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Abstract 

The Eph receptor tyrosine kinases are a highly conserved family of proteins involved in a variety  

of developmental processes. As well, the Eph receptors appear to play a pivotal role in the 

development and progression of some cancers. The nematode C. elegans has emerged as a strong 

developmental model, for the study of human Eph receptors.  Recent research in this model, has 

suggested an antagonistic relationship between VAB-1, the single C. elegans Eph receptor and 

DAF-18, the homolog of the human tumor suppressor PTEN. This work in C. elegans has led to 

the hypothesis that the human Eph receptors and PTEN may function in a similar way.  To 

provide evidence to support this hypothesis I showed that human EPHA2 and PTEN could 

physically interact in vitro. Furthermore, my research shows that the human Eph receptors appear 

to function like the C. elegans Eph receptor (VAB-1) in the neurons of the worm.  Finally, I 

provided evidence to show that EphA3 K761N, a common mutation found in human lung 

cancers, behaves like a gain-of-function mutation in C. elegans.  Expressing EphA3 K761N or 

the analogous mutation in VAB-1, K859N, results in overactive receptor tyrosine kinase activity 

leading to abnormal axon guidance in C. elegans. These results have furthered our understanding 

of the evolutionary conservation between the human Eph receptors and VAB-1, and show the 

promise of using this model to discover novel components of the human Eph receptor signaling 

pathway. 
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Chapter 1 

Introduction 

In the developing embryo, cells need to communicate to coordinate their shape 

and position to give rise to complex three-dimensional tissues and structures. This 

process is referred to as morphogenesis, and is heavily dependent on cell adhesion, and 

cell-cell touch mediated communication (Gumbiner, 1996). The molecules that mediate 

these developmental processes are involved in regulating a variety of cellular behaviors 

including the regulation of cell shape, migration, growth, differentiation and even cell 

death (apoptosis) (Bershadsky, Chausovsky, et al. 1996; Ridley, 2001; Ruoslahti, and 

Reed, 1994). 

Understanding the pathways through which these proteins affect cell behavior is 

of great importance to various fields of biological and medical research. Furthermore, 

establishing functional models for these systems may enable the rapid and detailed 

genomic studies of these cellular dynamics. Analyzing these effectors, furthers our 

understanding of the mechanisms underlying development, and will provide us with 

potential therapeutic targets for developmental diseases as well as a variety of cancers. 

The Eph receptor tyrosine kinases are a family of molecules that plays a key role in 

development and, additionally are implicated in a variety of cancers (Dodelet, and 

Pasquale, 2000).  The focus of my research involved using C. elegans to test putative and 

novel models of Eph receptor function. My work has a strong emphasis on assessing the 

degree to which work in our model could be extrapolated to the human system.  
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Chapter 2 

Literature Review 

2.1 Eph receptor structure and function 

 In 1987, a search for kinases involved in cancer yielded the discovery of a 

previously uncharacterized receptor tyrosine kinase (RTK). The receptor was dubbed 

‘Eph’ for the erythropoietin producing hepatocarcinoma cell line from which its cDNA 

was isolated (Hirai, et al. 1987 as cited by Murai and Pasquale, 2003). Comprised of over 

16 different receptors subdivided into either ‘A’ (1-10) or ‘B’ (1-6) based on sequence 

identity and their relative ligand affinity, the Eph receptors are now known to form the 

largest sub-family of RTK’s. This has proven to be a heavily conserved family of 

proteins, with homologous genes being found in mice, chicks, sponges and nematodes 

(Drescher, 2002). It is hypothesized that Eph receptors may have originated as early as 

the parazoan-eumetazoan bifurcation, with the ‘EphB’ class receptor most closely 

representing the ancestral form (Drescher, 2002)  

2.1.1 Structure 

The Eph receptors are a family of transmembrane proteins. The extracellular 

region of the protein contains an N-terminal ligand-binding domain, followed by a 

cystein rich domain, containing an epidermal-growth like factor motif (Labrador, 1997). 

This region is followed by two fibronectin type 3 repeats. A portion of the protein spans 

the membrane connecting the protein to its cytoplasmic domain comprised of a 

juxtamembrane segment, tyrosine kinase domain, Sterile-α motif, and a C-terminal PDZ 

domain binding motif (Figure 1.) (Zisch and Pasquale, 1997). In the mammalian system it 
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is worth noting that two Eph receptors (EphA10/EphB6) lack necessary catalytic domains 

for kinase activity, hinting that these proteins have kinase independent functions 

(Pasquale, 2005).  

Receptor signalling activity is primarily mediated through interactions with their 

ligands, the Ephrins. Like their receptors, the 9 mammalian Ephrins are subdivided into 

‘A’ (1-6) or ‘B’ (1-3) class, but this classification is based on structural distinctions. The 

Ephrin A class ligands, are tethered to the cell membrane by glycosylphosphatidylinositol 

(GPI) anchors, whereas the Ephrin B’s are transmembrane proteins, with small 

cytoplasmic tails (Pasquale, 2004). A point of interest with the Ephrins, is their capability 

of propagating their own cell signals. This unique property of the Eph and Ephrins, 

referred to as ‘bi-directional signalling’, and provides an additional layer of complexity to 

understanding how Eph receptors regulate cell activity (Pasquale, 2005). 

Although, Eph receptors were originally subdivided into ‘A/B’ class based on their 

ligand binding affinity, recent work has illustrated a degree of Eph-Ephrin promiscuity 

between classes. For example EphA4 interacts with several EphrinA’s but also has well 

established activity with EphrinB2. EphrinA5, on the other hand, is capable of 

stimulating EphA activity, as well as EphB2 (Himanen, 2004). 

When Eph receptors are brought into contact with a cell expressing a compatible 

Ephrin, the Eph and Ephrin form a heterodimer. This interaction is mediated by a high  
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Figure 1. Generalised structure of an EPH receptor its Ephrin ligands, and PTEN. 

The first image to the left is the generalised model of the EPH receptor and its key 

domains. The adjacent structures represent the generalised structure of a ephrin type A 

and type B proteins, respectively. Farthest to the right is a structural representation of 

Human PTEN and its key domains. Note that the binding domains of both the EPH 

receptors and the Ephrins have mutiple receptor-ligand binding interfaces of varying 

affinities.  
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affinity interaction between the Ephrin and the Eph receptors globular ligand binding 

domain. This heterodimer then recruits and binds other Eph-Ephrin dimers via low-

affinity binding sites located in the ligand binding domain and the cystein rich- domain, 

forming a tetramer (Himanen, et al., 1998, 2001). The formation of Eph-Ephrin 

complexes causes a series of tertiary conformational changes, which encourage a 

transphosphorylation of key tyrosine residues between the two kinase domains. The Src-

family kinases also act to extensively phosporylate select tyrosines. This series of 

phosphorylation events causes the Eph receptors kinase domain to be released from an 

intramolecular inhibition imposed by the juxtamembrane region (Himanen and Nikolov, 

2003). The kinase domain may also regulate its kinase activity using a molecular brake 

region, similar to one recently identified in FGFR2 (Chen, et al. 2007). The net result is 

the increased kinase activity and signalling potential of the receptor. These tetrameric 

complexes are believed to be the minimal requirement for Eph-Ephrin signaling. In vivo, 

much larger aggregates of these complexes are observed in lipid rafts, although the 

relationship between signal strength and the size of these clusters remains somewhat 

unclear (Himanen and Nikolov, 2003). Further evidence suggests that PDZ-domain 

containing proteins may act to help stabilize these complexes, while the SAM domain 

may help mediate the complex arrangement in vivo (Wimmer-Kleikamp, 2004). 

