figure 3.7 Knockdown of the RYK ligand WNT5A, also reduces the viability 
of RYK-dependent cancer cells 

Quantification of the viability of the RYK-dependent cancer cell lines from Figure 3.5 
five to six days following transfection with two individual WNT5A siRNAs (blue) 
normalised to the viability of the same cell line transfected with a negative control 
siRNA (black). The viability assay was performed using the PrestoBlue™ Cell Viability 
Reagent (see Section 2.15). A) A549 NSCLC cells; B) MDA-MB-231 breast cancer 
cells; C) OVCAR3 ovarian cancer cells; and D) A375R BRAFi-resistant melanoma cells 

all showed susceptibility to loss of WNT5A. Error bars represent ± SEM (n=3). The 
SEM for the technical replicates compromising the negative control data in A-D was 2-
12%.  
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Figure 3.8 The RYK-dependent A549 cell line is sensitive to protein inhibition 
of autocrine WNT signalling 

Dose-response curve demonstrating the quantification of the viability of A549 cells 
after five days of treatment with the porcupine-inhibitor LGK974 normalised to the 
viability of A549 cells following treatment with matched volumes of DMSO. Error bars 

represent ± SEM (n=2). 
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Figure 3.9 Establishment of an inducible CRISPR/Cas9 system in A375R 
melanoma and A549 NSCLC cells 

A) Western blot demonstrating the expression of FLAG.Cas9 in A375R/pCW-Cas9 
cells at multiple time points following induction with doxycycline treatment. An anti-
FLAG antibody was utilised to detect FLAG.Cas9 and anti-GAPDH was used to detect 
GAPDH protein levels as a loading control. B) Quantification of the indel frequency 
within the AAVS1 locus in A375R/pCW-Cas9/pLX-sgAAVS1 cells at multiple 
timepoints following induction with doxycycline. The indel frequency was determined 
from Sanger sequencing data using TIDE software (see Section 2.9). C) Quantification 
of RYK mRNA expression in A549/pCW-Cas9/pLX-sgRYK1 NSCLC cells at multiple 
timepoints following doxycycline induction. The expression of RYK was normalised to 
A549/pCW-Cas9 cells with no guide RNA. Error bars represent ± SEM (n=2). Dox, 
doxycycline; dpi, day(s) post induction with doxycycline; indel, insertion or deletion. 
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Figure 3.10 Validating the inducible CRISPR/Cas9-mediated loss of RYK 
expression in RYK-dependent cancer cells 

Quantitation of RT-qPCR assays for RYK mRNA expression in A) A549 and C) A375R 
cells five to six days following doxycycline-induced CRISPR/Cas9-mediated gene 
knockout of RYK. The expression of RYK in cells containing either of the two individual 
RYK guide RNAs (red) was normalised to the respective cell line with no guide RNA 
(black). Also shown is RYK expression in each cell line transduced with sgRYK1 but 

without doxycycline-stimulation (grey). Error bars represent ± SEM (n=2). The SEM for 
the technical replicates compromising the negative control data in A-B was 1-5%.  
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Figure 3.11 Inducible CRISPR/Cas9-mediated loss of RYK reduces viability 
of A549, MDA-MB-231 and A375R cells 

Quantitation of cell viability assays on A) A549, B) MDA-MB-231 and C) A375R cells 
at three and six or seven days following induction of CRISPR/Cas9-mediated RYK 
knockout with doxycycline. The viability of cells containing two independent RYK guide 
RNAs (sgRYK1 and sgRYK2, red) normalised to cells expressing a negative control 

guide RNA (sgAAVS1, black) and are shown. Error bars represent ± SEM (n=3). The 
SEM for the technical replicates compromising the negative control data in A-C was 3-
11%. 
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Figure 3.12 Expression of WNT receptors and ligands in the established RYK-
dependent in vitro tumour models 

Heatmap depicting the gene expression of the WNT-binding RTKs, FZDs and WNT 
ligands in the RYK-dependent human tumour cell lines established in this Thesis. The 
RNA-sequencing data was obtained from the Cancer Cell Line Encyclopedia (CCLE) 
database and this data is the same as displayed in Figures 3.2 and 3.3. Each column 
represents a gene with the names on top of each column. Each row represents a cell 
line ordered by their tumour of origin with their names labelled on the left of the 
heatmap. Gene expression values are displayed in log2(TPM+1) form with the colour 
key shown below the heatmap demonstrating the value each colour represents. In 
short, dark red indicates the highest expression, while dark blue the lowest expression. 
Importantly, A375 is the parental, BRAFi-sensitive form of this cell line and not the 
BRAFi-resistant A375R form used in this Thesis. 
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Figure 3.13 Generation of a chicken anti-RYKEC polyclonal IgY antiserum 

Schematic diagram illustrating the production of a chicken polyclonal IgY antiserum to 
the extracellular region of RYK. The antigen RYKEC.TST (the entire extracellular region 
of RYK fused to a Twin-Strep-Tag®) was used to immunise chickens every two weeks 
for a total of eight weeks. Eggs were collected and IgY was extracted from the egg yolk 
by ammonium sulphate precipitation as described previously (Wu et al., 2003). Affinity 
purification using RYK-Fc (the extracellular region of RYK fused to the Fc portion of a 
human Ig) was performed to purify anti-RYKEC antibodies from total IgY. This purified 
antiserum was received and separated by SDS-PAGE under reducing conditions and 
the resulting protein gel stained with Coomassie dye. 
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Figure 3.14 Chicken anti-RYKEC detects overexpressed and endogenous RYK 
by immunohistochemistry 

Images of the immunohistochemistry analysis using the chicken anti-RYKEC showing 
detection of A) overexpressed RYK in HEK293T cells and B) endogenous RYK in 
A375 cells. The bottom left of each panel indicates the antibody used, anti-RYKEC in 
all images except the top right panel where a control IgY antibody is used. The bottom 
right of each panel details the overexpression or siRNA context of the stained cells.   
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Figure 3.15 Upregulation of RYK in a subset of NSCLC patient samples  

Representative images of immunohistochemistical staining of a tissue microarray 
containing NSCLC patient tumours and matched adjacent normal lung tissue samples 
(labelled as ‘tumour’ or ‘normal tissue’ respectively in bottom right of each panel. The 
antibody used is noted in the bottom left of each panel. A) Images illustrating RYK 
staining on tumour cells (T) in NSCLC samples. B) Graphical representation of the 
scoring of RYK expression in adenocarcinoma and squamous cell carcinoma (SCC) 
tumours. Each dot represents one tumour scored. C) Images illustrating RYK staining 
on blood vessels (BV) within the tumour microenvironment in NSCLC samples. 
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Figure 3.16 RYK is expressed in primary human breast tumours and is 
inversely correlated with breast tumour grade 

Immunohistochemistical staining using the chicken anti-RYKEC on a tissue microarray 
containing samples of primary human breast tumours. The antibody used is noted in 
the bottom left of each panel. A) Representative images illustrating staining of RYK on 
tumour cells (T) in breast cancer samples. Graphical representations of the scoring of 
RYK expression based on B) tumour subtype, where the luminal subtype has the 
highest expression and C) tumour grade where there is a trend of lower RYK 
expression as the grade increases. D) Representative images illustrating staining of 
RYK on blood vessels (BV) within the tumour microenvironment of breast cancer 
samples.  
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Chapter 4  

Evaluating the efficacy of  

targeting RYK signalling in cancer 
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4.1 Introduction 
With the discovery, in Chapter 3 of this thesis, that RYK plays a tumour-promoting role, 
we sought to evaluate the efficacy of therapeutically targeting RYK signalling in cancer 
and to provide some mechanistic insight into this pro-tumourigenic role. Efforts to 
target RTKs have resulted in significant effects on oncogenic properties, with a number 
of therapeutics blocking RTK signalling used clinically for the treatment of cancer and 
other pathologies (Lemmon and Schlessinger, 2010; Yamaoka et al., 2018). Three 
types of inhibitors have commonly been used to target RTKs: inhibitory monoclonal 
antibodies to either the receptor or ligand, blocking their interaction (see Section 
1.3.3.1); ligand traps which potentially bind multiple ligands and prevent them from 
stimulating their respective RTKs (see Section 1.3.3.2); and small molecule tyrosine 
kinase inhibitors which inhibit the kinase activity of RTK intracellular domains generally 
as ATP analogues (see Section 1.3.2.3). Therapeutically targeting WNT signalling has 
traditionally proven difficult despite numerous efforts, however, more recent success 
has been seen with a number of WNT inhibitors now in clinical trials for the treatment 
of various human cancers (Anastas and Moon, 2013; Harb et al., 2019) (see Section 
1.3.4) (Table 1.1, Figure 1.5). A variety of methods have been employed to target WNT 

signalling including small molecule-mediated inhibition of b-catenin transcription factor 

complexes or promotion of b-catenin degradation (see Sections 1.3.4.1 and 1.3.4.4) 
and porcupine inhibitors which block the secretion of active WNT ligands (see Section 
1.3.4.2). One of the more promising recent approaches to WNT therapeutic targeting 
is the inhibition of WNT ligand/receptor interactions through monoclonal antibodies and 
ligand traps (see Section 1.3.4.3). For example, an anti-FZD antibody, vantictumab 
(Smith et al., 2013; Mita et al., 2016) and a FZD8-Fc ligand trap, ipafricept (Jimeno et 
al., 2017) are both in clinical trials. 

Being a receptor at the interface of the WNT and RTK families, RYK does present as 
a potentially fruitful therapeutic target. However, the most appropriate way in which to 
target RYK signalling remains an open question due to the poorly characterised nature 
of RYK signalling mechanisms (see Section 1.4.2). With RYK being a pseudokinase 
(see Section 1.4.1.1), the conventional understanding of RTKs and SMKI-inhibition 
makes SMKIs ineffective. However, antibodies and ligand-traps that interrupt 
RYK/WNT interactions could be valuable agents to block the transmission of WNT 
signals through RYK. Indeed, finite inhibitory antisera to the ligand-binding 
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extracellular region of RYK have previously been shown to aid the recovery after spinal 
cord injury in mice (Liu et al., 2008; Hollis et al., 2016) and the attenuation of 
neuropathic pain in rats (Liu et al., 2015c). 

A fully human inhibitory monoclonal antibody to RYK (RWD1), was previously 
generated within our laboratory, via a phage display screen (Halford et al., 2013). 
RWD1 binds to the WIF domain of RYK and is capable of inhibiting RYK/WNT 
interactions (Figure 4.1). Thus, RWD1 provides a means to specifically inhibit 
RYK/WNT signalling, allowing the exploration of therapeutic intervention in pathologies 
dependent upon RYK signalling. Furthermore, its fully human characteristics allow it to 
be used in humans without initiating an immune response. Another RYK/WNT inhibitor 
generated within our laboratory is a soluble ligand trap containing the WNT-binding 
extracellular region of RYK fused to a human Ig constant region (RYK-Fc) (Figure 4.1). 
Therefore, RYK-Fc can potentially bind multiple different WNT ligands preventing them 
from binding multiple cell-surface WNT receptors including RYK. Thus, RYK-Fc may 
function as a broader WNT signalling inhibitor. This predicted promiscuity increases 
the scope where RYK-Fc may demonstrate an effect, however it may also raise 
concerns over possible toxicity. Importantly, RYK-Fc has previously been shown to 
inhibit a WNT5A-driven increase in dopaminergic axon neurite length (Blakely et al., 
2011). 

While these inhibitors have been generated and in the case of RYK-Fc even shown to 
harbour WNT-inhibitory activity, their production and activity have not been optimised 
or assessed relative to other WNT therapeutics. The main reason for this is the 
absence of assays to quantify RYK signalling. The neurite outgrowth assay utilised 
previously (Blakely et al., 2011) is tedious and requires a laboratory set up for 
neurological assays, which significantly limits its use. In addition, there are very few 
assays for b-catenin-independent WNT signalling more generally due to the complex 
cellular outcomes and lack of downstream readouts for this WNT-mediated signalling. 
A notable exception is the recently described green fluorescent protein (GFP) kinesin 
family member 26b (Kif26b) reporter assay (Karuna et al., 2018). This assay is based 
on the finding that WNT5A/Ror signalling was found to induce ubiquitin- and 
proteasome-dependent degradation of Kif26b (Susman et al., 2017). Consequently, 
the degradation of GFP-tagged Kif26b protein can be monitored as an indication of 
active WNT5A/Ror signalling. While, this assay is an undoubted useful tool for 
interrogating WNT5A and Ror family signalling, an assay dependent on RYK signalling 
remains to be generated. 
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While RYK signalling remains poorly characterised previous studies have shed some 
light onto potential mechanisms enabling RYK to modulate WNT signalling (see 
Section 1.4.2). In a highly context dependent manner, RYK can transmit signals 
through a number of WNT signalling pathways (Roy et al., 2018). RYK can positively 
or negatively modulate b-catenin-dependent signalling and also activate PCP, 

WNT/Ca2+ and potentially other b-catenin-independent pathways (see Section 1.4.2.1-
1.4.2.3). Because of the multitude of signalling permutations that are possible in each 
cell given the variety of WNT ligands, WNT receptors and WNT signalling pathways 
present, obtaining some insight into the specific signalling mechanisms behind the pro- 
or anti-tumourigenic functions of RYK in tumours is challenging but vital. This insight 
will increase our understanding of RYK signalling generally but also potentially provide 
alternative downstream therapeutic targets to facilitate appropriate modulation of this 
context-dependent RYK-mediated signalling. 

This Chapter describes the development of a novel bioassay for evaluating RYK/WNT 
signalling and the utilisation of this assay to optimise the expression, purification and 
inhibitory activity of our two RYK/WNT signalling inhibitors, RYK-Fc and RWD1. These 
inhibitors were then evaluated using the in vitro and in vivo tumour models identified 
in Chapter 3 as being dependent upon RYK signalling. Lastly, RNA-sequencing is 
performed to define potential RYK/WNT signalling mechanisms in these tumour 
models and suggests a potentially tumour-suppressive role for RYK signalling. 
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4.2 Results 

4.2.1 Generation of a novel RYK/WNT signalling bioassay 
Ensuring the RYK/WNT signalling inhibitors, RWD1 and RYK-Fc, could be purified in 
a biologically active form was critical prior to the evaluation of their efficacy in RYK-
dependent cancer models. However, a bioassay to facilitate the quantification of 
RYK/WNT signalling had to be established in order to evaluate the inhibitory activity of 
RWD1 and RYK-Fc. This bioassay needed to i) be responsive to WNT/RYK signalling 
in a mammalian setting; ii) give a quantifiable readout; iii) provide a means by which to 
directly inhibit both a WNT ligand and RYK; iv) and lastly be simple, reproducible and 
easily transferable to other researchers.  