2.1.2 Adhesion/Repulsion 

At the cell-cell level, Eph mediated signalling appears to be primarily involved in 

regulating cell adhesion and repulsion. At first glance it seems contradictory: Eph 

signalling requires cell-cell contact, and forms highly adhesive bonds between receptor 

and ligand, but the signalling often causes cell repulsion. There are several proposed 
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mechanisms which could enable the dissociation of these complexes in response to 

repulsive ques. Ephrin-B expressing cells that have formed signalling complexes can be 

taken back up into the cells by a form of endocytosis, effectively negating the adhesive 

properties of these complexes (Marsten, et al. 2003; Zimmer, et al. 2003). Alternatively, 

it has been shown that certain proteases cleave Eph-Ephrin complexes (Hattori, 2000). 

For example, interaction between EphA3 and Ephrin-A2 has been shown to activate the 

metalloprotease ADAM10, which cleaves the signalling complex (Janes, et al. 2005). 

Serine proteases, a sub-family of rhomboids, have been shown to effectively interact with 

the Ephrin-B3 molecules, although their mechanisms of regulation are poorly understood 

(Pascall, 2004). 

Eph-Ephrin signalling also mediates attractive and cell-cell adhesive forces. The 

mechanics underlying this are much easier to conceptualize, although the high-affinity 

ligand-receptor interactions aren’t always necessarily the dominate force causing 

adhesion. The adhesive (and repulsive) effects are driven by the downstream affects on 

the cytoskeleton, which modify adhesion to the extra-cellular matrix, or other cells, and 

can mediate membrane ruffling. For example EphA4 and Ephrin-B signalling are 

involved in platelet aggregation. The take away message is that Eph receptors appear 

capable of mediating both repulsive and attractive cues, and that the relative net effect on 

cellular behavior is a function of Eph receptor abundance/distribution, and cellular 

context. 
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2.1.3 Eph Mediated Processes 

At a more macro level, the Eph family of receptors are heavily involved in a variety 

of morphogenic developmental processes driven by these adhesive and repulsive forces. 

Specifically, Eph signalling is required to regulate the specific shaping and positioning of 

cells to give rise to structurally complex organs and tissues.  The role of Eph receptors in 

the establishment of neural topographic maps is the most well studied example, providing 

insight into the mechanics and complexity underlying Eph signalling. The role that Eph 

receptors appear to play in mediating axon growth cone dynamics has been a key focus of 

my research. Previous research identified Ephrin-A5 signaling as a retina growth cone 

repellant in the chicken posterior tectum (superior colliculus in mammals)  (Drescher, 

1995). In contrast, in vitro studies illustrated that at low concentrations Ephrin-A2 

mediated axon attraction. From these studies a primitive model of Eph-Ephrin gradients 

was used to explain how retinal ganglia cells establish precise spatial connections in the 

superior colliculus.  

Eph receptors also regulate axon branching. In vitro stripe assays established that 

EphA forward signaling inhibits lateral branching posterior to the designated termination 

zones. Ephrin-B/EphB signaling also appears to stimulate and inhibit axon branching like 

Ephrin-A2. Ephrin-B can act to differentially repel or attract collateral branching from 

EphB positive axons depending on their relative EphB expression patterns. There is also 

evidence of Eph signaling playing an important role in the regulation of nerve clustering 

and axon projection fasciculation. Evidence from EphB2 and EphB3 knockout mice 

indicate that EphB forward signaling plays an important role in unbundling  of neurons in 

the hippocampul neurons, in order for the axons to make individual synaptic connections 
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(Noran and Paquale, 2004, Pasquale, 2005). Eph receptors also play important roles in 

dendritic spine morphogenesis (Tada and Sheng, 2006) 

Outside of the nervous system, Eph signalling has well studied roles in epithelial 

branching morphogenesis, capillary sprouting, and angiogenesis.  In vitro studies have 

shown that Eph signalling plays an important role in regulating the shape and form of 

epithelial cellular protrusions, much like axon processes (Wang, et al. 1998). EphA 

signalling has been shown to inhibit branching morphogenesis that has been induced by 

hepatocyte growth factor RTK in cultured kidney cells. Knockout analysis in mice hinted 

at the role of Eph-Ephrin signalling in modeling the embryonic vascular and lymphatic 

system. Further studies confirmed the role of Eph signalling in promoting capillary tube 

formation through modification of endothelial morphology (Pasquale, 2005). 

On top of cell shape, cell migration is essential to establishing proper morphogenic 

structure. During development, regulating precise movement is important for establishing 

correct cellular positions. At later stages, endothelial cells migrate to penetrate tissues to 

establish capillary beds, position epithelial cells along microvilli, or regulate neural cell 

positioning. For example Ephrin-B signaling inhibits the ability of neurons to migrate 

along chemoattractive gradients. Eph signaling is also important to regulate 

compartmentalization by establishing borders of Eph-Ephrin interfacing cells which 

prevent migration, and help establish tissue borders (Pasquale, 2005).  
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2.1.4 Eph Receptors and Cancer 

 Eph receptors were initially isolated from human cancer tissue, and have since 

been found to play an important, albeit paradoxical, role in cancer development and 

progression. The ’paradox’ of the Eph receptors role in human cancers is derived from 

the fact that Eph receptors appear to have both oncogenic and tumor suppression activity 

(Noran and Paquale, 2007). 

 In vitro activation of mammary EphB4 signalling inhibited the growth, motility 

and invasion of cancerous cells, while increasing apoptotic pathways. This finding 

suggests that Eph signalling could play a role in tumor suppression. Studies by Andres 

and Zeimike in 2003, found results supporting this theory, by noting a loss of Ephrin-B2 

in a mouse mammary tumor. 

 In some cancers there appears to be increased levels of Eph receptor expression, 

but a decrease in relative activation by Ephrins. The stimulation of Eph receptor 

signalling in certain cancers has been shown to decrease cancer cell growth, proliferation, 

and metastasis.  The stimulation of EPHB4 using soluble Ephrin-fc molecules has been 

shown to inhibit colorectal cancer progression and tissue invasion (Noran and Paquale, 

2004). Furthermore, ABL- mice transfected with dominant negative EPHB4 have been 

shown to promote colorectal cancer phenotypes.  Variety of research has revealed that 

Eph receptors act to suppress oncogenic signaling pathways including HRAS, crk and 

PI3K-akt and Abl-Crk (Merlos-Suarez and Battle, 2008). This has been further supported 

by the abundance of cancer lines that appear to have lost the expression of certain Eph 

receptors, which may be a key step in the metastasis/invasion transitions in aggressive 

cancer’s. The picture that emerges is that Eph signalling can act on two levels to combat 
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cancer development, firstly by inhibiting the cell growth and proliferation, and secondly 

by spatially confining the tumors. 

 On the other side of the story, Eph receptor signalling has also been implicated in 

oncogenic activity. A point mutation in EPHA3 was identified as one of the most 

frequently occurring somatic mutations in human lung adenocarcinoma. It has been 

hypothesized that the point mutation may fall within the putative molecular brake region, 

of the proteins kinase domain. (Ding, et al 2009). This strongly suggests that deregulated 

and increased EPHA3 signalling either promotes or is necessary for the development of 

late stage lung cancers. The mechanisms by which Eph receptors promote oncogenic 

activity are less well understood but a variety of models and hypotheses point to potential 

mechanism by which Eph receptors can promote cancer development. 

 Surprisingly, Eph receptors appear to be able to promote oncogenic activity 

through the same pathways with which they act to suppress them.  In mice, EPHB2 has 

been shown to promote the growth of intestinal progenitors through an ABL mediated 

increase of cyclin D2 levels (Pasquale, 2010). Eph receptors also appear to be able to 

interact with HRAS-MAPK pathways to activate instead of inhibit their activity, 

promoting cell growth and proliferation. 

 The rapid growth of tumors can cause the tumor to become anoxic as oxygen has 

a hard time reaching the centre of the cellular mass.  As already mentioned, Eph receptors 

have been shown to play a role developmentally in the spatial arrangement and 

construction of blood vessels and capillary beds (angiogenesis). It has therefore been 

proposed that Eph receptors may act to help grow new blood vessels in tumors to help 

oxygenate the developing cancer tissue (Noran and Pasquale, 2007). By no means is this 
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an exhaustive list of all the potential mechanisms and contexts through which Eph 

receptors can act to either promote or suppress cancer activities. On the contrary, the 

extensive network of signaling pathways through which Eph receptors communicate and 

crosstalk, makes it difficult to understand how every different Eph receptor and Ephrin 

will respond in different in vivo environments. Nonetheless, the dysregulation of Eph 

signalling appears to play a significant role in cancers and a better understanding of Eph 

receptor signalling dynamics may hold the key to understanding cancer cell behavior 

(Pasquale, 2010). In fact, Eph receptors have been considered promising therapeutic 

targets for treating various cancers (Mao, 2004; Zhuang, 2010).  What therapeutic value 

these chemicals hold, as well as their relative efficacy in treating the disease, remains to 

be determined.   

2.2 C. elegans as a model for Eph receptor signaling dynamics 

 In 1965 Sydney Brenner first used Caenorhabditis elegans (Figure 2.) to study the 

development of the nervous system, ,  and has since become a popular model organism. 

These roundworms are small, have short life cycles, are inexpensive culture, and easy to 

manipulate. The worms can also be frozen and stored for future use, allowing easy means 

of preserving ancestral lines (Corsi, 2006). C. elegans scientists are renowned for their 

collaborative sharing and trading worm strains and reagents, and establishing extensive 

online databases, such as Worm Base (www.Wormbase.org), containing detailed worm 

genetic and other bioinformatic data. So much information is available, in fact, that 

reviews are published to help worm researchers select and navigate these daunting 

archives (Antoshechkin, and Sternberg, 2007).   
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C. elegans has a variety of tissues, a body that is transparent at all life stages and a 

completely characterized cell lineage. This feat won John Sulston a Nobel prize for his 

work, in 2002. These features make Caenorhabditis elegans an ideal model for studying 

cellular and developmental processes and its importance in research has been recognized 

by the medical and scientific community as exemplified by 3 Nobel Prizes in the past 

decade (Corsi, 2006). 

 With a completely sequenced genome and an RNAi libraries, C. elegans is a 

robust target for traditional genetic screens and reverse genetic analysis. The worms are 

primarily hermaphroditic, making it easy to grow and maintain genetically homogenous 

lines from a single worm (Hillier, Coulson, et al, 2005). Transformation of DNA is 

possible through DNA microinjection into the distal arm of the gonad. Green fluorescent 

protein (GFP) reporter constructs can be used to help visualize protein expression 

patterns, or to act as co-injection markers for other transgenes (Corsi, 2006).  
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Figure 2. C. elegans anatomy. 

A) Gross anatomy of an adult C. elegans hermaphrodite worm, scale bar represents 100 

µm. Full grown hermaphrodite is ~ 1mm in length. B) Gross anatomy of adult Male 

worm. Note overall smaller size of the adult male, as well as the distinct fan like structure 

of its mating apparatus. Also Note the differing gonad structures, and presence of Vas 

deferens in the male. Figure from Worm Atlas (www.wormstlas.org). 
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 Many human genes have homologs in C. elegans, including ~ 40% of the genes 

involved in human disease (Corsi, 2006). An Eph receptor homolog was characterized in 

C. elegans, and interacts with four GPI-anchored Ephrins to play similar roles in 

epithelial and neural morhpogenesis (George et al. 1998,; Wang et al, Roy, et al, 1999, 

Chin-Sang et al. 1999, Chin-Sang et al. 2002). Backed by several robust genetic 

advantages, and only a single Eph receptor, should make C. elegans, ideally, the perfect 

model to characterize potential Eph receptor cellular effectors, and downstream 

signalling targets. 

The Vab-1 phenotype was first identified by Sydney Brenner in the 60’s, 

although, it was not until 1998 in a paper by George et al. that VAB-1 was identified as a 

tyrosine kinase from the Eph receptor family. Since then 4 Ephrin ligands have been 

identified including, VAB-2/EFN-1, EFN-2, EFN-3 and EFN-4. It is worth noting that 

although these molecules are characterized as ligands of the Eph receptor VAB-1, they 

can often have activity that appears unrelated or independent of traditional vab-1 function 

(Chin-sang, et al. 1999, 2002). vab-1 C. elegans mutants in were shown to be defective in 

regulating ventral enclosure, an important step in the epithelial morphogenesis of worms. 