WNT3A promotes osteoblastic differentiation in vitro (Fukuda et al., 2010) and a 
classical marker of osteoblastic differentiation is the production of alkaline 
phosphatase (AP) (Farley et al., 1991). WNT3A is known to induce AP production in a 
number of cells including the mouse calvarial pre-osteoblast MC3T3-E1 cell line 
(Chung et al., 2004; Ling et al., 2010). This WNT3A-induced AP production could be 
inhibited through overexpression of WNT signalling inhibitors including DKK1 (Rawadi 
et al., 2003). We exploited these findings to generate a WNT3A stimulated bioassay 
for RYK-Fc and RWD1. MC3T3-E1 cells are cultured with recombinant human (rh) 
WNT3A for 72 h before AP activity was then quantified via addition of an AP substrate, 
pNPP, which is converted to a soluble product in the presence of AP that can be 
measured spectrophotometrically (see Section 2.16). We demonstrated that culturing 
MC3T3-E1 cells with increasing concentrations of rhWNT3A resulted in a correlative 
increase in AP activity, with the activity curve giving a sigmoidal dose response curve 
(Figure 4.2A). rhWIF-1 was added to MC3T3-E1 cells with 10 ng/mL rhWNT3A to 
confirm the ability of a WNT-binding inhibitor to bind the rhWNT3A and consequently 
block WNT3A-induced AP activity (see Section 2.16). Increasing concentrations of 
rhWIF-1 led to the blockage of this WNT3A-induced AP activity, with rhWIF-1 
concentrations greater than 80 nM completely abolishing the WNT3A-mediated 
increase in AP activity (Figure 4.2B).  

The establishment of this assay ensured the activity of RYK-Fc could be evaluated 
through its ability to block WNT3A from interacting with potentially a range of WNT 
receptors expressed by these cells as seen with rhWIF-1 (Figure 4.2B). However, for 
the bioassay to evaluate the activity of RWD1 it had to be reliant on RYK-mediated 
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WNT signalling. To interrogate this, we transfected MC3T3-E1 cells with one of two 
mouse Ryk siRNAs or a negative control siRNA before treating these transfected cells 
with 10 ng/mL rhWNT3A and quantifying AP activity 72 h later. Interestingly, the 
siRNA-mediated knockdown of Ryk almost completely abolished the WNT3A-induced 
increase in AP activity (Figure 4.3). This demonstrated the requirement of Ryk for AP 
induction in MC3T3-E1 cells and hence the potential use of this assay to evaluate 
inhibitors of WNT3A/RYK signalling. 

4.2.2 Optimisation and verification of the RYK/WNT-inhibitory 
activity of RYK-Fc and RWD1 
Following the establishment of the WNT3A-induced AP bioassay, the expression and 
purification of these inhibitors from mammalian cell lines was first optimised to ensure 
the activity of these inhibitors was retained. Three variables were found to significantly 
influence the activity of the RYK-Fc ligand trap (Figure 4.4). Firstly, the choice of 
expression host was important with 293F suspension cultures secreting the most 
active RYK-Fc into their conditioned medium compared to the adherent HEK293T and 
CHO cell lines which produced significantly less active material (Figure 4.4A). The 
293F suspension cultures produced not only more active protein but also a higher 
quantity of RYK-Fc than the other two hosts. Whether RYK-Fc was expressed from 
stable-cell cultures or cells transiently expressing the inhibitor was also a key factor in 
producing active RYK-Fc. RYK-Fc secreted from 293F cultures that were transiently-
transfected with the RYK-Fc expression vector was of higher WNT inhibitory activity 
than RYK-Fc secreted from stably-expressing 293F cultures (Figure 4.4B). Lastly, the 
elution method used during the purification of RYK-Fc from the 293F conditioned 
medium was also important. RYK-Fc purified using anti-FLAG chromatography and 
eluted using FLAG peptide was more active than RYK-Fc purified via protein-A or anti-
FLAG chromatography and eluted with a low pH glycine buffer followed by immediate 
pH neutralisation (Figure 4.4C). This indicated that the extracellular region of RYK had 
some sensitivity to exposure to low pH buffers. 

Following the optimisation of the expression and purification of RYK-Fc, the activity of 
RYK-Fc was compared to the commercial rhWIF-1 in the AP assay. This analysis 
demonstrated that rhWIF-1 inhibited WNT3A-induced AP activity with an IC50 value of 
10 nM. While RYK-Fc showed a similar WNT-inhibitory activity with an IC50 value of 
30 nM in the AP assay (Figure 4.5A). Further, conditioned medium from L-cells stably 
secreting WNT3A (L-cell WNT3A CM) (Willert et al., 2003) can effectively replace 



 161 

recombinant WNT3A in inducing AP production in the AP assay (data not shown). 
RYK-Fc can also inhibit this L-cell WNT3A CM-mediated increase in AP activity (Figure 
4.5B). 

A control Fc fusion (Thy1mut-Fc) that has previously been used by others (Filkova et 
al., 2015; Carriba and Davies, 2017) was produced to act as a negative control in 
assays evaluating RYK-Fc. Thy1mut-Fc is a version of the extracellular region of the 
Thy-1 cell surface antigen with a mutation that removes its ability to bind integrins and 
thus has no predicted function or effect on cells. Thy1mut-Fc was expressed and 
purified using the same conditions as RYK-Fc but showed very little activity in the AP 
assay, demonstrating that the inhibitory activity of RYK-Fc is not due to non-specific 
activity of the Fc region (Figure 4.5A).  

The RYK-inhibitory activity of RWD1 produced for this project was also evaluated using 
the AP assay. As with RYK-Fc, RWD1 was expressed from 293F suspension cultures 
however, the purification method was different because anti-FLAG chromatography 
cannot be used due to the absence of a FLAG-tag. Instead RWD1 was purified using 
protein-A chromatography (see Section 2.14.2.1). Experiments performed in 
collaboration with Dr Michael Halford, showed that glycine elution of RWD1 resulted in 
near immediate precipitation of the antibody out of solution. Therefore, a low pH 
arginine buffer was chosen to elute RWD1 due to its ability to maintain the solubility 
and activity of the antibody during elution. The ability of RWD1 to inhibit RYK/WNT3A 
interactions was demonstrated using the AP assay where RWD1 inhibited the WNT3A-
induced AP activity with an IC50 value of ~1 µM (Figure 4.6). Foravirumab, a 
monoclonal antibody to the Rabies virus glycoprotein (Bakker et al., 2005), was used 
as an isotype-matched negative control for RWD1 as its antigen is not expressed in 
non-infected human cells and would therefore have no biological effect. While RWD1 
inhibited AP activity, Foravirumab showed no effect in the AP assay (Figure 4.6). 
Consequently, the production of both RYK-Fc and RWD1 was optimised and their 
ability to inhibit WNT/RYK signalling demonstrated using the AP assay. 

4.2.3 RYK-Fc shows no activity in the GFP-Kif26b reporter assay 
To investigate whether RYK-Fc can inhibit WNT5A-induced signalling the GFP-Kif26b 
reporter assay was utilised (Karuna et al., 2018) (see Section 4.1). To confirm the 
efficacy of the assay GFP-Kif26b reporter cells were cultured in L-cell WNT5A CM for 
24 h before flow cytometry analysis was performed to quantify the amount of GFP 
fluorescence. As published by Karuna and colleagues we identified a reduction in GFP 
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fluorescence in cells exposed to L-cell WNT5A CM due to the degradation of the GFP-
Kif26b reporter induced by WNT5A (Figure 4.7A). GFP fluorescence was decreased 
by greater than 2.5-fold relative to cells cultured in CM from L-cells not expressing any 
WNTs (L-cell CM) or DMEM culture medium alone (Figure 4.7C). However, L-cell 
WNT3A CM was unexpectedly also found to induce a similar reduction in GFP 
fluorescence (Figure 4.7B&C). This finding suggests that both WNT3A and WNT5A 
can stimulate degradation of the GFP-Kif26b reporter. 

Whether Ryk was required for WNT3A or WNT5A signalling in the reporter assay was 
then evaluated. siRNA-mediated knockdown of Ryk had no effect on the reduction in 
GFP fluorescence induced by either L-cell WNT3A or WNT5A CM (Figure 4.8). 
Consequently, it was concluded that the WNT-mediated degradation of the GFP-
Kif26b reporter cells was not dependent upon RYK. The GFP-Kif26b reporter assay 
was therefore not appropriate to evaluate RWD1 activity.  

Nonetheless, RYK-Fc could still have had an effect through its ability to bind and block 
the signalling of WNT3A and WNT5A through other WNT receptors. GFP-Kif26b 
reporter cells were treated with varying concentrations of rhWIF-1 at the same time as 
the addition of the L-cell WNT CM to confirm that inhibition of the WNT ligands, through 
a WNT-binding protein, was viable in this assay. Increasing concentrations of rhWIF-
1 was able to inhibit both the WNT5A and WNT3A-induced degradation of the GFP-
Kif26b reporter, with 250 nM rhWIF-1 nearly completing ablating this WNT-mediated 
reduction (Figure 4.9A-B, E-F). Despite this, RYK-Fc had no effect on the WNT3A or 
WNT5A-stimulated reduction in GFP fluorescence (Figure 4.9C-F), demonstrating it 
did not inhibit WNT signalling in this reporter assay.  

4.2.4. RWD1 reduces the viability and tumour growth of RYK-
dependent cancer cells in vitro and in vivo 
Having produced purified bioactive RWD1 the therapeutic potential of RWD1 was 
evaluated. The efficacy of this inhibitory antibody in cancer was interrogated using the 
RYK-dependent in vitro tumour models established in Chapter 3. These cell lines were 
cultured in varying concentrations of RWD1 (or Foravirumab) in media containing 2% 
FBS. After five to six days of culturing a cell viability assay was performed to investigate 
what effect RWD1 has on the viability of these RYK-dependent cells. A549, MDA-MB-
231 and OVCAR3 cells all showed significantly (p < 0.001) compromised viability when 
treated with RWD1, with higher concentrations of the inhibitor inducing the greatest 
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reduction in viability as seen by a dose-response curve (Figure 4.10A-C). The negative 
control, Foravirumab, showed little to no effect, on the viability of these three cell lines. 
Consequently, these experiments showed RWD1 treatment reduced the viability of 
A549, MDA-MB-231 and OVCAR3 cells and thus demonstrated the efficacy of RWD1 
in delivering an anti-tumour response in vitro. However, this cannot be concluded for 
A375R cells as the viability reduction stimulated by RWD1 had no statistical difference 
to treatment with Foravirumab (Figure 4.10D). This suggests, high concentrations of 
IgG have toxic non-specific effects in A375R cells preventing extensive in vitro 
evaluation of RWD1 in these cells. 

Following these in vitro studies, the efficacy of RWD1 was evaluated in an in vivo 
tumour xenograft model. To generate this model, preliminary growth studies were 
performed to determine the growth kinetics of the RYK-dependent human cancer cell 
lines as tumour xenografts in NSG mice. In concordance with previous xenograft 
models using these cell lines, we found that A549 and A375R tumour xenografts grew 
significantly quicker than MDA-MB-231 or OVCAR3 xenografts in vivo. Due to the 
expense and time required to produce RWD1, we chose the cell lines with the best 
growth kinetics in vivo, A549 and A375R, to generate the tumour xenografts and 
assess the in vivo anti-cancer efficacy of RWD1. As RWD1 demonstrated an anti-
tumour effect in A549 cells in vitro, this cell line was used in vivo. NSG mice were 
subcutaneously injected with A549 cells to generate a human tumour xenograft. Mice 
were treated three times weekly with 20 mg/kg of RWD1, Foravirumab (negative 
control antibody) or DPBS (vehicle control) commencing on the day after implantation 
of A549 cells (dpi 1). RWD1 was found to significantly reduce the growth of the A549 
xenografts in two independent experiments when compared to Foravirumab or DPBS-
treated tumours, with each treatment arm containing 10 mice per experiment (Figure 
4.11). In the first experiment a two-way ANOVA statistical test (used because more 
than two experimental groups were being compared) revealed a significant reduction 
in RWD1 tumours relative to DPBS (p < 0.001) and Foravirumab (p = 0.007) treated 
tumours. The control tumours were 40-50% larger on average relative to the RWD1-
treated tumours at day 28. In the second experiment a Student’s t-test (used because 
two experimental groups were being compared) also identified significant reduction 
between RWD1- and Foravirumab-treated tumours (p = 0.04). The control tumours 
were 29% larger on average in this experiment than their RWD1 treated counterparts 
at day 27. Mice with A375R tumour xenografts were also treated with RWD1 as 
performed above with the A549 xenografts. However, no reduction in tumour volume 
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was seen in the RWD1-treated A375R tumours relative to the Foravirumab-treated 
control tumours (Figure 4.12). 

Having seen the in vivo anti-tumourigenic effect of RWD1 in the A549 tumour 
xenografts, the effect of RWD1 on the cellular composition of these tumours that result 
in this reduced growth was examined. Six tumours harvested from the first A549 
xenograft experiment that showed reduced growth upon RWD1 treatment (RWD1-
responsive tumours) along with five random Foravirumab and DPBS-treated tumours 
were fixed after harvesting, paraffin embedded and sectioned for histopathological 
analysis (see Sections 2.11 and 2.18). H&E-stained tumour sections were analysed 
with the area of necrotic tissue quantified relative to tumour size. These were defined 
as areas of the tumour with morphological features of necrosis including eosinophilia, 
cellular debris and loss of cytological detail with the assistance of pathologist Prof 
Stephen Fox (Peter MacCallum Cancer Centre). The RWD1-responsive tumours 
showed a higher percent of necrotic tissue relative to the Foravirumab or DPBS-treated 
tumours (Figure 4.13). This suggests that one potential mechanism for RWD1-
mediated reduction in A549 tumour growth is through its ability to induce necrosis 
within the tumour. 

A key issue that has led to many signalling inhibitors becoming discarded as 
therapeutics is their toxic nature due to off-target effects (Liebler and Guengerich, 
2005). Indeed, many WNT therapeutics have considerable side-effects including 
intestinal toxicity (Liu et al., 2013) and bone fractures (Jimeno et al., 2017) (see Section 
1.3.4.7). Consequently, it is important to assess the effect of RWD1 on the health of 
the mice. The RWD1-treated mice showed no obvious issues and presented as healthy 
as the control-treated mice. RWD1 treatment had no effect on the body weight of the 
mice (Figure 4.14), nor did it cause overt signs of illness. 

4.2.5 RYK-Fc has no effect on A549 in vivo tumour growth 
The efficacy of RYK-Fc to deliver an anti-cancer benefit was also evaluated. Initial in 
vitro studies failed to see any effect of RYK-Fc on the viability of the A549 cell line. 
However, following on from the success of the RWD1-treatement, we interrogated the 
effect of RYK-Fc on A549 tumour xenografts in vivo. A549 cells were implanted in NSG 
mice as above and the mice were treated with 20 mg/kg RYK-Fc three times weekly. 
A549 tumour xenografts showed no reduction in tumour volume when treated with 
RYK-Fc compared to dosing with Foravirumab or DPBS alone (Figure 4.15). Mice were 
euthanised 28 days post implantation of A375R cells because the largest tumours had 
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reached the ethical limit. At this stage there was no significant difference in tumour 
volume, suggesting RYK-Fc cannot reduce the growth of A549 tumour xenografts. 