Specifically, VAB-1  is expressed in neuroblast cells and acts to help neural and 

epithelial tissue communicate to coordinate the appropriate spatial orientation of these 

tissues.  Failure of these cells to communicate caused either abnormally formed 

epidermal layers, or if the ventral enclosure fails altogether, cell leakage causes death to 

the individual. The visible morphological defect caused by this mutation is referred to as 

‘notched-head’ in reference to the appearance of the abnormally shaped apical structures 

(George, et al. 1998).  
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Since its discovery, the research surrounding vab-1 has focused on using it as 

means to characterize the ancestral Eph receptor pathways, and its relationship to various 

developmental processes. Specific research showing links between vab-1 and the sax-3, 

which encodes a robo homologue, has been studied extensively in the spatial 

arrangement of Drosophilia neurons in relation their midline. Furthermore, the robo 

genes have been implicated in the development of horizontal gaze palsy in humans, a 

defect believed to be caused by faulty neural wiring. The work by Ghenea, et al. (2005) 

reinforced the putative activity of Eph receptors in neural guidance, and hints at a 

synergistic, parallel function for these genes in neural/epidermal development. Research 

is currently being done on the relationship between Eph receptors and the nck adaptor 

proteins. This family of proteins acts to help relay information between receptor tyrosine 

kinases and the actin-cytoskeleton, and may act as a key link between Eph receptors 

signals and their effectors/integrators.  

Further research by Mohamed et al. (2006) characterized the behavior of loss-of-

function and gain-of-function mutations of vab-1. From this work the C. elegans touch 

neurons arise as a powerful tool for the study of relative Eph receptor activity. This 

research also provides evidence for vab-1 activity playing a role in axon guidance and 

cell body positioning within the C. elegans nervous system. Myristoylation modification    

of the N-terminus of the intracellular region of the VAB-1 localize this protein fragment 

to the lipid rafts of the cell encouraging an oligerimerization of the protein. This act 

appears to lead to a constitutively active and ligand independent fragment of VAB-1. 

Interestingly, increased VAB-1 forward signalling in the C. elegans touch neurons leads 

to a highly penetrant premature termination of the touch neurons. Conversely, vab-
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1(dx31) deletions seem to result in an overextension of axon growth cones, resulting in a 

more anterior termination of the axon projection. This behavior is consistent with VAB-1 

acting as key integrative receptor for a repellent or stop cue. 

More recently we have been using our understanding of VAB-1 to explore novel 

protein-protein interactions. The PTEN homologue DAF18 was identified in a yeast 2 

hybrid (Y2H) screen for potential binding partners of VAB-1. Work by Sarah Brisbin 

confirmed a putative interaction between these two proteins in in vivo and in vitro assays, 

Brisbin et al. (2009) suggested an antagonistic relationship between the two proteins with 

respect to the studied phenotypes relating to dauer formation/longevity and oocyte 

maturation. Although interesting in of itself, the real interest of this discovery was what it 

may imply with respect to cancer research. 

2.3 PTEN Tumor suppressor as a potential EPH receptor signaling partner 

 Phosphatase and Tensin homolog (PTEN) is a phosphatase protein present in 

most human tissue that is responsible for regulating a variety of cell behaviors (Maehama 

and Dixon, 1998). PTEN was first identified in 1997, when Steck et al. mapped it to 

chromosome 10 (10q23-24) while searching for a putative tumor suppressor lying in a 

region of chromosome 10 that was deleted in >90% of human glioblastoma multiformes. 

The discovery led to PTEN’s original nomenclature of Mutated in Multiple Advanced 

Cancers (MMAC1). PTEN is an 403 aa protein, with sequence homology to tensin, 

comprised of a phosphatase domain containing the proteins catalytic site, and a C2 

domain that facilitates binding to the phospholipid membrane (Lee, et al. 1999). Further 

characterization of PTEN revealed it to be an important phosphatase protein responsible 
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for negatively regulating intracellular levels of PIP3 by removing a 3` phosphate from 

PIP3’s inositol ring (Maehama and Dixon, 1998). Through regulation of PIP3 levels, and 

as an important antagonist to PI-3 Kinase, PTEN plays a key in modifying role in the 

Akt/PKB signaling pathway. Through this pathway PTEN is a key molecule in regulating 

cell migration, growth, invasion, and focal adhesion (Tamura, et al. 1999).  Although all 

of its signaling partners have yet to be identified, PTEN appears to play a role as a key 

tumor suppressor in a variety of cancers. 

As a product of the motivation behind PTEN’s discovery, it is most famously 

studied for its role as a tumor suppressor and the strong correlation between the loss of 

PTEN in tumor growth and development. For example, in human breast cancer, 22% of 

cases exhibit a mutation in the PTEN gene, and 48% stain positive for a loss of PTEN 

expression (Yang, et al. 2010). Somatic PTEN mutations, and deletions have also been 

found in brain, prostate and kidney cancer cell lines. It has been reported that 70% of all 

men diagnosed with prostate cancer, have lost a copy, or have a mutated PTEN allele 

(Chen, et al. 2005). Beyond cancer, PTEN has been shown to play a significant role in 

neural development, emerging as a master regulator of the spatial arrangement of Neural 

precursor cells (Li Li, et al. 2003). As already stated, EPH receptors also play an 

important role in neural development, as well as cancer progression. Developing a 

functional understanding of how PTEN and the EPH family of proteins interact could 

hold potential therapeutic possibilities for cancer treatment, and further our understanding 

of neural development. 

The question that arises from these findings is: ‘How closely does the ancestral 

Eph receptor signaling pathway model the Eph receptor signaling in mammals, 



 18 

specifically humans.?’ There is no short answer to this question. In part, the focus of 

future research must tackle this question before we can hope to gleam any useful 

therapies from these findings. Using a series of in vitro and cross-species in vivo 

experiments, we can begin to study the functional similarities between the human Eph 

receptors and VAB-1. For example, functionally expressing human Eph receptors in C. 

elegans can provide us clues to functional similarities between the proteins. Also, follow 

up work can be done to specifically test the Eph and PTEN interactions in the human 

model. 

To analyze this relationship, potential orthologs of vab-1 were selected from the 

human system. EPHB2 and EPHA3 appear as the most physically similar to VAB-1 

when using a BLAST analysis. Specifically, EPHB2 appears to share the highest overall 

sequence similarity with VAB-1. When just intracellular regions are compared however, 

EphA3 appears to be slightly more similar than EPHB2 (50 vs 51%). This was our initial 

impetus to focus on these two proteins for testing putative homology between the 

receptors. EPHA2 was selected separately for the relative importance it may play in 

breast cancer treatment (Zhuang, et al. 2010). Loss of PTEN is known to act as a key 

indicator of Herceptin (trazmutab) resistance, so this suggests that EPHA2 may be a good 

candidate for our research probing a functional Human EPH receptor/PTEN interaction. 