4.2.6 RNA-sequencing analysis reveals upregulation of the EMT 
pathway in RWD1-treated RYK-dependent cancer cells in vitro 
The mechanism behind the pro-tumourigenic role of RYK signalling in our RYK-
dependent tumour models was interrogated in order to help elucidate RYK signalling 
mechanisms and to provide additional information to help facilitate the generation and 
testing of more signalling inhibitors for an anti-cancer benefit. To do this the effect of 
RYK inhibition, via RWD1-treatment, on the transcriptional profile of the RYK-
dependent cancer cell in vitro was investigated. A549, MDA-MB-231 and OVCAR3 
cells were treated with RWD1 (or Foravirumab as a negative control) for 24 h before 
RNA was extracted and sent for RNA-sequencing. RWD1 was found to significantly 
alter the expression level of a number of genes in each cell line and differentially 
expressed genes were identified using adjusted p-value < 0.05 as the criteria (Figure 
4.16). There were 57 differentially expressed genes identified in A549 cells, most of 
which were downregulated after RWD1-treatment. A heatmap of the relative 
expression of each of these differentially expressed genes in A549 cells is shown in 
Figure 4.16A. Notably, MDA-MB-231 and OVCAR3 cells had significantly more 
differentially expressed genes following treatment with RWD1 (523 and 178 genes 
respectively), with the majority of those being upregulated. Heatmaps of the top 100 
differentially expressed genes (ranked by the absolute value of the log2fold-change for 
each gene) was generated for both of these cell lines (Figure 4.16B-C). The samples 
for each cell line underwent mean-centring and unsupervised hierarchical clustering 
analysis. This revealed that the gene expression of the biological replicates clustered 
together based on their antibody treatment (RWD1 or Foravirumab) indicating the 
reproducibility of the experiment (Figure 4.16).  

Gene set enrichment analysis (GSEA) was used to further analyse the RNA-
sequencing data and to gain insight into pathways that were upregulated or 
downregulated in the RWD1-treated cells relative to the control Foravirumab-treated 
cells. For GSEA the differentially expressed genes in each cell line were compared to 
the hallmark gene sets, a collection of gene groups (hallmarks) that each represent a 
biological state or process (Liberzon et al., 2015). Hallmarks that have a statistically 
significant representation of their genes in the list of differentially expressed genes for 
the cell line analysed is considered to be enriched or depleted in the RWD1-treated 



 166 

cells. Enriched hallmark gene sets were identified using a false-discovery rate (FDR) 
threshold of 0.3. There were two, seven and eight gene sets enriched or depleted in 
RWD1-treated A549, MDA-MB-231 and OVCAR3 cells respectively compared to 
Foravirumab-treated cells (Figure 4.17A). One gene set that is enriched in all three cell 
lines following RWD1-treatment was EMT (Figure 4.17A, Appendix 1). The enrichment 
plots demonstrate the upregulation of genes within the EMT gene set in each RWD1-
treated cell line as shown by the similar normalised enrichment score (NES) for EMT 
in each cell line (Figure 4.17B). Consequently, this RWD1-mediated increase in 
expression of EMT genes in vitro suggests that inhibition of RYK may actually increase 
EMT of cells, which raises the prospect that RYK may actually suppress EMT. 

4.2.7 Validation of overexpressed EMT pathway genes in RYK-
dependent cancer cells in vitro following RYK inhibition 
An important follow-up for RNA-sequencing studies is to validate the identified 
differentially expressed genes or enriched gene data sets using another gene 
expression or protein analysis technology (Fang and Cui, 2011). Furthermore, it is 
important to use different biological replicates to properly validate findings as using the 
same RNA samples will only validate the technology used (Allison et al., 2006). 
Consequently, the discovery from our RNA-sequencing analysis that EMT genes are 
overexpressed in our RYK-dependent in vitro cancer models following RWD1 
treatment was validated. RT-qPCR analysis was performed on newly extracted RNA 
from RWD1- and Foravirumab-treated A549, MDA-MB-231 and OVCAR3 cells to 
assess the expression levels of three key genes in the EMT hallmark dataset that were 
differentially expressed in our RNA-sequencing studies. These three genes analysed 

– laminin g2 (LAMC2) (Zhang et al., 2011; Moon et al., 2015), collagen type I alpha 1 
(COL1A1) (Liu et al., 2012; Hosper et al., 2013), and prostate transmembrane protein 
androgen induced 1 (PMEPA1) (Zhang et al., 2019a) – are all known markers of EMT 
and were upregulated in all three cell lines analysed in the RNA-sequencing 
experiments. Our RT-qPCR analysis demonstrated an upregulation of these three 
genes in RWD1-treated A549, MDA-MB-231 and OVCAR3 cells relative to 
Foravirumab treatment (Figure 4.18). LAMC2 and COL1A1 showed similar increases 
in their expression following RWD1 treatment. Both had eight-fold increase in 
expression in RWD1-treated A549 cells and 2.6-fold in MDA-MB-231 and OVCAR3 
cells (Figure 4.18A&B). RWD1 addition induced a four-fold upregulation of PMEPA1 
in A549 cells and a 1.3 and 2.9-fold increase in MDA-MB-231 and OVCAR3 cells 
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respectively (Figure 4.18C). These experiments validated our RNA-sequencing 
studies and confirmed that RWD1 induced overexpression of genes involved in EMT. 

4.2.8 CRISPR/Cas9-mediated inactivation of RYK promotes lymph 
node metastasis in A549 tumour xenograft model 
The EMT switch has a number of characterised biological effects on tumour cells, 
including an increase in their migration and thus metastatic potential (Polyak and 
Weinberg, 2009; Pang et al., 2016; Lu and Kang, 2019). Consequently, it was 
assessed whether the EMT promoted by inhibition of RYK signalling has a functional 
outcome in our RYK-dependent tumour models. To do this A549 cells expressing the 
doxycycline-inducible Cas9 (A549/pCW-Cas9) and one of three constitutively 
expressed guide RNAs (sgRYK1, sgRYK2 and the negative control sgAAVS1) were 
sub-cutaneously injected into NSG mice to form tumour xenografts. To stimulate Cas9 
expression and thus inactivation of the RYK gene or genomic cleavage at the control 
AAVS1 locus as done in the in vitro setting (see Sections 3.2.3-3.2.4), the mice were 
placed on a diet of chow and water both containing doxycycline. To assess the 
efficiency of the inducible CRISPR/Cas9 technology in these mice and the resulting 
inactivation of the RYK gene, tumours were harvested 24 days post implantation and 
RNA was extracted from these tumours to enable RT-qPCR analysis of the relative 
levels of RYK mRNA in the respective tumours. sgRYK1 reduced the expression of 
RYK in these tumours by an average of 76%, whereas sgRYK2 expressing tumours 
only reduced mRNA levels by ~40% (Figure 4.19A). Consequently, sgRYK1 was 
substantially more effective in generating the knockout of RYK than sgRYK2 in this 
setting but both were used in the in vivo studies. 

To assess the effect of this loss of RYK on metastasis, the number of mice in each 
guide RNA experimental arm was assessed for metastasis in the ipsilateral auxiliary 
lymph node (the same side as tumour implantation). More mice containing RYK 
inactivated tumours had noticeably enlarged lymph nodes at 24 days post implantation 
and these were isolated (Figure 4.19B). To confirm that these lymph nodes were 
enlarged due to the presence of metastatic tumour cells, the isolated nodes were fixed, 
paraffin embedded and sectioned (see Section 2.11). H&E staining of these sections 
revealed the presence of tumour cells in each enlarged lymph node harvested (Figure 
4.19C). Out of the 12 mice in each experimental group, two sgAAVS1 control mice had 
these metastases, while six and three of the sgRYK1 and sgRYK2 mice had them 
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respectively (Figure 4.19B). This demonstrated an increase in lymph node metastasis 
in mice containing tumours with CRISPR/Cas9-mediated inactivation of the RYK gene. 
  



 169 

4.3 Discussion 

4.3.1 The establishment of a RYK/WNT dependent AP bioassay 
RWD1 and RYK-Fc are two unique human-compatible RYK signalling inhibitors that 
have been generated to interfere with RYK/WNT signalling in pathological settings. 
With the findings in Chapter 3 of this Thesis detailing a pro-tumourigenic role for RYK 
signalling in a subset of cancers, these inhibitors can be seen as potential therapeutics 
for cancer patients. Consequently, we sort to optimise and establish their WNT/RYK-
inhibitory activity before evaluating their efficacy in our RYK-dependent cancer models. 
A major hurdle however was the absence of an assay dependent upon RYK/WNT 
signalling that would allow us to assess the activity of these inhibitors.  

In this Thesis Chapter, the establishment of a novel bioassay for interrogating 
RYK/WNT signalling is described. We found that treatment with WNT3A (recombinant 
protein or L-WNT3A CM) increased the production of AP in MC3T3-E1 cells in a RYK-
dependent manner (Figure 4.2-4.3). Furthermore, the ability to inhibit this WNT3A-
stimulated AP activity with a protein inhibitor of WNT signalling (rhWIF-1) was also 
shown.  

The establishment of this bioassay not only provides a means by which to assess the 
activity of the RYK/WNT signalling inhibitors but allows future comparisons of different 
WNT or RYK inhibitors. This assay also delivers a convenient, cost-effective in vitro 
model to investigate RYK signalling mechanisms. Valuable insight could be garnered 
through interrogating how RYK transmits these WNT3A signals, for example whether 
proteolysis of RYK is required (Lyu et al., 2008; Lyu et al., 2009) (see Section 1.4.2.5), 
if RYK forms homodimers or heterodimers with other receptors (Halford et al., 2000), 
as well as the downstream signalling components of this signalling.  

Numerous previous studies have demonstrated the ability of b-catenin-dependent 
signalling to promote AP production, osteoblast differentiation and bone mineralisation 
in a number of osteoblast-like cell lines including MC3T3-E1 (Gong et al., 2001; Kato 
et al., 2002; Bain et al., 2003; Rawadi et al., 2003; Matsuzaki et al., 2006). WNT1 and 
WNT3A are known to simulate AP production during osteoblast differentiation via an 
autocrine signalling loop (Rawadi et al., 2003; Fukuda et al., 2010; Ling et al., 2010). 
Interestingly, this WNT-ligand driven osteoblast differentiation is regulated by the 
production of endogenous WNT inhibitors (Sfrp2 and Wif-1) towards the end of this 
cellular process (Vaes et al., 2005). LRP5, is the WNT receptor known to be required 
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for osteoblast differentiation and bone formation. Lrp5-deficient mice show bone 
defects (Kato et al., 2002), while LRP5 mutations in humans result in decreased bone 
mass (Gong et al., 2001). The discovery in this Thesis that RYK is required for the b-
catenin-dependent WNT-mediated AP production in MC3T3-E1 cells in vitro raises the 
prospect that RYK may play a crucial role in osteoblast differentiation and bone 
formation. Furthermore, RYK-deficient mice have a number of bone defects in 
development including shortened nasal and long bones (Halford et al., 2000) (Figure 
1.7). Future work is required to interrogate a potential role for RYK in bone 
mineralisation. However, for the purpose of this Thesis, this WNT3A/RYK signalling-
dependent bioassay provided a means to assess the RYK/WNT-inhibitory activity of 
RYK-Fc and RWD1 in a bioassay within our laboratory. 

4.3.2 Optimisation of RYK-Fc expression and purification 
The expression and purification of RYK-Fc and RWD1 was optimised to ensure the 
inhibitors that were used in this study had maximal biological activity to evaluate in our 
RYK-dependent cancer models. The optimisation of multiple variables during protein 
expression including: i) expression host used; ii) whether to use a suspension or 
adherent culture method; and iii) components of the culture medium used, is required 
to ensure optimal activity and protein yield of the desired protein (Hunter et al., 2019). 
Only mammalian expression hosts were evaluated and not any lower eukaryotic or 
prokaryotic hosts as mammalian cells are most likely to harbour the appropriate protein 
machinery to ensure optimal folding and post-translation modification of mammalian 
proteins (Dalton and Barton, 2014). However, the specific mammalian cell line used 
had significant impact on the activity of the RYK-Fc ligand trap (Figure 4.4A). An 
explanation for this could be the small differences in post-translation modification 
patterns seen in the same protein expressed by different mammalian hosts (Dalton 
and Barton, 2014). For examples, RYK is known to contain N-linked glycosylation 
(Halford et al., 2015), and while the biological relevance of this is unknown, there is a 
potential that different expression hosts generate RYK protein with alternative 
glycosylation profiles and thus different activity levels. Another post-translation 
modification that may influence the activity of RYK-Fc is the addition of a bound lipid. 
A lipid was found embedded within the WIF domain of WIF-1 which may influence the 
ability of this secreted protein to bind WNTs (Malinauskas et al., 2011) (see Section 
1.2.2.5.1). With a high degree of sequence homology between the WIF domains of 
WIF-1 and RYK (Patthy, 2000), the potential exists that RYK may also contain an 
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embedded lipid that might influence RYK/WNT interactions. Consequently, the 
expression host that can best supply and embed this lipid into RYK-Fc may generate 
the most active inhibitor. 

Transiently expressed RYK-Fc was also found to have higher activity than when the 
ligand-trap is stably expressed in the same cell type (Figure 4.4B). A possible 
explanation for this could be that active RYK-Fc has a negative growth impact on the 
293F suspension cells and consequently during stable selection the cells that survive 
and divide express abnormally folded versions of RYK-Fc that are less active. While, 
transient expression is a shorter process allowing more active RYK-Fc to be produced 
and secreted into the CM and giving less time for the selection of inactive RYK-Fc 
secreting cells.  

In addition to the expression of recombinant proteins, the purification method also 
requires optimisation (Wingfield, 2015). In particular the elution buffer used can impact 
on the activity of the purified protein (Narhi et al., 1997). We found that the less-harsh 
FLAG peptide elution gave more active RYK-Fc than a low pH glycine buffer elution 
(Figure 4.4C). With the complex biochemistry surrounding WNT/RYK and other 
WNT/WNT receptor interactions (see Section 1.2.2.4) (Kerekes et al., 2015), it is 
perhaps unsurprising but noteworthy that an elution method that is too harsh, such as 
a low-pH buffer, will reduce WNT-binding activity of RYK-Fc. This work identified a 
range of key variables to ensure the activity of RYK-Fc was optimised during our 
expression and purification of the inhibitor and gave it the best chance to demonstrate 
WNT-inhibitory activity. 

4.3.3 RYK-Fc shows inhibitory activity in the RYK-dependent AP 
assay but not in the RYK-independent GFP-Kif26b reporter assay 
Using the AP assay we demonstrated the ability of the optimised RYK-Fc to 
significantly inhibit WNT3A signalling (Figure 4.5). After comparing the inhibitory 
activity of RYK-Fc with a commercial rhWIF-1 protein, the inhibitory activity of RYK-Fc 
was considered to be sufficient to proceed with the evaluation of the inhibitor in cancer 
models. However, it is noted that the activity of rhWIF-1 was greater than that of our 
purified RYK-Fc. This could possibly be due to a naturally higher affinity of WIF-1 for 
WNTs than RYK. The EGF domains of WIF-1, in addition to the WIF domain, are 
required for the maximal affinity of WIF-1 for WNTs (Malinauskas et al., 2011). 
Therefore, because RYK only has a WIF domain and no EGF domains, WIF-1 may 
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have a greater affinity for WNTs than RYK. However, this would need to be empirically 
determined through surface plasmon resonance experiments. Expressing and 
purifying WIF1-Fc in exactly the same way as RYK-Fc would allow a proper 
comparison between the two Fc fusions in the AP assay. Another potential explanation 
for the increased activity of rhWIF-1 in the AP assay, is the existence of the Fc region 
in RYK-Fc, which while increasing the solubility and stability of proteins can also 
reduce the biological activity of some proteins perhaps through steric hindrance due to 
the bivalent nature of the Fc-tag (Dwyer et al., 1999). This hypothesis could be 
interrogated by comparing RYK-Fc with WIF1-Fc or with RYKEC.TST, the antigen used 
to produce the chicken anti-RYKEC antibody in Section 3.2.5, which contains a Twin-
Strep-Tag® instead of an Fc region.  

While RYK-Fc could inhibit WNT3A signalling in the AP assay it had no effect on 
WNT3A or WNT5A-induced signalling in the GFP-Kif26b reporter assay (Figure 4.9). 
However, rhWIF-1 could inhibit both WNT3A and WNT5A in this reporter assay. 
Importantly, while we demonstrated the WNT3A signalling in the AP assay was RYK-
dependent (Figure 4.3), the GFP-Kif26b reporter assay was not dependent on RYK 
signalling (Figure 4.8). The ROR1 and ROR2 WNT receptors have previously been 
shown to be required for WNT5A signalling of the GFP-Kif26b reporter assay (Susman 
et al., 2017). Therefore, RYK-Fc can inhibit RYK-dependent WNT signalling but not 
RYK-independent WNT signalling in this context. This finding raises the prospect that 
RYK and other WNT receptors such as ROR1 or ROR2 may interact with WNT ligands 
at different sites. Consequently, WNTs bound to RYK or RYK-Fc may still be capable 
of binding other cell-surface WNT receptors and thus still stimulate signalling. A 
precedent of this arrangement is seen in WNT/LRP/FZD complexes where the WNT 
binds both the FZD and LRP receptors (Tamai et al., 2000; Bourhis et al., 2010). WNT 
receptor heterodimers are a known facet of WNT signalling in particular contexts 
(Niehrs, 2012; Podleschny et al., 2015) (see Section 1.2.2.4) and this hypothesis would 
rely on the formation of heterodimers between RYK and other WNT receptors, such 
as ROR1, in which both receptors bind the WNT. This finding also suggests that RYK-
Fc may not inhibit WNT signalling as broadly as originally expected but instead prevent 
WNTs from binding to a more specific subset of WNT receptors or even just RYK itself. 
It is also important to note that RYK-Fc could inhibit WNT3A added as a recombinant 
protein or in L-cell CM in the AP assay (Figure 4.5) and thus the reason RYK-Fc cannot 
block WNT3A or WNT5A signalling is not because of the exogenous nature of WNT 
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added in L-cell CM. The key conclusion of these studies for this Thesis however, is 
that RYK-Fc is capable of inhibiting WNT3A/RYK signalling in the AP assay. 

4.3.4 RWD1 demonstrates an ability to block WNT/RYK signalling in 
the AP assay 
Because of the finding that the WNT3A-induction of AP activity was dependent on RYK 
signalling (Figure 4.3), the AP assay was also used to evaluate the activity of RWD1. 
This allowed us to confirm that RWD1 was capable of neutralising WNT/RYK signalling 
in the AP assay (Figure 4.6). RWD1 had an IC50 value of ~1 µM in this assay which 
suggests that RWD1 is not a high affinity antibody and thus a relatively large amount 
of antibody is required to effectively inhibit RYK signalling. This is likely not due to 
suboptimal expression or purification of the antibody but instead the result of an 
antibody that naturally has only medium affinity for its antigen in its pre-purified state. 
The affinity of RWD1 for RYK-Fc was previously evaluated and a dissociation constant 
of 4.2 x 10-9 M was calculated (Halford et al., 2013), which is not a dissociation constant 
of a high affinity antibody but instead a medium-range antibody. This affinity of RWD1 
is likely the result of the poor immunogenicity of the extracellular region of RYK (Halford 
et al., 2013; Halford et al., 2015). The suboptimal affinity of RWD1 is also exemplified 
in later experiments, where a substantial amount of antibody is required to deliver an 
anti-cancer effect in our RYK-dependent tumour models. Importantly, RWD1 has not 
undergone affinity maturation, to increase the affinity of the antibody for its target 
(Doria-Rose and Joyce, 2015), as would be seen with commercially used antibodies. 

Additional analysis is required to confirm which WNTs RWD1 can prevent from binding 
to RYK. The binding sites of WNT5A and WNT7A have been predicted on RYK using 
homology with WIF-1 and studies characterising the binding of these WNTs to the 
soluble WNT inhibitor (Kerekes et al., 2015). However, whether all WNTs indeed bind 
RYK in the same way is unknown. Indeed, the WNT receptor LRP6 has multiple WNT-
binding sites allowing two WNTs to be bound at once (Bourhis et al., 2010). 
Consequently, future surface plasmon resonance experiments could be performed to 
confirm the ability of RWD1 to inhibit each individual WNT from binding RYK. However, 
the work in this Thesis has demonstrated that RWD1 is capable of inhibiting 
WNT3A/RYK signalling in the AP assay and that an active antibody has been 
generated through our expression and purification protocol. 
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4.3.5 RWD1 reduces the growth of tumour cells in vitro and in vivo 
The validation of the ability of RWD1 to inhibit WNT/RYK signalling as well as the 
establishment of the RYK-dependent in vitro cancer models allowed us to evaluate the 
efficacy of therapeutically targeting RYK/WNT signalling in cancer. A major finding of 
this Thesis was the ability of RWD1 to reduce the viability of RYK-dependent cancer 
cells in vitro and to significantly inhibit the growth of A549 tumour xenografts in vivo. 
The in vitro studies demonstrated that RWD1-treatment led to compromised viability in 
A549, MDA-MB-231 and OVCAR3 cells (Figure 4.10A-C). A549 cells in particular were 
most susceptible to RWD1-induced decreased viability. Which exact oncogenic 
processes RWD1 has an anti-cancer effect on however is unclear. While the viability 
assays tell us RWD1 induces a decrease in cellular viability, this could be as a result 
of a number of mechanisms including decreased proliferation, cell cycle arrest or an 
increase in apoptotic cell death. Future studies employing assays specific to each of 
these processes would provide insight into the exact cellular outcome that leads to this 
RWD1-induced reduction in viability. 

Despite being susceptible to siRNA or CRISPR/Cas9-mediated loss of RYK, there was 
no significant reduction in the viability of A375R cells treated with RWD1 compared to 
control Foravirumab-treated cells (Figure 4.10D). While high concentrations of RWD1 
did lead to a slight reduction in A375R viability, identical concentrations of Foravirumab 
induced the same or even greater reduction. This suggests that IgG concentrations of 

~4 µM lead to significant toxic effects in A375R cells. This potentially masks any 
specific effects of RWD1, but due to the relatively low affinity of RWD1 (discussed in 
Section 4.3.4) assessing the effect of RWD1 on A375R viability in vitro will be 
challenging. Efforts would need to be undertaken to increase the affinity of the antibody 
for RYK, for example through affinity maturation (Doria-Rose and Joyce, 2015). 

However, we were able to begin to evaluate the anti-cancer efficacy of RWD1 in A375R 
xenografts in vivo. At a 20 mg/kg dosage, RWD1 showed no effect on the growth of 
A375R tumours when compared to Foravirumab-treatment, suggesting the antibody 
does not have anti-cancer benefits in these tumours (Figure 4.12). Increasing the 
dosage of RWD1 is an option to try to give the low-affinity antibody the best chance to 
deliver an effect. Importantly, RWD1 was added as a sole agent and given these 
A375R cells are resistant to BRAFis, perhaps combining RWD1 with a BRAFi would 
give a significant response. Furthermore, with the known role of WNT5A in the 
development of BRAFi-resistance (Prasad et al., 2015) (see Section 1.2.2.7.3) and a 
suggestion that RYK may also be involved in this process (Anastas et al., 2014), future 



 175 

analysis could assess the effect of RWD1 on the development of BRAFi-resistance. 
For example, A375 cells treated with a BRAFi and RWD1 to investigate whether RWD1 
can delay or prevent the onset of BRAFi-resistance either in vitro or in vivo.  

A major experiment of this thesis was the testing of RWD1 in A549 tumour xenografts. 
Having assessed the in vivo growth kinetics of the three RWD1-sensitive cancer cell 
lines identified in Figure 4.10A-C, A549 was found to be the quickest growing and thus 
was used to assess the anti-cancer efficacy of RWD1 in vivo. Encouragingly, RWD1 
was found to significantly reduce the growth of A549 tumour xenografts (Figure 4.11), 
consequently proving the in vivo efficacy of inhibiting RYK signalling in cancer and of 
the use of RWD1. Importantly, this experiment had 10 mice in each treatment arm 
lending substantial statistical power to this study. Furthermore, it was performed twice 
to ensure reproducibility of this discovery. The finding that RWD1-treatment leads to 
an increase in necrosis in the RWD1-responsive A549 tumours relative to DPBS or 
Foravirumab-treatment (Figure 4.13) provides insight into the direct effect RWD1 has 
on the tumour that potentially leads to this decrease in tumour volume. Assessing 
whether RWD1 has an impact on other tumourigenic parameters that would result in 
reduced tumour growth such as proliferation, apoptosis or reduced CSC frequency 
would provide insight into the mechanism behind the anti-cancer effect of RWD1 as 
well as RYK signalling in cancer more generally. Indeed, other WNT therapeutics that 
have reduced the growth of tumours in vivo (see Section 1.3.4) such as ipafricept and 
vantictumab have led to a reduction in CSCs in pancreatic patient-derived xenograft 
models using CD44-staining as a CSC marker (Hoey, 2013) and decreased 
proliferation in pancreatic tumours using Ki-67-staining (Gurney et al., 2012). 
Furthermore, in addition to an effect on the cancer cells, RWD1 may reduce tumour 
growth through targeting RYK signalling on tumour-promoting stromal cells (see 
Section 3.1). For example, with our discovery that RYK is expressed on the blood 
vessels of human NSCLC and breast cancers in Figures 3.15 & 3.16, assessing the 
quantity and size of blood vessels, via CD31-staining, will indicate whether RWD1 has 
an effect on tumour angiogenesis in A549 tumours leading to reduced growth. This will 
be discussed further in Chapter 5.  

Off- and on-target adverse effects are a significant limiting factor for the use of many 
targeted therapies including WNT therapeutics (Liebler and Guengerich, 2005; Liu et 
al., 2013; Jimeno et al., 2017). Consequently, the finding that RWD1 treatment had no 
obvious health impact on NSG mice and the body weight of RWD1-treated mice was 
no different to that of Foravirumab-treated mice is promising (Figure 4.14). However, 
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toxic effects need to be continually monitored in future experiments using this antibody, 
especially as higher concentrations may be used. Therapeutics targeting WNT 
signalling have led to intestinal toxicity and increased bone fractures in humans and 
mice (Liu et al., 2013; Jimeno et al., 2017). Tissues reliant upon WNT signalling for 
physiological renewal of their stem-cells such as the intestines, skin and stomach 
(Reya and Clevers, 2005) should be interrogated for any adverse effects of RWD1 as 
has been done for other WNT signalling inhibitors (Reya and Clevers, 2005; 
DeAlmeida et al., 2007a; Liu et al., 2013). Further, adult cells and tissues with active 
RYK signalling such as the brain (Hollis et al., 2016), mammary gland (Kessenbrock 
et al., 2017) and hematopoietic stem cells (Povinelli and Nemeth, 2014; Famili et al., 
2016) (see Section 1.4.3.2) should also be assessed for any adverse effects caused 
by RYK signalling inhibition.  

Importantly though, these experiments demonstrated the efficacy of therapeutically 
targeting RYK signalling for an anti-cancer effect in vitro and in vivo. Further, the fully 
human monoclonal antibody, RWD1, was found to significantly reduce the growth of 
some tumours in vivo. 

4.3.6 RYK-Fc has no anti-cancer activity in A549 tumour xenografts  
While RWD1 successfully delivered an anti-cancer effect, no benefit was seen from 
RYK-Fc treatment in vitro or in vivo. RYK-Fc had no effect on the viability of RYK/WNT-
dependent A549 cells in vitro or in A549 tumour xenografts in vivo (Figure 4.15). These 
results were unexpected as we demonstrated the susceptibility of these cells to RYK-
inhibition in vitro and in vivo (Figures 4.10 & 4.11) as well as to siRNA knockdown of 
WNT5A and LGK974-mediated inhibition of WNT signalling (Figure 3.7 & Figure 3.8). 
Furthermore, others have also demonstrated the vulnerability of A549 cells to inhibition 

of WNT5A or b-catenin-dependent signalling (Kim et al., 2007; Bravo et al., 2013; 
Shojima et al., 2015; Yang et al., 2016b). The WNT3A-inhibitory activity of RYK-Fc in 
the RYK-dependent AP assay was demonstrated (Figure 4.5) but its inhibitory activity 
against other WNTs remains unknown. RYK-Fc has been previously shown to inhibit 
WNT5A/RYK signalling (Blakely et al., 2011) and so it is unlikely that the purified RYK-
Fc used in this Thesis can inhibit WNT3A/RYK but not WNT5A/RYK signalling. 
However, this cannot be completely discounted and these experiments must be 
interpreted with the caveat that RYK-Fc may not be fully bioactive. Additional 
investigations through surface plasmon resonance experiments into the binding affinity 
of RYK-Fc for other WNTs including WNT5A is required. 
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Another potential reason for the seeming failure of RYK-Fc to inhibit WNT/RYK 
signalling in these tumour models is that the ligand trap is unable to access the 
endogenous WNT ligands stimulating signalling and growth of these tumour cells. 
RYK-Fc inhibits exogenously added WNT3A (whether recombinant protein or CM) in 
the AP assay, while in these in vitro cancer cells the source of WNTs is endogenous 
with signalling occurring in an autocrine manner. It is therefore possible that RYK-Fc 
does not come into contact with the endogenous WNT in a way that allows it to bind 
and inhibit signalling. As discussed previously (see Section 1.2.2.1), it is now believed 
that WNTs signal over predominantly short distances (Clevers et al., 2014; Loh et al., 
2016). Notably, an artificially-made membrane-tethered WNT retained many of the 
functions of its secreted counterpart (Alexandre et al., 2014). Another study found that 
Wnt3 in the stem cell niche of the intestinal crypts remain largely membrane-bound 
and direct contact between cells is required for its transmission (Farin et al., 2016). 
Consequently, if the WNTs remain bound to the cells in this tumour context, RYK-Fc 
may be unable to bind WNT and prevent signalling. Furthermore, WNTs can also be 
transported in the extracellular space through means that may prevent RYK-Fc from 
accessing the ligands, including within exosomes (Korkut et al., 2009; Gross et al., 
2012) and in lipoprotein complexes (Panakova et al., 2005) (see Section 1.2.2.1). 
Evaluating the effect of WIF1-Fc or FZD8-Fc (ipafricept) in these RYK/WNT-dependent 
cancer models in vitro and in vivo will shed light on whether the WNTs are not 
accessible to exogenous recombinant WNT-binding proteins or if in fact the complex 
biochemistry of RYK/WNT interactions restricts the ability of RYK-Fc to inhibit 
RYK/WNT signalling in these tumour models. 