To test the potential homology between the human Eph receptors and vab-1 we can use 

the touch neurons of C. elegans as a model. As mentioned above the work by Mohamed 

et al. 2006 has shown that the touch neurons of the worm are an effective model of 

relative VAB-1 activity, and we can therefore use this model to assess the degree to 

which human EPH receptors are able to interact with the VAB-1 signaling partners. Any 
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deviations from our expected defects associated with VAB-1 phenotypes, will indicate 

discrepancies in vab-1, and Human EPH receptor homology. 

To test the physical interaction between human EPH receptors and PTEN, we can 

use a variety of assays such as yeast-2 hybrid or affinity chromatography. A genetic in 

vivo assay can also be set-up by overexpressing PTEN in the touch neurons along with 

our Human EPH receptors. We can then analyze whether human PTEN is able to 

suppress EPH receptor activity in the touch neurons of the worm. If PTEN is able of 

suppressing human EPH receptor activity, then we can purport that human EPH receptors 

and human PTEN are capable of interacting antagonistically. This would be a novel 

discovery of EPH/PTEN activity involving the human proteins and further support the 

research done by Brisbin et al. 2009. Using these selected candidates in the described 

assays should provide us with a clearer picture of the homology between human EPH 

receptors and VAB-1, and shine new light on the putative interaction between EPH 

receptors and PTEN in the human system. 
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Chapter 3 

Material and Methods 

 

3.1  Yeast 2-Hybrid protein-protein binding  

 In order to perform the Y2H protocol, cDNA mini-genes coding for different 

regions of the EPH Receptors and PTEN/DAF-18 proteins were inserted into plasmid 

constructs to appropriately fuse either DNA binding domains or DNA activation domains 

to the target proteins (Appendix Table 1/3). All gene fragments were generated by PCR, 

using the Fermentas Phusion high fidelity polymerase, and purified using a Promega PCR 

clean up kit upon confirmation using a 1% gel electrophoresis. These fragments were 

then digested using Fermentas Fast Digest Enzymes and ligated using T4 DNA ligase 

into the DNA binding vector pGBKT7. Conversely, different coding regions of daf-

18/PTEN were ligated into the DNA activation vector pGADT7. These constructs were 

isolated in TOPTEN competent E. coli and added to our stocks (Table 1). Unless 

otherwise stated all plasmids were generated using the same reagents and protocols. 

Candidate binding partners were co-transformed (~200ng of plamid DNA each) 

into Y190 yeast competent cells, and plated on –leu,-trp plates, and incubated for ~3 days 

at 30oC. Colonies were picked and streaked to larger –leu,-trp plates for visualization. 

Visualization was performed using the Yeast X-gal overlay assay protocol adopted from 

the Herskowitz lab. X-gal overlay solution was prepared and overlaid on the plates, then 
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covered in tin foil and allowed to incubate overnight at 30oC. Positive interactions can 

then be scored qualitatively by the appearance of a blue color in the streaks. 

3.2 In vitro protein binding (GST/MBP affinity chromatography) 

    

Full length PTEN cDNA was generated by PCR from clones purchased from 

Open Biosystems. This gene was then ligated into the GST fusion vector pGEX4T1. 

Human EPHA3 and EPHA2 cDNA constructs were also purchased from Open 

Biosystems. EPHA2 regions coding for the kinase domain and the intracellular domain 

were isolated separately using PCR (Table 3) and ligated into the MBP fusion vector 

pMAL. The same process and plasmids were generated for EPHA3. All of these plasmids 

were then confirmed by sequencing and added to our lab stocks (Table 1). Both full 

length intracellular domains of EphA2 and EphA3 showed tyrosine kinase activity when 

expressed in E. coli (data not shown). However the kinase regions did not show tyrosine 

kinase activity (data not shown).  Only the kinase regions of EphA2 and EphA3 were 

used in the GST pull down experimentsIn order to perform the affinity chromatography 

binding assay, soluble fractions of the above fusion proteins needed to be isolated. To do 

this, the above plasmids were transformed into BL21 Tuner E. coli competent cells and 

grown up in media at 37oC. 50 mL cultures of inoculated media were induced with .4 

mM IPTG during their log growth phase. These cultures were then incubated at room 

temperature for 12 hours. The bacterial cultures were transferred to 50ml conical tubes. 

The bacterial pellet was isolated by centrifuge (10 minutes, 3000 rpm, at room 

temperature), and then frozen in liquid nitrogen and stored at -80oC overnight. The next 

day bacterial pellets were re-suspended in GST-lysis buffer along with BioShop Protease 



 22 

inhibitors (AEBSF, Aprotinen, Bestatin, E64, and Leupeptin). These mixtures were then 

sonicated, and centrifuged. The soluble fraction of the lysates was separated from the 

insoluble protein mass and cellular debris by centrifuge, and stored at -80oC for future 

binding assays. Small amounts of these lysates were ran out on a 10% SDS PAGE gel, 

and stained with commassie blue. This stain allows us to qualitatively standardize protein 

loading for the binding part of the experiment. 

For the binding, either GST::PTEN or GST lysates were incubated with 100uL of 

Glutathione-Sepharose GST-binding beads. This binding was allowed to occur for over 

an hour at 4oC. Unbound protein was removed and the beads were rinsed using GST-lysis 

buffer. After the initial substrate binding, then MBP-EPHA3 or MBP-EPHA2 kinase 

lysate was added to the beads and bound for over an hour at 4oC. Again, ‘unbound’ 

protein was removed, but this time was saved, the beads were then washed to remove 

proteins that may be binding non-specifically. SDS-loading buffer was added to the beads 

and these were saved as our ‘bound’ fraction.  

To assess binding, all controls and bound/unbound fractions from the binding 

experiments were run on 10% SDS page gels, and blotted to PVDF membrane using 

standard western blotting procedure.  A BioRad mini Protean 3 cell apparatus was used to 

run all SDS gels and Western Transfer procedures. The membranes were then blocked 

using a 5% milk protein solution suspended in 1X TBST (25mL of 1M Tris pH 7.5, 8g 

NaCl, 0.2 g KCl, and 1 ml of Tween 20, in a 1L stock). To assess relative EPH binding, 

the membranes were then incubated with a 1:5000 anti-MBP antibody (NEB) overnight 

at 4oC. These blots were then visualized using a chemiluminescent solution and then 

developed onto a light sensitive photo film. The chemiluminescent solution is made up of 
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two solutions a ‘Solution A’ and a ‘Solution B’ mixed in a 333:1 ratio. Typically 5 mL of 

this mixture is made using 485mL of Solution A and 15uL of Solution B. 50 mL of 

Solution A is made by mixing 5 ml of 1M Tris pH 8.5, 45 mL water, 110 uL of 90 mM 

coumaric acid (0.2mM coumaric acid) and 250 uL of 250 mM Luminol to a final 

concentration of 1.25mM Luminol. 1 mL of Solution B is prepared by mixing 100 uL of 

30% H2O2 and 900 uL of water.  The blot can then be stripped and re-probed with anti-

GST or stained with Ponceau S (1% in 5% acetic acid, 0.1% w/v). This allowed us to 

correlate the binding results with the relative levels of the binding substrate 

(GST/GST::PTEN) to further confirm the significance of the results. 

3.3 Construction of  VAB-1(K859N)  and EPHA3(K761N) molecular brake mutations 

pPD96.41 is a designer plasmid vector from the Fire lab containing a mec-7 

promoter and various cut sites to facilitate gene insertion. Our lab modified the vector to 

remove and replace the mec-7 promoter with the mec-4 promoter. This plasmid (pIC214) 

acts as our primary delivery vector for the transformation and pmec-4 driven gene 

expression in C. elegans. pIC214 also has the unc-54 3’UTR for efficient expression. 

Full-length vab-1 and EPHA3 cDNA were generated by PCR and cloned into the 

pIC214mec-4 promoter vector (Table 4). The resulting plasmids were then modified 

using the Strategene Quick Change II site-directed mutagenenesis kit. Using oligos oIC 

862/863 full length EPHA3 cDNA was successfully modified to induce a K761N point 

mutation. Similarly, oIC 748/749 were used to induce the K859N point mutation in full-

length vab-1 cDNA. Once the base-substitution was confirmed by sequencing, these 

plasmids were saved and added to Chin-Sang lab plasmid collection (Table 2). 
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 All C. elegans strains were cultured as described by Brenner (1974) at 20oC unless 

otherwise noted. Transformations into C. elegans using plasmid DNA were achieved 

using a standardized procedure for each experiment. Injection mixtures are prepared 

carrying ~30ng/ul of our target plasmid, and ~30ng/ul of a co-injection marker. In this 

case odr-1 RFP gene (RFP in head neurons) was used as our co-injection marker for both 

the vab-1 point mutations construct and the EPHA3 point mutation construct. This 

injection mixture is then spun down at 14,000 rpm for 10 minutes to associate the DNA. 

This mixture is then placed in a glass needle, which is used to inject this mixture into the 

distal gonad arm of an adult hermaphrodite C. elegans. The injections are performed at 

40X magnification (Normaski lens), on a Zeiss Axiovert 200 using a pressurized glass 

needle system, following the protocol outlined by Mello et al. (1995). In the case of this 

experiment, we injected our mixture into a mec-4::gfp (zdIs5) worm, a worm carrying an 

integrated transgene of the mec-4 promoter rxpressing GFP in the touch neurons, to aid 

touch-neuron scoring. It is important to select the nature of your transformation marker 

accordingly so that it does not clash or conflict with another reporter/marker. In 

constructing my strains I used odr-1::rfp which expresses RFP in the AWC head neurons 

or pRF4 which affects the cuticle and causes the worms to roll in a circle..  

Once injected, the worm is picked to a plate and allowed to lay progeny. The 

progeny can then be assessed visually for the appropriate visual marker. Offspring 

identified as carrying the transgene are isolated and used to establish worm lines, which 

are added to our lab stock, catalogued and frozen for preservation. 

When scoring, worms are screened for their marker on a dissecting scope, and 

transferred to agar pads on slides. The worms are anaesthetized with a 0.2% tricane 
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mixture. Once anaesthetized, and covered with a glass slip, the worms are viewed under a 

Zeiss AxioPlan Microscope at 10X/20X/40X magnification. The touch neurons can then 

be scored for premature termination defects using fluorescent microscopy. The 

PLM/ALM were the primarily neurons scored. The PLM were analyzed by their relative 

distance to the vulva and relationship with the PVM. The ALM were scored by their 

relative position to the nerve ring and the anterior tip of the worm. 

 

3.4 In vivo analysis of Human Eph receptors and PTEN function in C. elegans  

pIC487 (pvab-1::vab-1cDNA) was created by creating full-length vab-1 cDNA 

by PCR and ligated into a vector downstream of an inserted 4.04kb putative vab-1 

promoter and upstream of a unc-54 3’ UTR. This construct was then transformed into 

vab-1(dx31) null worms. The rest of our in vivo assay’s focused purely on the touch 

neuron system of the worm, for reasons that will be discussed later.   

Myristoylation tagged intracellular EPHA3 and EPHA2 were generated by PCR 

with using oIC 824/825 and oIC 892/893 respectively (Table 2/4). The c-Src N-terminal 

myristoylation (MYR) signal (MGSSKS) was used in forward PCR primers (oIC824 and 

oIC892) to generate the (zdIs5) mec-4::gfp; mec-4::myr-EPHA3 [quEx292 (IC 891)] 

overexpressing EPHA3 strain. cDNA plasmids purchased from Open Biosystems were 

used as the PCR template. These products were then ligated into our pmec-4 vector 

(pIC214). These vectors were then transformed into zdIs5 C. elegans with a odr-1 RFP 

marker. The resulting lines were then scored for premature termination defects to the 

ALM and PLM, like the point mutation lines. 
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Strain IC891 (pmec-4::MYR-EPHA3; zdIs5) was injected with pmec-4::PTEN and 

; pRF4 co-injection plasmid to assess the ability of human PTEN to rescue defects caused 

in the touch neurons by human EPH receptor activity. pRF4  is a ‘roller’ marker, that 

causes movement defects in the worm and acts a transgene marker, without conflicting 

with either the RFP or GFP visualization. PTEN was crossed into a MYR::EPHA2 line 

by crossing pmec-4::MYR-EPHA2; odr-1(RFP) males with pmec-4::PTEN; pRF4 

(Roller); zdIs5 hermaphrodites, and selecting offspring that were positive for the ‘Roller’ 

phenotype and RFP.  

The resulting lines from both the PTEN crosses could then be scored for touch 

neuron defects to determine if either the over expression of PTEN in the touch neurons. 

 

3.5 Antibody staining of worms to analyze tyrosine kinase activity and PTEN expressions 

To assess whether there is a relationship between any observed touch neuron 

defects, and relative tyrosine kinase activity, a series of mixed-stage anti-body staining 

experiments were devised. Four of my experimental zdIs5 strains were selected  [pmec-

4::MYR::EPHA3, pmec-4::MYR::EPHA2, pmec-4::EPHA3 (K761N), and pmec-

4::MYR::EPHA3;pmec-4::PTEN] along with a control strain (pmec-4::myr-vab-1 quIs5) 

to act as a positive control for my staining. All selected lines were grown up on separate 

agar plates in triplicate (See Appendix Table 5 for list of strains). It is important to ensure 

that you have sufficient worms for the staining procedure, but they must not be starved. 