4.3.7 RYK inhibition promotes upregulation of EMT pathway 
RNA-sequencing was performed on A549, MDA-MB-231 and OVCAR3 cells following 
RWD1-treatment to provide insight into signalling alterations stimulated by the addition 
of RWD1 that might be responsible for the reduction in growth as well as potential other 
effects caused by RYK signalling inhibition. This analysis revealed a significant number 
of genes in each cell line that were differentially expressed following treatment with 
RWD1 or Foravirumab. A number of WNT pathways genes were found to be altered 
suggesting a modulation of WNT signalling by RWD1 including the upregulation of 
WNT11 and Porcupine in RWD1-treated OVCAR3 and MDA-MB-231 cells respectively 
(Figure 4.16). While DKK2 and LGR6 were downregulated in OVCAR3 and A549 cells 
exposed to RWD1 respectively. EPHB2 has previously been shown to form a complex 
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with RYK, with these two receptors participating in signal crosstalk (Halford et al., 
2000). EPHB2 was upregulated in both MDA-MB-231 and OVCAR3 cells following 
RWD1-treatment, suggesting further studies interrogating RYK and EPHB2 signalling 
interplay could link two distinct families of RTKs. 

GSEA provided insight into the overall signalling networks and pathways altered by 
RWD1. The discovery that RWD1 upregulated the EMT pathway in all three cell lines 
is highly significant and is a major finding of this Thesis (Figure 4.17). Firstly, the fact 
that EMT genes were overexpressed following RWD1 treatment in three cancer cell 
lines from different tumour types and with different mutational profiles suggests a broad 
role for RYK signalling in suppressing EMT in cancer cells in vitro. A number of growth 

factor signalling networks can induce EMT including WNT, TGFb and Notch signalling 
(Moustakas and Heldin, 2007; Katsuno et al., 2013). Interestingly, a number of genes 
identified in our RNA-sequencing analysis to be upregulated in multiple cancer cells 
treated with RWD1 have been identified in previous studies that have generated gene 
signatures for TGFb-induced EMT in vitro (Cursons et al., 2015; Foroutan et al., 2017). 
Additionally, many of the genes identified in both this Thesis and the above analyses 
have been further linked to TGFb-induced EMT by others including LAMC2 (Zavadil et 
al., 2001; Saito et al., 2013), PMEPA1 (Hu et al., 2013; Zhang et al., 2019a), COL1A1 

(Tan et al., 2010; Liu et al., 2012), TGFb-induced (TGFBI) (Yokobori and Nishiyama, 
2017; Bissey et al., 2018), EPHB2 (Lam et al., 2014), COL4A1 (Kowli et al., 2013; 
Saito et al., 2013) and tropomyosin (TPM1) (Safina et al., 2009). 

WNT signalling has been implicated in TGFb-induced EMT by a number of studies with 

most detailing crosstalk between b-catenin-dependent WNT and TGFb signalling 

(Scheel et al., 2011). These two pathways converge downstream where TGFb-

activated SMAD proteins form complexes with b-catenin or TCF/LEF transcription 
factors to influence the EMT transcriptomic prolife change (Liebner et al., 2004; Nelson 
and Nusse, 2004; Nawshad et al., 2007). Further a number of genes that were 

upregulated by RWD1 treatment and implicated in TGFb-induced EMT are also linked 
to WNT signalling. For example, PMEPA1 is a target gene of b-catenin-dependent 
WNT signalling (Nakano et al., 2010; Nakano et al., 2016), while LAMC2 expression 

was also reported to be induced by b-catenin-dependent WNT signalling (Hlubek et 
al., 2001; Sanchez-Tillo et al., 2011). However, WNT5A was shown to induce 
expression of LAMC2 through PKC and JNK, components of PCP signalling (see 
Section 1.2.2.3.1), in gastric cancer cells to drive invasion (Yamamoto et al., 2009). 

COL1A1 was also shown to have its expression stimulated by WNT3A-mediated b-
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catenin-dependent signalling in breast cancer cells including MDA-MB-231 cells (Willis 
and Kluppel, 2014; Meng et al., 2018). However, COL1A1 induction of PCP signalling 
has also been described (Zhang et al., 2018). The upregulation of these three genes 
following RWD1 treatment was confirmed by RT-qPCR on separate biological 
replicates from those used for the RNA-sequencing (Figure 4.18). This was validation 

that the expression of these genes, and likely the TGFb-induced EMT pathway 
generally, are indeed increased in RWD1-treated cancer cells. 

This analysis, while clouded by a complex network of multiple interconnected WNT 

signalling pathways, indicates the downregulation of b-catenin-dependent WNT 

signalling following RWD1 addition, which in turn suggests RYK may act to promote b-
catenin-dependent WNT signalling in the context of cancer. To validate this point WNT 

b-catenin signalling was downregulated in RWD1-treated OVCAR3 cells and the gene 
data set MYC Targets V2 was also suppressed in OVCAR3 and MDA-MB-231 cells 

exposed to RWD1 (Figure 4.17A). MYC is a well-known target gene of b-catenin-

dependent WNT signalling (He et al., 1998). Although, WNT b-catenin-dependent 
signalling was upregulated in MDA-MB-231 cells treated with RWD1 (Figure 4.17A). 
Unfortunately, the hallmark gene data sets do not contain PCP or WNT/Ca2+ gene sets 
so we could not statistically determine if these pathways were individually altered by 
RWD1 treatment. Overall this paints a complex signalling network where RYK may 

activate b-catenin-dependent WNT signalling in a context-dependent manner. 
However, the effect of RYK signalling on b-catenin-independent signalling in these 
specific tumour contexts remains largely unknown. But because of the combination, 
and significant interconnected nature, of different WNT signalling pathways which 
often negatively modulate each other (see Section 1.2.2.3.3), the RYK-mediated 

activation of b-catenin-dependent WNT signalling may lead to the downregulation of 
b-catenin-independent WNT signalling but this requires further investigation. The 

discovery that RYK may suppress TGFb-induced EMT in cancer is a major finding of 
this Thesis that deserves future interrogation. 

4.3.8 Genetic inactivation of RYK promotes lymph node metastases 
The finding that RYK signalling acts to suppress EMT in human tumours raises the 
prospect that inhibition of RYK may lead to a pro-tumourigenic outcome in addition to 
the anti-tumour effect of reduced tumour growth. The RYK-dependent A549 tumour 
xenograft model was utilised to evaluate this possibility, with our inducible 
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CRISPR/Cas9 system exploited to inactivate the RYK gene and thus reduce the level 
of RYK signalling in the tumours. This CRISPR/Cas9-mediated loss of RYK resulted 
in increased metastatic potential of the A549 tumour xenografts. Ipsilateral lymph node 
metastases were found in six mice with sgRYK1-expressing tumours and three mice 
with sgRYK2-expressing tumours compared to only two mice with the control 
sgAAVS1-expressing tumours. RT-qPCR experiments demonstrated sgRYK1 
substantially reduced the expression of RYK in the A549 in vivo tumours to ~25% of 
the control tumour, while sgRYK2 was less efficient only reducing expression to ~60%. 
Therefore, not only did more mice with sgRYK1 and sgRYK2 expressing tumours have 
lymph node metastases compared to the sgAAVS1 control arm but the RYK guide 
RNA that demonstrated substantially better inactivation of RYK (sgRYK1) promoted 
metastases to a greater extent than the less effective sgRYK2.  

For future work, the assessment of new RYK guide RNAs will facilitate improved 
efficacy of RYK inactivation in vivo. Furthermore, in this experiment the Cas9 
expression in these cells was only induced once they were injected into mice. The 
inactivation of RYK would be substantially greater if the tumour cells were induced with 
doxycycline in vitro for a period of time prior to harvesting and injecting mice in vitro. 
Consequently, this would lead to a significantly lower level of RYK signalling and thus 
any effect may be more pronounced. 

This experiment suggests that loss of RYK signalling leads to an increase in metastatic 
potential of the A549 human tumour cells. With the pro-metastatic effect of EMT in 
tumours (Polyak and Weinberg, 2009; Pang et al., 2016; Lu and Kang, 2019) and the 

promotion of TGFb-induced EMT stimulated by the inhibition of RYK identified in this 
Thesis (see Sections 4.2.6 and 4.2.7) it is likely that this increase in metastases are 
due to the EMT phenotype transition. Therefore, RYK signalling can have tumour-
suppressive properties through its inhibition of TGFb-induced EMT and tumour 
metastases. When testing the anti-cancer effect of RWD1 in A549 in vivo tumours (see 
Section 4.2.4), the pro-tumour link between RYK inhibition and EMT promotion was 
not known. Consequently, the effect RWD1 had on the metastatic capacity of these 
tumours was not investigated. Future experiments interrogating the effect of protein 
inhibition of RYK signalling on metastasis would provide another model by which to 
confirm this anti-metastatic tumour-suppressive role of RYK signalling. 

This work is in concordance with the trends seen in primary tumour samples from 
breast cancer patients that correlated an increase in RYK expression with lower grade, 
less aggressive tumours (Figure 3.16). As RYK expression is reduced, the 
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aggressiveness of tumours intensifies, potentially because of this upregulation in 

TGFb-induced EMT signalling and resulting in an increase in their metastatic potential. 

4.4 Conclusion 
This Chapter presents the establishment of a novel bioassay for RYK/WNT signalling 
that allowed us to evaluate the activity of our RYK inhibitors but also will provide a vital 
resource for future work to interrogate RYK signalling mechanisms. We optimised the 
expression and purification of the ligand trap RYK-Fc as well as RWD1, the fully-
human monoclonal antibody to RYK. Using the bioassay, we determined the ability of 
both inhibitors to block WNT3A/RYK signalling. However, RYK-Fc was unable to inhibit 
WNT3A or WNT5A signalling in the RYK-independent GFP-Kif26b reporter assay, 
leading to the conclusion that RYK-Fc cannot prevent WNTs binding to all WNT 
receptors but instead its WNT-inhibitory activity is more specific than originally thought. 

A major finding of this Thesis was then demonstrated with RWD1 shown to reduce the 
viability of A549, MDA-MB-231 and OVCAR3 cells in vitro. While the in vivo efficacy of 
targeting RYK was established when RWD1 significantly reduced the growth of A549 
tumour xenografts and increased necrosis in the tumours. Unexpectedly, RYK-Fc 
showed no effect on the growth of A549 cells in vitro or in vivo. RNA-sequencing 
followed by GSEA identified the upregulation of EMT-related genes in human cancer 
cells from three different tumour types following RWD1 treatment. Therefore, the ability 
of RYK to modulate the suppression of TGFb-induced EMT and thus RWD1 to promote 
this EMT occurs over a broad range of tumour types and oncogenic contexts. Lastly, 
the biological effect of this RYK-mediated inhibition of EMT was seen by 
CRISPR/Cas9-mediated inactivation of RYK promoting an increase in lymph node 
metastasis from A549 tumour xenografts. 
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Figure 4.1 RYK/WNT signalling inhibitors – RWD1 and RYK-Fc 

Schematic depiction of two RYK/WNT signalling inhibitors. A) RWD1 is a fully human 
monoclonal antibody that binds to the WIF domain of RYK and inhibits WNT-binding. 
Therefore, RWD1 is a specific inhibitor of RYK signalling. B) RYK-Fc is a ligand trap 
containing the extracellular region of RYK fused to the Fc portion of a human Ig 
molecule. RYK-Fc binds WNTs and prevents them from stimulating cell-surface RYK 
and potentially other WNT receptors. Therefore, RYK-Fc may function as a more 
general WNT signalling inhibitor as it can sequester all WNT proteins able to bind RYK. 
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Figure 4.2 Establishment of a WNT3A-induced AP bioassay 

A) Increase in AP activity of MC3T3-E1 cells (shown in terms of fold change) induced 
by the addition of increasing concentrations of rhWNT3A. AP activity was measured 
three days after WNT-stimulation. Error bars represent SEM (n=2). B) A titration of 
recombinant WIF-1 showing its ability to inhibit WNT3A induced AP activity. WNT3A 
is used at 10 ng/mL and each AP activity reading is normalised to the AP production 

of WNT3A-induced cells with no WIF-1 added. Error bars represent ±SEM (n=3) and 
curves drawn are automated lines of best fit.  
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Figure 4.3 WNT3A-induced AP activity is RYK-dependent 

Fold change increase in AP activity of MC3T3-E1 cells induced by 10 ng/mL rhWNT3A 
in the presence of a negative control siRNA (black) or two independent Ryk siRNAs 
(red). Ryk siRNA knockdown prevents the WNT3A induction of AP activity. Error bars 
represent ±SEM (n=3). The SEM for the technical replicates compromising the 
negative control data was 2-3%. 
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Figure 4.4 Analysis of optimal RYK-Fc expression and purification 
parameters for maximal WNT-inhibitory activity 

WNT3A-induced AP bioassay results for the titration of multiple RYK-Fc purifications 
assessing different expression and purification parameters. AP activity was measured 
three days after stimulation with 10 ng/mL rhWNT3A and normalised to the AP 
production of WNT3A-induced cells with no inhibitor. A) Different expression hosts 
produced RYK-Fc inhibitors with varying activities. B) Transiently expressed RYK-Fc 
had greater activity than stably-expressed RYK-Fc. C) FLAG peptide-eluted RYK-Fc 
had superior activity to RYK-Fc eluted with a glycine buffer pH 3.0. Error bars represent 

±SEM (n=2 for all except glycine elution where n=1). Curves drawn are automated 
lines of best fit. 
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Figure 4.5 RYK-Fc inhibits the activity of rhWNT3A and L-cell WNT3A CM in 
the WNT3A-induced AP bioassay  

WNT3A-induced AP assay results for the titration of optimised RYK-Fc, rhWIF-1 and 
a negative control Fc fusion (Thy1mut-Fc), expressed and purified using the same 
conditions as RYK-Fc. A) RYK-Fc and WIF-1 can inhibit rhWNT3A-induced AP activity 
in MC3T3-E1 cells three days after stimulation with 10 ng/mL WNT3A (n=3) B) RYK-
Fc can also inhibit L-cell WNT3A CM-induced AP activity three days after stimulation 
with 6.25% L-cell WNT3A CM. AP activity was normalised to the AP activity of cells 
induced with either rh or L-cell CM WNT3A with no inhibitor present. Error bars 
represent ±SEM (n=2 for all except for Thy1mut-Fc in B where n=1) and curves drawn 
are automated lines of best fit. 
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Figure 4.6 RWD1 inhibits WNT3A/RYK signalling in a dose-dependent 
manner in the WNT3A-induced AP bioassay 

Results from titrating RWD1 (red) and a negative control antibody, Foravirumab 
(black), in the AP bioassay. MC3T3-E1 cells were stimulated with 10 ng/mL rhWNT3A 
and AP activity was measured two days after induction. AP activity was normalised to 

the AP activity of cells with rhWNT3A but no antibody. Error bars represent ±SEM 
(n=2) and curves drawn are automated lines of best fit. 
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Figure 4.7 Evaluating a b-catenin-independent WNT reporter assay 

Results from flow cytometry analysis showing that both WNT5A and WNT3A reduce 
the GFP fluorescence of the reporter cells due to the downregulation of GFP-Kif26b. 
A) Offset histograms showing the decrease in fluorescence of the GFP-Kif26 reporter 
cells when cultured in 100% L-cell WNT5A CM compared to culturing in L-cell CM or 
DMEM media. B) Offset histograms showing L-cell WNT3A CM can also lead to the 
downregulation of the GFP-Kif26b reporter. C) Quantitation of this decrease in median 
GFP fluorescence induced by WNT5A and WNT3A L-cell CM. Error bars represent 
±SD (n=3). 
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Figure 4.8 Neither WNT5A or WNT3A stimulation of the GFP-Kif26b reporter 
assay is RYK-dependent 

Ryk siRNA knockdown does not inhibit the WNT5A or WNT3A-induced decrease in 
GFP fluorescence from the reporter cells. Offset histograms and the matched 
quantitation showing no difference in GFP fluorescence readings from the GFP-Kif26b 
reporter assay cells when transfected with two independent Ryk siRNAs (red) or a 
negative control siRNA (black). A) WNT5A-stimulated downregulation of the GFP-
Kif26b reporter occurs in Ryk-deficient cells. B) WNT3A-stimulated downregulation of 
the GFP-Kif26b reporter also occurs in Ryk-deficient cells. Error bars represent ±SD 
(n=3). 
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Figure 4.9 WIF-1, but not RYK-Fc, inhibits WNT3A and WNT5A activity in GFP-
Kif26b reporter assay 

Flow cytometry results for the detection of GFP fluorescence from the GFP-Kif26b 
reporter cells that have been cultured with L-cell WNT3A or WNT5A CM and titrations 
of WIF-1 and RYK-Fc. A, C) Offset histograms showing that increasing concentrations 
of WIF-1 inhibit the downregulation of the GFP-Kif26b reporter induced by both 
WNT5A and WNT3A respectively. B, D) RYK-Fc does not interfere with the 
downregulation stimulated by WNT5A or WNT3A respectively. E, F) Quantification 
showing the difference in ability of WIF-1 relative to RYK-Fc to inhibit the GFP-Kif26b 

downregulation induced by WNT5A or WNT3A respectively. Error bars represent ±SD 
(n=3) and curves drawn are automated lines of best fit. 
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Figure 4.10 RWD1 significantly reduces the viability of A549, MDA-MB-231 
and OVCAR3 but not A375R cells in vitro 

RWD1 dose response curves in A) A549, B) MDA-MB-231, C) OVCAR3 and D) A375R 
cells in vitro. RWD1 (red) and Foravirumab (black), a negative control antibody, are 
titrated in culture medium containing 2% FBS. A cell viability assay was performed 
after five or six days of antibody treatment. The viability is normalised to cells not 
treated with either antibody. Error bars represent ±SEM (n=3) and curves drawn are 
automated lines of best fit. 
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Figure 4.11 RWD1 inhibits tumour growth of A549 tumour xenografts in vivo 

Graphs illustrating the volumes of A549 tumour xenografts in two independent 
experiments (Experiments 1 and 2 as indicated). NSG mice were subcutaneously 
injected with 107 A549 cells and treated with 20 mg/kg RWD1 (red), Foravirumab 
(black, a negative control antibody) or DPBS (grey, vehicle control) three times weekly. 
The tumour volume was calculated two or three times per week once a tumour was 
palpable. Days post implantation are the number of days after subcutaneous injection 
of A549 cells. RWD1 significantly reduced the growth of the A549 xenografts compared 

to Foravirumab treatment. Error bars represent ±SEM (n=10 mice per group), * p<0.05, 
*** p<0.01. 
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Figure 4.12 RWD1 has no growth effect on A375R tumour xenografts in vivo 

Quantification of the volumes of A375R tumour xenografts. NSG mice were 
subcutaneously injected with 107 A375R cells and treated with 20 mg/kg RWD1 (red) 
or Foravirumab (black, negative control antibody) three times weekly. The tumour 
volume was calculated two or three days per week once a tumour was palpable. Days 
post implantation are the number of days after subcutaneous injection of A375R cells. 
There was no significant difference in growth between the RWD1 or Foravirumab 
treated A375R tumours (p = 0.98). Error bars represent ±SEM (n=10 mice per group). 
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Figure 4.13 RWD1-responsive A549 tumours show increased necrosis  

A) Quantification of the necrotic area within the RWD1-responsive (red) A549 
xenograft tumours compared to those treated with Foravirumab (black, negative 
control antibody) or DPBS (grey). Necrosis was quantified in six RWD1-treated 
tumours that had the most reduced tumour growth in response to treatment and in five 
DPBS- and five Foravirumab-treated tumours. The necrotic area, defined by areas of 
eosinophilia, cellular debris and loss of cytological detail is expressed as a percent of 
total tumour area within a 2-dimensional H&E-stained formalin-fixed paraffin-
embedded section from the middle of each tumour. Each data point represents one 
tumour analysed. Error bars represent ±SEM. B) Representative images of necrotic 
areas of A549 xenograft tumours treated with Foravirumab or RWD1. N = necrotic 
area; T= tumour without necrosis.  
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Figure 4.14 RWD1 has no effect on mouse body weight in vivo 

Quantification of the body weights of NSG mice with the A549 tumour xenografts 
treated with RWD1 (red), Foravirumab (black), and DPBS (grey). The mice were 
weighed on multiple days post implantation (subcutaneous injection of A549 cells). 

Error bars represent ±SEM (n=10 mice per group). 
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Figure 4.15 RYK-Fc has no growth effect on A549 tumours in vivo 

Quantification of the volume of A549 tumour xenografts. NSG mice were 
subcutaneously injected with 107 A549 cells and treated with 20 mg/kg RYK-Fc (blue), 
Foravirumab (black, negative control antibody) or DPBS (grey, vehicle control) three 
times weekly. The tumour volume was calculated two or three days per week once a 
tumour was palpable. Days post implantation are the number of days after 
subcutaneous injection of A549 cells. There was no difference in growth between the 

RYK-Fc, Foravirumab or DPBS treated A549 tumours. Error bars represent ±SEM 
(n=10 mice per group). 
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Figure 4.16 Differentially expressed genes in RWD1-treated versus 
Foravirumab-treated A549, OVCAR3 and MDA-MB-231 cells 

Heatmaps of differentially expressed genes in RWD1-treated cells compared to 
Foravirumab treatment. The three biological replicates for each treatment is displayed 
as #1, #2 or #3. The samples and their differentially expressed genes underwent 
mean-centring and unsupervised hierarchical clustering to generate the heatmap. A) 
Differentially expressed genes (adjusted p-value < 0.05) in A549 cells. B, C) The top 
100 differentially expressed genes (adjusted p-value < 0.05) in MDA-MB-231 and 
OVCAR3 cells respectively based on the absolute value of the log2 fold-change of each 
gene. Fora, Foravirumab. 
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Figure 4.17 Gene set enrichment analysis reveals RWD1 treatment 
upregulates the EMT pathway  

A) Hallmark gene sets enriched in the RWD1-treated (red) or Foravirumab-treated 
(blue) A549, MDA-MB-231 and OVCAR3 cells. Gene sets with FDR < 0.3 were 
considered to be enriched. B) Enrichment plots for the ‘Epithelial Mesenchymal 
Transition’ gene set enriched in RWD1-treated A549, MDA-MB-231 and OVCAR3 
cells. |NES|, absolute value of the normalised enrichment score; FDR, false discovery 
rate. 
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Figure 4.18 Validation of the upregulation of EMT-related genes in RYK-
dependent cancer cells following RWD1 treatment by RT-qPCR 

Quantification of the RT-qPCR analysis showing the fold-change increase in 
expression of A) LAMC2, B) COL1A1 and C) PMEPA1 genes in A549, MDA-MB-231 
and OVCAR3 cells treated with RWD1 relative to cells treated with Foravirumab. Error 

bars represent ±SEM (n=2). 
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Figure 4.19 CRISPR/Cas9-mediated inactivation of RYK increases lymph 
node metastases from A549 tumour xenografts 

Tumour xenografts in NSG mice were generated from A549 cells with doxycycline-
stimulated Cas9 expression and constitutive expression of one of two independent 
RYK guide RNAs or a negative control AAVS1 guide RNA. The mice were on a diet of 
doxycycline-containing chow and water. A) Quantification of RYK mRNA in tumours 
24 days post implantation of A549 cells. B) Graphical representation of the number of 
mice out of 12 in each experimental group that contained ipsilateral auxiliary lymph 
node metastasis dependent on the guide RNA expressed in their A549 tumour 
xenografts. Error bars represent ±SEM (n=2 for panel A and n=1 for B). C) 
Representative examples of H&E-stained sections of lymph node metastasis in NSG 
mice with A549 tumours expressing the control guide targeting AAVS1 (sgAAVS1) or 
a RYK-targeting guide RNA (sgRYK1). The SEM for the technical replicates 
compromising the negative control data in A-B was 2%. 
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Chapter 5  

Concluding discussion
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5.1 The importance and context of the key findings of this 
Thesis 
RYK is a member of the WNT-binding RTKs, a small unique subset of receptors at the 
interface of the WNT and RTK families of signalling proteins. These two families are 
indispensable for physiological cellular signalling but when dysregulated frequently 
drive the development and progression of cancer (see Section 1.2). RYK plays a 
number of pivotal roles during embryonic development, often through its ability to 
modulate WNT signals (see Section 1.4.3.1). However, despite this and known 
oncogenic roles for other WNT-binding RTKs namely ROR1, ROR2 and PTK7 (see 
Section 1.4.5; Figure 1.8), RYK has been largely ignored in the context of cancer. To 
shed light onto this poorly characterised receptor and interrogate its signalling and 
pathological functions, this Thesis worked to uncover a role for RYK in cancer.  

Through bioinformatic analyses followed by RNAi and CRISPR/Cas9 genetic 
perturbation we identified an in vitro role for RYK in sustaining the viability of 
melanoma, NSCLC, ovarian and breast cancer cell lines (see Section 3.2.2&3.2.4). 
This facilitated the establishment of four cell lines as RYK-dependent in vitro cancer 
models. The production and validation of a novel chicken anti-RYKEC was then 
accomplished to overcome the restrictive lack of quality antibodies to RYK that exist 
(see Section 3.1). This enabled the immunohistochemical staining of patient tumours 
and discovery that RYK was upregulated in human NSCLC tumours and that RYK 
expression was inversely correlated with the tumour grade of breast cancers (see 
Section 3.2.6).  

Two RYK/WNT signalling inhibitors (Blakely et al., 2011; Halford et al., 2013) were 
then utilised to examine the potential effects of targeting RYK signalling in cancer. A 
novel RYK/WNT bioassay was also developed to allow the optimisation of the 
production of these inhibitors in a bioactive form and confirmed their RYK/WNT-
inhibitory activity (see Section 4.2.2). Importantly, inhibiting RYK signalling through one 
of these agents, was found to compromise the in vitro viability and inhibit the in vivo 
growth of RYK-dependent tumour cells, illustrating the efficacy of targeting RYK 
signalling for an anti-cancer effect (see Section 4.2.4). This oncogenic role of RYK is 
likely enabled through its regulation of WNT signalling in these contexts. This is 

because both b-catenin-dependent and -independent WNT signalling is responsible 
for promoting tumour growth in several tumourigenic contexts (see Section 1.2.2.7) 
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and RYK is able to modulate both these pathways in the developmental setting (see 
Section 1.4.2) and therefore potentially in cancer. Furthermore, RNA-sequencing 
analysis in this Thesis describes the modulation of WNT b-catenin-dependent 
signalling in MDA-MB-231 and OVCAR3 tumour cells with RWD1-mediated inhibition 
of RYK signalling (Figure 4.17). This again suggests that RYK signalling regulates at 

least the WNT b-catenin-dependent pathway in these human cancer cells, likely in a 
positive manner although (as discussed in Section 4.3.7) RYK signalling may also 
inhibit WNT b-catenin-dependent signalling in some contexts. To add further 

complexity, b-catenin-dependent and -independent WNT signalling can antagonise 
each other and consequently promote or suppress tumour growth depending on the 
context (see Section 1.2.2.3.3). As a result, the downstream signalling pathway(s) 
responsible for this RYK-mediated promotion of tumour growth requires further 
elucidation. Future interrogation of the RYK-dependent tumour models established in 
this Thesis will help to uncover this mechanism and shed light on the effect that RYK 
inhibition has on the variety of WNT signalling pathways active in these contexts. 

The RNA-sequencing analysis also demonstrated an upregulation of EMT pathway 

genes, particularly those involved in TGFb-induced EMT, in the tumour lines treated 
with RWD1 (see Section 4.2.6 and discussed in Section 4.3.7). In fact, this 
upregulation was seen in all three human tumours lines analysed, which given the 
diversity of tumour subtypes and genetic mutations covered by these cell lines is a 
significant finding and suggests a broad role for RYK in the regulation of EMT in 
cancer. EMT is characterised by a change in the transcriptomic profile of the cells 
which induces a morphological transformation from an epithelial to a more migratory 
mesenchymal phenotype (see Section 1.2.2.7.1). Initial insight into the biological 
effects of RYK-mediated suppression of EMT was provided in this Thesis by an 
increase in metastatic potential of A549 tumour xenografts when RYK signalling was 
removed by CRISPR/Cas9-mediated inactivation of RYK (see Section 4.2.8). 

WNT signalling, both b-catenin-dependent and -independent, is well-known to promote 
EMT (see Section 1.2.2.7.1), however paradoxically this study demonstrates that 
RWD1-mediated inhibition of RYK promotes EMT implying therefore that RYK 
signalling suppresses EMT. Consequently, this Thesis raises the prospect that 
WNT/RYK signalling in cancer may function, at least in part, through the promotion of 
one pathway, such as b-catenin-dependent WNT signalling (as discussed in Section 
4.3.7) to drive tumour growth (Figure 5.1). While at the same time, cause the 
interconnected antagonization of another pathway such as b-catenin-independent 
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WNT signalling, which potentially results in RYK-mediated EMT suppression (Figure 
5.1). As discussed in Section 1.2.2.3.3, the antagonization and resulting inverse 
correlation between b-catenin-dependent and -independent WNT signalling, which is 
due to a number of factors including the competition between WNT ligands and co-
receptors for specific WNT receptors, has been previously described (Saneyoshi et al., 
2002; Ishitani et al., 2003; Sato et al., 2010; Hayes et al., 2013). Therefore, any 
dysregulation of WNT signalling that biases the balance between different WNT 
pathways in favour of one of these pathways may be amplified by this feedback. 