Once grown up the worms were washed down into 1.5mL centrifuge tubes with M9 

minimal media (for a 1 L preparation: 64g Na2HPO4-7H2O, 15g KH2PO4, 2.5g NaCl, 
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5.0g NH4Cl, then filled to 1L with dH20). The worms were then prepared and stained 

according to the lab protocol outlined by Michael Koelle at Yale University. All worm 

lines were double stained with a mouse anti-4G10 anti-phosphotyrosine (Millipore) 

primary antibody at a 1:500 concentration, and a chicken anti-GFP (Millipore) primary 

antibody at 1:500 concentrations. For secondary staining and visualization, goat anti-

mouse texas red and donkey anti-chicken FITC anti-bodies (Jackson’s Lab) were used at 

a 1:500 concentration. 

The only strain that was stained differently was the zdIs5 (pmec-4::MYR-EPHA3; 

pmec-4::PTEN). This strain was stained with mouse anti-4G10 and rabbit anti-PTEN 

primary antibodies at 1:500 concentrations each. These worms were then stained with the 

goat anti-rabbit FITC and goat anti-mouse texas red at a 1:500 concentration as a 

secondary. 

 3ul of the stained worm preps were transferred to slides along with 3ul of 

Invitrogen ProGold anti-fade, which was then covered with a cover slip. This slide was 

allowed to dry for ~30min in the fume hood and then sealed using generic colorless nail 

polish. Once the sealant dried, the worms were visualized using a Zeiss Axioplan and 

fluorescent microscopy to screen the touch neurons for staining. 
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Chapter 4 

Results 

4.1 Yeast 2-Hybrid protein-protein binding assays fail to show human Eph and PTEN 

interactions  

Brisbin et al. 2009 used the Yeast 2-hyrbrid (Y2H) assay to show that the VAB-1 

Eph tyrosine kinase could bind to the C-terminal region of DAF-18/PTEN.  To test for a 

potential interaction with human Eph receptors and PTEN I also used the Y2H assay 

approach. The intracellular region and kinase domain of VAB-1, EPHA2 and EPHA3 

were tested against various regions of DAF-18, full length PTEN and the C-Terminus 

PTEN without the N-terminal  phosphatase domain (Figure 3. We used various fragments 

of both DAF-18 and human PTEN as we want to see if binding is dependent on or 

inhibited by the phosphatase domain or the PDZ domain. The Eph receptors were also 

tested against a D92N phosphatase dead PTEN, to determine if binding was related to 

phosphatase activity of the protein. The kinase domains of Human EPHA2 and EPHA3 

appeared to be able to interact with a fragment of C. elegans DAF-18 that had previously 

been shown to have high affinity for VAB-1 intracellular region (Figure 1).  
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Figure 3. Summary of Y2H binding experiments.  

Brackets below each protein indicate the regions tested for potential interactions.  Human PTEN 

failed to interact with any of its binding receptors and PTEN. A high affinity binding site of 

DAF-18, however, showed positive binding with the kinase domains of both Human EPH 

receptors (A2/A3), and VAB-1. 
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Although the cross-species interaction was intriguing, this experiment failed to detect any 

potential interactions between our candidate human EPH  receptors and Human PTEN. 

This assay is generally regarded as less sensitive than affinity chromatography binding 

experiments (Bruckner, et al. 2009). Because of this, it was impossible to rule out the 

possibility of weaker interactions occurring between the Human EPH receptors and 

PTEN. Therefore, we ultimately decided to use affinity chromatography ‘pull-down’ 

experiments as an alternate assay, for its ability to detect potentially weaker interactions.  

 

4.2 In vitro protein binding: Human EphA2 kinase domain specifically binds to PTEN 

Time constraints necessitated our focus on the potential binding interactions 

between the kinase domains of human EPHA3/EPHA2 and PTEN. Our yeast 2 hybrid 

experiments showed that the kinase domains of EPHA2 and EPHA3 were capable of 

binding DAF-18, and may be interacting with PTEN, but at too low a threshold to meet 

the sensitivity requirements for yeast-2 hybrid (Bruckner, et al. 2009). Much like the 

yeast two hybrid assays, we wanted to attempt to restrict the binding experiments to just 

the putative binding regions (i.e. the kinase domain) of the EPH receptors. This helps to 

prevent any false results from the protein misfolding, or modifying its activity in the 

bacterial system in a way that is atypical of its normal binding activity. The EPHA3 

kinase domain appeared to show no specificity in binding both our GST control and our 

GST::PTEN experimental proteins. From this we are unable to conclude anything other 
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than that in the E. coli system the EPHA3 kinase forms a structure that is sticky and has a 

high non-specific binding affinity (Figure 4). 

 EPHA2 on the other hand demonstrated a preferential binding and enrichment in 

the GST- Full Length PTEN bound fraction versus the GST negative control bound 

fraction. This suggests that the EPHA2 kinase domain preferentially binds human PTEN 

in vitro (Figure 5). EPHA3/EPHA2 kinase domains stained negative for anti-4G10 
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Figure 4.  EphA3 kinase binds to both GST and GST-PTEN.  

The top figure is a western blots of a GST pull down experiment stained for MBP-EphA3 

(kinase region) Anti-MBP antibody. Note that a strong band representing EPHA3 

(~78kDa) appears in the bound for our negative control (GST) and in our experimental 

bound (GST::PTEN). The bottom figure is a Ponceau stain of this same blot, to show 

loading of GST and GST::PTEN (full length) protein levels for the binding experiment. 

The other bands appearing in our bound fraction are likely breakdown products of our 

MBP fusion proteins.  
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Figure 5. EphA2 specifically interacts with PTEN.   

The top figure is a western blot of GST pull down experiment stained for MBP-EphA2 

(kinase region) with Anti-MBP antibody. Note that a strong band representing EPHA2 

(~78kDa) bound to GST::PTEN (full length) and not GST (compare lanes 3 vs.5) The 

bottom figure is a Ponceau stain of this same blot, showing the GST  and GST-PTEN 

protein levels used in the GST pull down experiments. GST levels are significantly 

higher than GST::PTEN (full length) levels. 
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when run on a western (data not shown) this suggests that whatever binding activity we 

witness does not require kinase activity or that low-level kinase activity is required for 

binding. 

4.3 In vivo analysis of Human Eph receptor function in the C. elegans model 

 To analyze this relationship, potential orthologs of VAB-1 were selected from the 

human system. A VAB-1 BLAST search against a human protein database, shows 

EPHB2 as having the highest alignment score (Figure 6).When the kinase domains are 

compared however, EphA3 appears to be slightly more similar than EPHB2 (53% 

identity vs 52%) (Figure 7). This was our initial impetus to focus on these two proteins 

for testing putative homology between the receptors. EphA2 on the other hand was 

explored because it is known to play a large role in breast cancer development and 

progression, along with PTEN. The goal of working with EphA2 was to see if possibly 

human PTEN and EPHA2 are capable of interacting directly. If this is the case, it would 

change the way we approach certain breast cancer treatments. 
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Figure 6.  BLASTp results of full length VAB-1 subject against Human protein database.  