Similarly, whether a perceived inhibition of b-catenin-independent WNT signalling is a 
direct consequence of RYK signalling or instead an indirect effect of the RYK-mediated 

stimulation of b-catenin-dependent WNT signalling resulting from the causal effect of 
balancing the b-catenin-dependent and independent pathways remains unclear.  

The discovery of RWD1 treatment promoting TGFb-mediated EMT, is not the first 

connection made between RYK and TGFb signalling. Another group found that RYK 

was required for WNT5A/TGFb-mediated extracellular matrix production by airway 
smooth muscle cells, a characteristic of asthma (Kumawat et al., 2013). In addition to 
the well-described role of TGFb signalling in promoting EMT, migration and invasion 

in cancer, tumour suppressive properties of TGFb signalling have also been described 

(Massague, 2008). TGFb promotes apoptosis and inhibits tumour growth largely 
through cell cycle arrest in a number of tumours (Laiho et al., 1990; Siegel et al., 2003; 
Tang et al., 2003; Inman, 2011). However, these tumour suppressive properties are 
highly context dependent as TGFb has also been shown to promote cancer growth in 
certain contexts (Massague, 2008; Inman, 2011). Furthermore, a recent study has 

linked these EMT-promoting and tumour-suppressive functions, where the TGFb-
mediated tumour suppressive capacity in pancreatic ductal adenocarcinomas was due 

to a TGFb-induced lethal EMT that results in the promotion of apoptosis (David et al., 
2016). Consequently, the apparent tumour growth-promoting and EMT-suppressive 
functions of RYK identified in this Thesis may be linked through the modulation of 

TGFb signalling in some contexts. However, additional studies as discussed below are 
required to determine this. 
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5.2 Open questions and future directions 

5.2.1 Examine the biological consequences of RYK-mediated 
suppression of EMT in cancer 
Further verification that RYK inhibition does promote this TGFb-induced EMT is still 

required. We confirmed the upregulation of three TGFb-induced EMT-related genes in 
the RWD1-treated RYK-dependent human tumour cells using RT-qPCR. However, 
RNA-sequencing analysis of the RYK-dependent tumour lines that have 
CRISPR/Cas9-mediated loss of RYK would provide another model of RYK signalling 

inhibition to corroborate the finding that RYK signalling suppresses TGFb-induced 
EMT in cancer. Furthermore, interrogating the expression of these genes using in vivo 
tumour xenografts that demonstrate reduced growth under RWD1-treatment, or 
increased lymph node metastasis upon inactivation of RYK would ratify whether this 
RYK EMT link is followed in the in vivo cancer context. IHC staining of primary tumours 
from breast cancer patients performed in this Thesis, revealed a trend of reduced RYK 
protein expression in the more aggressive breast cancers. Therefore, analyses to 

identify whether markers of TGFb-induced EMT are increased in patient tumours with 
lower levels of RYK mRNA or protein expression would provide additional insight into 
the clinical relevance of RYK-mediated suppression of EMT. 

Evaluating whether the TGFb-induced EMT promoted by inhibition of RYK signalling 
is anti- or pro-tumourigenic is critical to whether RWD1-mediated targeting of RYK has 

therapeutic potential. While there are reports that TGFb-induced EMT can lead to anti-
cancer effects as discussed above (David et al., 2016), the canon is that EMT is a 
largely pro-tumourigenic process through its ability to promote migration, invasion, 
metastasis (Polyak and Weinberg, 2009; Voulgari and Pintzas, 2009) and therapy 
resistance (Fischer et al., 2015; Zheng et al., 2015). Therefore, elaborating on the 
findings of increased lymph node metastases in A549 tumours with loss of RYK 
expression by investigating whether RWD1-treatment or CRISPR/Cas9-induced loss 
of RYK influences the migration and invasion of cancer cells, particularly our RYK-
dependent in vitro models would provide further insight into whether this RYK-
mediated suppression of EMT has pro-tumourigenic consequences in cancer. Based 
on this Thesis, an increase in the migration and invasion of these cells would likely be 
expected. Evaluating whether RYK inhibition leads to increased metastatic potential in 
other in vivo tumour models would also aid in the interpretation of this discovery. 
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Further, interrogating whether this TGFb-induced EMT, brought about by RYK 
signalling inhibition, promotes the apoptosis of the RYK-dependent cells as previously 
noted in pancreatic tumours (David et al., 2016) would also illuminate whether this 
EMT has anti- or pro-tumour effects. 

5.2.2 The signalling mechanism(s) behind the growth promoting and 
EMT suppressing functions of RYK 
If the EMT suppressed by RYK signalling is indeed pro-tumourigenic, elucidating 
whether the RYK-mediated promotion of tumour growth and the parallel suppression 
of EMT have distinct signalling mechanisms is crucial to evaluate the efficacy of RYK 
targeting in cancer. Being able to block the ability of RYK to promote tumour growth, 
while retaining the role of RYK in EMT suppression would allow therapeutic targeting 
that would have only anti-tumour benefits. The poorly characterised but complex and 
context-dependent nature of RYK signalling (Figure 5.2) (see Section 1.4.2) (Roy et 
al., 2018) make this a daunting and long-term study but one that is definitely required. 
Importantly though, the successful targeting of WNT/RYK signalling relies on 
correcting the balance between the two different WNT signalling networks (as 
discussed in Section 1.3.4.7). 

Cancer is a predominantly genetic disease (Vogelstein et al., 2013) and the genetic 
contexts of different tumours could give rise to alternative RYK signalling mechanisms 
(Figure 5.2). RYK is known to positively and negatively modulate both b-catenin-
dependent and -independent WNT signalling in development (Li et al., 2009; Andre et 
al., 2012; Macheda et al., 2012; Santiago et al., 2012; Adamo et al., 2017) (see 
Sections 1.4.2.1-1.4.2.3). Dysregulation and an imbalance between these two 
interconnected WNT signalling networks are a common driver of tumours. Therefore, 
depending on the genetic context of each tumour RYK signalling may dysregulate b-
catenin-dependent or -independent WNT signalling. Determining which pathway RYK 
is altering in each cancer context is consequently critical and important to understand 
for the application of any therapeutic. Interrogating the effect of inhibiting RYK 
signalling in in vitro or in vivo contexts using a b-catenin/TCF transcription-based 
reporter (Biechele and Moon, 2008) would be one way of assessing the effect of RYK 

on b-catenin-dependent WNT signalling. Probing a WNT signalling antibody array 
(Oldefest et al., 2015) with lysates of our RYK-dependent tumour cells with and without 
RYK inhibition will also provide valuable insight into the downstream signalling 
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components of RYK signalling. Although which method of RYK inhibition, for example 
RWD1-mediated or through genetic perturbation, would need to be carefully thought 
through. Antibody inhibition of RYK may inhibit WNT binding and any resulting 
signalling, but whether this will impact other potential RYK signalling mechanisms such 
as acting as a co-receptor, a scaffold for protein interactions, or RYK proteolysis 
remains unclear. Consequently, RWD1 may only block some of the functions of RYK. 
However, genetic perturbation through CRISPR/Cas9 inactivates RYK at the genetic 
level and as such produces a cell with no RYK and so will ablate all potential signalling 
outputs of RYK. Although, CRISPR/Cas9 will not inactivate RYK in every cell within 
the population, as seen in the in vitro and in vivo use of this technology in this Thesis, 
and therefore some cells within a population, albeit it a minority, will express RYK at 
wild-type levels potentially confounding analysis.  

Proteolysis of RYK is a particularly intriguing but poorly understood occurrence that 
alters the mechanism of RYK signalling. The proteolytic cleavage of RYK is known to 
have biological consequences in development and provide a means by which this 
pseudokinase can signal (Lyu et al., 2008) (see Section 1.4.2.5). Increased proteolysis 
is a common characteristic of many cancers (Affara et al., 2009; Mason and Joyce, 
2011) and thus RYK may provide an altered signal in cancer through its fragments 
shed by proteolysis. The shedding of the extracellular region of RYK containing the 
WNT-binding WIF domain (RYK-NTF) is an outcome of this proteolytic cleavage (Lyu 
et al., 2008; Lyu et al., 2009). The equivalent of RYK-NTF shed from Drl, the drosophila 
orthologue of RYK (Callahan et al., 1995), is capable of binding Wnts and is crucial for 
the function of Drl in axon guidance (Reynaud et al., 2015). Consequently, RYK-NTF 
may function as a ligand sink sequestering WNTs and preventing them from binding 
cell-surface WNT receptors and thus inhibit WNT signalling such as b-catenin-
dependent WNT signalling. This would be similar to the tumour suppressive 
mechanisms proposed for WIF-1 (Zhang et al., 2014c; Kerekes et al., 2019). However, 
the findings of this Thesis that RYK-Fc was able to inhibit RYK-dependent WNT3A 
signalling but not that which was RYK-independent (see Section 4.3.3 for discussion) 
raises the prospect that RYK-NTF may form a complex with WNTs and another WNT 
receptor to transmit the WNT signal. Further, RYK-NTF may act in a way similar to 
HSPGs (Fuerer et al., 2010) (see Section 1.2.2.4.2), whereby the shed extracellular 
region of RYK binds WNTs and facilitate their long-distance signalling by ensuring their 
solubility and transporting WNTs to their target cell. Evaluating whether this cleaved 
form of RYK is required for RYK signalling in cancer, including its potentially tumour 
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suppressive inhibition of EMT, would provide valuable insight. Not least because 
inducing shedding of RYK-NTF could then deliver anti-cancer effects and provide a 
means to therapeutically target one aspect of RYK signalling and functions. 

Another consequence of RYK proteolysis is the release of the intracellular fragment of 
RYK (RYK-ICF) into the cytoplasm (Lyu et al., 2008; Lyu et al., 2009). RYK-ICF can 
be further translocated to the nucleus where it modulates transcription, including the 
transcriptional regulation of neuronal differentiation genes in development (Chang et 
al., 2017). Whether RYK-ICF is also present in the nucleus in our RYK-dependent 
cancers is worth investigating as RYK-ICF may directly modulate the EMT 
transcriptional profile and hence the shedding of RYK could again be induced to 
facilitate this anti-cancer benefit of RYK. The extent and identity of DNA regions bound 
by RYK-ICF could be determined through chromatin immunoprecipitation (ChIP) 
experiments followed by sequencing of the DNA regions bound to RYK-ICF. The major 
hurdle to this approach is the necessity for a reliable antibody to the intracellular region 
of RYK capable of immunoprecipitating RYK that currently does not exist to our 
knowledge. Not only would this method confirm the presence of RYK-ICF bound to 
DNA but would also give us insight into which genes may be regulated by RYK. The 
expression of the subsequently identified genes could then be evaluated with and 
without RYK inhibition to assess if they are true transcriptional targets of RYK-ICF. 

One form of potential regulation of RYK signalling that remains largely unstudied in 
both healthy and oncogenic contexts is alternative splicing of the RYK gene. Inspection 
of the AceView database (Thierry-Mieg and Thierry-Mieg, 2006), reveals up to 9 RYK 
mRNA transcripts likely derived from alternative splicing of the RYK gene in healthy 
adult human tissue. Alternative splicing is known to generate proteins with different, 
and sometimes opposing functions (Blencowe, 2006). The WNT5A gene is a relevant 
example which gives rise to two WNT5A protein isoforms, a long form which inhibits 
the proliferation of tumour cells and a short form which promotes their growth (Bauer 
et al., 2013). Consequently, the alternative splice variants of RYK may also generate 
proteins with different functions, A shortened form of RYK missing the C-terminal PDZ-
binding motif or the WNT-binding WIF domain may have a vastly different signalling 
mechanisms and thus a different cellular effect. It is unknown whether any of these 
alternative splice variants are translated into smaller isoforms of RYK and thus if they 
have functional consequence. The lack of quality monoclonal antibodies to a range of 
specific epitopes of RYK (see Sections 3.1 and 3.3.5) are a major hurdle to 
interrogating this question. With antibodies that target different regions of RYK, thus 
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covering potential isoforms missing regions of the full-length RYK protein, any isoforms 
produced from these alternative splice variants could be isolated and mass-
spectrometry used to identify their size and make up (Tipton et al., 2011; Tran et al., 
2011). 

5.2.3 The importance of WNT ligand and WNT receptor context for 
RYK signalling 
Another open question is the effect that the presence of multiple WNT ligands and 
other WNT receptors have on the functional output of RYK signalling in cancer. The 
existence of 19 independent human WNTs (Nusse and Clevers, 2017) as well as the 
extensive permutations of their interactions with a range of WNT receptors that include 
10 mammalian FZDs and the WNT-binding RTKs (see Section 1.2.2.4) (Niehrs, 2012) 
highlight the complexity of WNT signalling that must be considered when interrogating 
the signalling of any WNT receptor or WNT receptor complex. Which WNTs are 
required to stimulate RYK signalling in the RYK-dependent tumour models identified 
in this Thesis are unknown. However, the bioinformatic analyses of the cell lines in 
Chapter 3 (Figures 3.2 and 3.3) suggest that only a subset of WNTs are expressed in 
each cancer cell line narrowing down the potential mediators of RYK signalling. 
Although, it must be remembered that this data is mRNA expression and may not 
completely recapitulate the protein expression or the extent to which the expressed 
protein is active and signalling. Based on this data WNT3, WNT5A, WNT5B, WNT7A 
and WNT9A are the predominant WNTs expressed in these lines and therefore are 
most likely to transmit their signals through RYK in these cancer contexts. 
Furthermore, of these five ligands WNT3, WNT5A, WNT5B have previously been 
shown to bind, an in the case of WNT5A signal through, RYK in embryonic 
development (Lu et al., 2004b; Keeble et al., 2006; Chakravadhanula et al., 2015). 
Initial siRNA-mediated knockdown of RYK in our RYK-dependent tumour models 
performed in this Thesis, suggest a reliance on WNT5A for the viability of these cells 
in vitro (Figure 3.7). However, further analysis of WNT5A using CRISPR/Cas9-
mediated knockout or employing an inhibitory antibody to WNT5A (Hanaki et al., 2012) 
and interrogation of other RYK-binding WNTs in these tumours will facilitate our 
understanding of the necessity of different WNTs for RYK signalling in these contexts. 
Moreover, an extensive analysis of the binding affinity of RYK for each WNT ligand, 
through for example surface plasmon resonance technology (Kuroki and Maenaka, 
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2011), will aid investigations into RYK signalling not only in the cancer context but also 
in physiology and other pathological diseases.  

While WNTs are the sole identified ligands of RYK, there is a possibility that RYK may 
have additional ligands which would have considerable implications for the role of RYK 
in cancer. Intriguingly, WIF-1 can bind connective tissue growth factor (CTGF) 
(Surmann-Schmitt et al., 2012), olfactomedin-1 (OLFM1) (Nakaya et al., 2008) and 
potentially hedgehog ligands (Kerekes et al., 2019). Dysregulated CTGF (Chu et al., 
2008; Makino et al., 2018), OLFM1 (Anholt, 2014; Shi et al., 2016) and hedgehog 
(Rubin and de Sauvage, 2006; Yao et al., 2018) signalling has been implicated in 
cancer. The homology between WIF-1 and RYK was used to first identify that WNTs 
were ligands for RYK (Patthy, 2000; Yoshikawa et al., 2003). Consequently, assessing 
if CTGF, OLFM1 and/or hedgehog ligands can interact with, and signal through RYK 
would raise the prospect of a considerable WNT-independent role for RYK in cancer. 

The influence of other WNT receptors on RYK signalling is poorly understood and if 
characterised in a cancer setting could facilitate additional means by which to target 
RYK/WNT signalling. The presence of additional WNT receptors, whether FZDs or 
other WNT-binding RTKs could hinder RYK signalling as WNTs may bind preferentially 
to them over RYK. However, other WNT receptors may form receptor complexes with 
RYK and thus be required for RYK signalling. The formation of WNT receptor 
heterodimers, including complexes containing RYK, is a common occurrence in WNT 
signalling (Inoue et al., 2004; Lu et al., 2004b; Kim et al., 2008a; Kim et al., 2008b; 
MacDonald and He, 2012; Martinez et al., 2015; Podleschny et al., 2015). Further, 
RYK can interact physically with RTKs that do not bind WNTs, such as EPHB2 and 
EPHB3 (Halford et al., 2000; Trivier and Ganesan, 2002). With a kinase-inactive 
intracellular region (see Section 1.4.1.1) (Stacker et al., 1993; Murphy et al., 2014) and 
evidence suggesting RYK can functions as a signalling scaffold (Wouda et al., 2008) 
(see Section 1.4.2.4), RYK acting as a co-receptor in cancer is a distinct possibility. 

Future work identifying interacting partners of RYK could begin with the use of 
proximity-based labelling methods. Two of these techniques, BioID (Roux et al., 2012) 
and APEX (Rhee et al., 2013) require the binding of their respective enzymes to the 
protein of interest (RYK). Then upon the introduction of a biotin source, proteins that 
interact with or are located very near RYK are labelled with biotin (Trinkle-Mulcahy, 
2019). All biotinylated proteins are extracted via a streptavidin pulldown, exploiting the 
strong biotin-streptavidin binding, and finally mass spectrometry would be employed 
to sensitively identify each interacting partner of RYK. In addition to this method being 
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performed under baseline conditions, it could also be utilised pre and post exposure to 
a WNT source to investigate which interactions are facilitated by WNTs and how 
different WNT ligands promote different RYK interactomes. Moreover, BioID or APEX 
could be employed to provide insight into which interactions of RYK RWD1 can and 
cannot block, which is important to provide further understanding into the mechanism 
of this antibody and also which interactions are required for the RWD1-mediated 
functions of RYK. 

5.2.4 The function of RYK within the tumour microenvironment 
This Thesis has focused on the role of RYK in tumour cells, however RYK may also 
play a tumour promoting or suppressive role in stromal and/or immune cells within the 
tumour microenvironment. WNT signalling within a tumour is modulated by 
considerable interplay between the stromal components and the tumour cells 
(Macheda and Stacker, 2008; Luga et al., 2012; Kaur et al., 2016; Wang et al., 2016c; 
Galluzzi et al., 2019). The discovery in this Thesis that RYK is significantly expressed 
on blood vessels in human NSCLC and breast tumours (Figures 3.15-3.16) is in 
conjunction with a recent study that demonstrated a role for RYK in endothelial cell 
permeability (Skaria et al., 2017). To extend the discovery in this thesis and confirm 
that the endothelial cells are responsible for the expression of RYK seen on blood 
vessels, multiplex immunohistochemistry could be performed on tumour cores to 
simultaneously stain RYK and markers of distinct cell populations including 
platelet/endothelial cell adhesion molecule 1 (PECAM-1)/CD31 for endothelial cells; 

smooth muscle myosin for smooth muscle cells; and PDGFRa for fibroblasts. This 
finding raises the prospect that RYK signalling in endothelial cells may regulate tumour 
angiogenesis and thus targeting RYK in this context could deliver anti-cancer benefits. 
However, further investigation into the expression of RYK on blood vessels in healthy 
tissue is required. Ascertaining whether RYK is expressed at the same level on blood 
vessels in healthy tissues as opposed to a tumour would aid the targeting of RYK on 
endothelial cells to deliver an anti-cancer effect and minimise side effects. 

WNT signalling also plays a significant role in the modulation of the 

immunosuppressive environment of a tumour (Galluzzi et al., 2019). For example, b-
catenin-dependent WNT signalling in dendritic cells modulates cytokine secretion, 
including promoting interleukin 10 expression that ultimately suppresses the activity of 
anti-tumour cytotoxic T lymphocytes (Fu et al., 2015; Hong et al., 2016). A recent study 
has also identified a strong correlation between WNT pathway activation in Chinese 
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lung SCC patients and low T-cell infiltration (Zhang et al., 2019b). Consequently, 
characterising the effect of targeting RYK signalling on the anti-tumour immune 
response or even in combination with immunotherapy may provide another avenue in 
which inhibition or promotion of RYK signalling has therapeutic benefits. The in vivo 
studies in this Thesis were performed in immunocompromised mice, consequently 
assessing the effect of RWD1 in immunocompetent mice would facilitate further 
understanding. The genetic mouse model, WNT1-MMTV, generates WNT-driven 
mouse mammary tumours (Li et al., 2000) and is an example of an immunocompetent 
mouse tumour model that could be used to further evaluate RWD1 not only by its effect 
on tumour cells but also on the mouse immune system. 

5.2.5 The future of targeting RYK 
This Thesis explored the efficacy of targeting RYK signalling in cancer and found that 
RYK inhibition suppressed tumour growth but also promoted expression of EMT-
related genes, suggesting that targeting RYK may be both anti- and pro-tumourigenic. 
As discussed in Section 5.2.2-5.2.4, elucidating the signalling mechanism(s) of RYK 
that give rise to these two signalling outputs may provide a means to specifically target 
the pro-tumourigenic RYK signalling while not impacting (or possibly enhancing) the 
tumour-suppressive RYK signalling. To interrogate the potential of inhibiting a specific 
RYK signalling mechanisms and output, additional inhibitors would need to be 
designed depending on the signalling mechanism(s) identified.  

SMKIs are readily used to target RTKs (see Section 1.3.2.3), however with the 
pseudokinase nature of RYK (see Section 1.4.1.1) it was thought SMKIs would have 
little effect on RYK. However, recently, SMKIs have been shown capable of binding 
two members of the Tribbles family of pseudokinases, inducing conformational 
changes and promoting their ubiquitin-mediated degradation (Foulkes et al., 2018; 
Jamieson et al., 2018). This raises the prospect of targeting pseudokinases, including 
RYK, through SMKIs which stimulate their downregulation and consequently inhibit 
their signalling or even induce a conformational change which may block their activity 
as a signalling scaffold. This could be very useful for targeting of RYK, as the WNT 
receptor is known to act as a signalling scaffold in some contexts (see Section 1.4.2.4).  

Antibodies to PTK7, ROR1 and FZD10 have been used to generated ADCs (Fukukawa 
et al., 2008; Baskar et al., 2012; Cui et al., 2013a; Damelin et al., 2017) (see Section 
1.3.3.1.4). Further analysis of the expression of RYK in normal human tissues with the 
validated chicken anti-RYKEC generated in this Thesis, will determine whether RYK is 
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widely expressed in physiological conditions and if not may suggest the efficacy of 
using RWD1 as an ADC to deliver a cytotoxic payload to RYK-expressing tumours. 
Recently, bifunctional antibody and ligand traps have been designed that contain 
antibodies to inhibit immune checkpoints such as CTLA-4 and PDL1, while also binding 
and sequestering TGFb ligands and thus simultaneously targets two tumour-promoting 
signalling factors (Ravi et al., 2018). Notably, these bifunctional therapeutics showed 
a greater anti-cancer response than that delivered by the immune checkpoint 
antibodies alone. Therefore, RWD1 may potentially be more effective in the setting of 
a theoretical bifunctional antibody and ligand-trap. RWD1 would be the antibody, giving 
the bifunctional therapeutic an antibody-mediated RYK/WNT inhibitory activity, while 

the other half could be a ligand trap that sequesters TGFb therefore giving the 
therapeutic also the ability to inhibit the TGFb-induced EMT that was found to be 
promoted by RWD1 in this Thesis. 

While, this Thesis has identified lung, breast, ovarian and melanoma cell lines that 
were susceptible to RYK-inhibition further investigation of additional human tumour 
cells will likely widen this range of cancer cells reliant on RYK signalling. Notably, 
glioblastoma cell lines should be evaluated based on the interrogation of the TCGA 
database in this Thesis that revealed an upregulation of RYK in primary glioblastoma 
tumours relative to normal brain tissue (Figure 3.1). A recent study by Adamo et al. 
(2017) has also suggested a potential role for RYK in the self-renewal of glioblastoma 
stem cells. Furthermore, osteosarcoma cell lines could also be evaluated for RYK-
dependency based on the discovery that RYK mediates WNT3A signalling in MC3T3-
E1 cells to induce AP production (Figures 4.3&4.6) and therefore potentially osteoblast 
differentiation (as discussed in Section 4.3.1), which demonstrates active RYK 
signalling in osteoblasts. This knowledge along with the active role RYK plays in bone 
development (Halford et al., 2000) and a study showing phosphorylation of RYK in 
osteosarcoma (Gobin et al., 2014), raises the prospect of active RYK signalling in 
osteosarcoma. Evaluation of a wide range of cancer cell lines for RYK-dependence 
will also aid identification of biomarkers for tumour-promoting RYK signalling in cancer. 
Biomarkers are an invaluable component of successful targeted therapy (as discussed 
in Section 1.3.5.2) and will facilitate more efficient exploration of where targeting RYK 
may deliver anti-tumour benefits. The IHC staining of TMAs suggested that lower grade 
breast tumours contained higher levels of RYK protein and thus RYK signalling may 
have a higher functional importance in these tumours. Although the siRNA studies in 
this Thesis suggested that RYK expression, and even high RYK expression, was not 
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a biomarker for its role in maintaining cellular viability. Likely, RYK will play its pro- and 
anti-cancer roles in a subset of human tumours and identifying the characteristics of 
these tumours would be highly valuable. 

5.3 Concluding remarks 
This Thesis addresses a vacancy in the WNT signalling literature by uncovering a role 
for RYK in cancer. RYK is a poorly characterised WNT-binding RTK whose role in 
cancer has been largely ignored. RNAi and CRISPR/Cas9 studies identified a number 
of cancer cell lines that were dependent on RYK for their viability demonstrating a pro-
tumour role of RYK. The clinical relevance of RYK signalling was demonstrated by the 
significant expression of RYK in human NSCLC and breast tumours and the inverse 
correlation seen between RYK expression and breast tumour grade. Issues of 
detecting RYK protein in human tissue was overcome by the generation of a chicken 
anti-RYKEC antibody. A novel RYK/WNT signalling bioassay was also established and 
used to optimise the expression and purification of two RYK/WNT signalling inhibitors 
generated by our laboratory. One of these inhibitors, RWD1, a fully human inhibitory 
monoclonal antibody to RYK, demonstrated the efficacy of therapeutically targeting 
RYK in cancer by reducing the viability of lung, breast and ovarian cancer cell lines in 
vitro and significantly inhibiting the growth of lung tumour xenografts. However, the 
upregulation of genes involved in TGFb-induced EMT was identified in RWD1-treated 
cells across three different tumour types suggesting that RYK inhibition has anti-
tumourigenic (suppression of tumour growth) and potentially pro-tumourigenic 
(promotion of EMT) consequences. Thus, this Thesis illustrates the role of this poorly 
understood receptor in two crucial processes in cancer. It reveals that thoughtful 
targeting of RYK signalling, on the back of further interrogation of RYK signalling 
mechanisms, may provide a unique therapeutic for cancer treatment. 
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Figure 5.1 Overview of the roles for RYK in cancer uncovered in this Thesis 

RYK signalling was inhibited in both in vitro and in vivo tumour models in this Thesis by a 
combination of genetic perturbation and inhibition of protein:protein interactions. RYK mRNA 
expression was knocked down by siRNA technology, while an inducible CRISPR/Cas9 system 
was used to inactivate the RYK gene. A fully-human inhibitory antibody to RYK, which inhibited 
the interaction of RYK and WNTs, was utilised as was a ligand-trap containing the extracellular 
region of RYK and thus sequestering RYK-binding WNTs and any unknown ligands. Through 
these protein inhibition and genetic perturbation methods modulating RYK signalling was 
found to promote the in vitro viability and in vivo growth of a subset of tumour cells. This Thesis 
also discovered tumour-suppressive roles for RYK signalling, through inhibition of in vitro 

TGFb-induced EMT and in vivo metastasis. 
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Figure 5.2 The complexity of RYK signalling mechanisms 

Schematic depiction of the variety of mechanisms by which RYK may signal in a 
tumour setting. WNT ligands may be secreted in an autocrine or paracrine manner 
from the tumour cells or in a paracrine fashion from other cell types within the tumour 
microenvironment such as endothelial cells, fibroblasts and cells of the immune 
system. Tumour and stromal cells secrete an array of extracellular modulators of WNT 
ligands and receptors that can also regulate WNT/RYK signalling such as WIF-1, 
SFRPs and DKKs. There is also the potential for unknown ligands to activate RYK 
signalling. A number of potential receptor contexts have been described for RYK 
including in a complex with other WNT-receptors, other RTKs, or as extracellular and 
intracellular fragments having undergone proteolytic cleavage. A number of signalling 
outputs have also been described for RYK to translate the signal of the stimulating 
ligand into a cellular outcome through the activation or inhibition of a number of 
potential signalling pathways known to be modulated by WNT signalling. 
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Appendices 

Appendix 1 Genes from the EMT hallmark gene set that are differentially 
expressed in RWD1-treated RYK-dependent cancer cells  

Heatmaps of differentially expressed genes in RWD1-treated cells compared to 
Foravirumab (Fora)-treated cells that are categorised into the EMT hallmark gene set. 
The three biological replicates for each treatment is displayed as #1, #2 or #3. Both 
the samples and differentially expressed genes underwent mean-centring and 
unsupervised hierarchical clustering to generate the heatmap. EMT-related genes 
differentially expressed in A) A549, B) MDA-MB-231 and C) OVCAR3 cells. Fora, 
Foravirumab. 
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Appendix 2 Further validation of RYK siRNA reducing RYK mRNA expression 
in the cell lines used in this Thesis. 

Quantification of RYK mRNA expression in six different cell lines following transfection 
with two independent RYK siRNAs relative to a negative control siRNA. Five or six 
days after transfection RNA was extracted from the cells and a qPCR performed to 
examine RYK expression. N = 1 for each sample. 
  



 311 

 
  



 312 

Appendix 3 WNT5A siRNA transfection of A375 cells does not alter the mRNA 
expression of the WNT5B gene 

Quantification of WNT5B mRNA expression in A375 melanoma cells 5 days after 
transfection with a negative control siRNA or a WNT5A siRNA. 
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Appendix 4 Published review article 

Full version of the review article I published as the first author in the Journal Growth 
Factors. Text and figures from this review has been used in Chapter 1 of this Thesis 
as indicated in the preface and as per regulations set out by The University of 
Melbourne. 
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