EphB2 appears to produce the best overall alignment with VAB-1, with a MaxScore of 520. 

EphA3 also aligns with full length VAB-1 however it has a lower MaxScore of 348. EphB2 

shares 34% identity with full length VAB-1, whereas EphA3 shares 51% identity. 
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Figure 7. BLASTp results of VAB-1 kinase subject against Human protein database.  

In this situation EphA3 edges out EphB2 in both alignment score (315-309) and similarity 

(Identities : 53% vs 52%, and Positives : 67%vs 66%) 
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Initial plans to drive the expression of human EPH receptors in the worm using an 

endogenous ‘vab-1’ promoter were discontinued in the early phases of our projects.  I 

constructed a vab-1 promoter (4.04kb 5’ of ATG) driving a full length vab-1 cDNA.  

When injected into vab-1(dx31) animals this “rescuing” construct failed to rescue.  The 

problems with this assay stemmed from our inability to characterize a function vab-1 

promoter. It is still unclear how vab-1 drives its endogenous expression. At this point, we 

could not drive the expression of vab-1 in a vab-1 mutant to appropriately rescue vab-1 

associated defects, including embryonic/larval lethality’s or the ‘notched head’ 

phenotype. Therefore we had no means of pursuing the abilities of human EPH receptors 

to rescue this activity. To move this project forward we moved to a tissue specific assay 

in the touch neurons using the well-characterized mec-4 promoter. 

4.4 MYR-EphA2 or MYR-EphA3 receptors have gain-of-function like properties in C. 

elegans.  

Mohamed et al 2006 had shown that the touch neurons of the worm can be used 

as an effective assay of relative VAB-1 kinase activity. Over expression, or gain-of-

function VAB-1 causes a pronounced premature termination of the touch neurons in the 

worm, whereas vab-1 mutants show an ‘overextension’ of their axon projections. We 

concluded therefore that if we over express MYR-EPHA3 or MYR-EPHA2 in the touch 

neurons, and if they are able to interact with some of VAB-1’s signaling partners, then 

we should see similar premature termination defects in these lines. Furthermore the 

relative strength of these phenotypes will show us just how similar EPH receptor 

signaling is to VAB-1 signalling. 
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 Figure 8 gives a visual outline of the worms touch neurons and provides examples 

of typical defects. The results of our touch neuron scoring in our transgenic lines are 

summarized in Figure 9. Touch neurons expressing MYR-EPHA3 and MYR-EPHA2 

exhibited 40% and 47% premature termination defects respectively. These values were 

not significantly different from each other.  
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Figure 8. EphA2 and EphA3 gain-of-function proteins cause neuronal defects similar to those 

caused by VAB-1/Eph gain-of-function proteins. 

 (A) Cartoon depicting generalized structure of the wild type C. elegans touch neurons. This 

includes the ALM (L/R) and the PLM (L/R) neurons, which were used for scoring. The AVM and 

PVM were not used for scoring, but act as a visual marker, helpful for identifying defects 

(adapted from Wormatlas.org) (B) Photograph of a wildtype worm’s ALM neurons showing that 

the axons termination point (triangle lies past the nerve ring (NR) (C) Photograph depicting 

wildtype PLM termination, in relation to the PVM (D) Photograph of a typical premature 

termination defect seen in the ALM of my mec-4::MYR-EphA3 line (IC891). (E) Photograph 

showing typical premature termination phenotypes in the PLM of a mec-4::EPHA3 (K761N) 

worm. This point mutation is hypothesized to disrupt the molecular brake region of the proteins 

kinase activity, leading to increased kinase activity. Although these photographs are from specific 

strains, these defects represent a common phenotype across my lines. The touch neurons were 

visualized by using pmec-4::GFP (zdIs5) florescent reporter strain. 
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Figure 9.  Expression of human Eph RTKs and PTEN in C. elegans.  

Percent of touch neurons (ALM+PLM) that exhibit premature termination defects. All constructs 

are driven under the mec-4 promoter, and were transformed into zdIs5 (pmec-4::GFP) worms. 

Our MYR::EPHA2 line and our MYR::EPHA3 line exhibited a noticeable premature termination 

defect when compared to N2 (wild-type) [n = 100 for each line,  *** P<0.0005] , that is distinct 

and weaker that MYR::VAB-1 [n=100 for each line, *P<0.05]. Our ‘molecular brake’, point 

mutated lines, EPHA3 K761N and VAB-1 K859N, also exhibited a significant premature 

termination defect [n = 100 for each line, *** P<0.0005]. This defect was significantly stronger 

than either of my myristoylated human Eph receptor lines defects [n=100 for each line, P<0.05].  

Over expression of PTEN did not suppress (or significantly modify) the relative amount of 

observed defects in our myristoylated human Eph receptor lines, or in our EPHA3 K761N line 

[n= 100 for each line, P>1].  
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4.5 VAB-1(K761) and EPHA3 (K859N) molecular brake mutations have gain-of-function 

activity in C. elegans 

 Ding et al. 2008 identified EphA3 (K761N) mutation as one of the most 

commonly occurring somatic mutations in lung adenocarcinoma. They hypothesized that 

this mutation may fall in a region that had recently been characterized in the FGFR 

kinase domain, called the ‘molecular brake’ (Chen et al. 2007). If this is the case, and this 

mutation is the source of oncogenic activity, then this mutant should be acting like a gain-

of-function mutant. To test this we created this same mutation in EPHA3 and  VAB-1 to 

analyze how this mutation effects their activity in the worm. The VAB-1 (K859N) 

protein appears to be causing a premature termination defect (68%) that is consistent with 

what we except from an ‘over active’ or ‘gain-of-function’ mutation. EPHA3 (K761N) 

also appears to cause premature termination defects in the touch neurons (66%) this is 

also consistent with ‘gain-of-function’ activity. This suggests that this amino acid may in 

fact be increasing the activation of the kinase domain by disrupting the mechanism of its 

self-inhibition. 

 

4.6 Testing for suppression of human Eph gain-of-function phenoytpes: 

In C. elegans the  VAB-1/Eph and DAF-18/PTEN are known to act antagonistically in 

the worm (over expressing daf-18 can suppress defects caused by myr-vab-1 in the touch 

neurons) (Brisbin et al. 2009). Therefore if the EPHA2/EPHA3-PTEN interaction models 

the VAB-1/Eph and DAF-18/PTENinteraction, then over expression of PTEN in the 

touch neurons should suppress the defects exhibited in my human EPH receptor 

transgenic lines.  The over expression of PTEN in the touch neurons did not appear to 
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suppress touch neuron defects caused by the EPH receptors. However only one line was 

scored for each of these PTEN experiments, and it is possible that the allele we were 

working with happens to have low or weak expression. Whether PTEN is expressed in 

the touch neurons has not been established.   Furthermore, as of yet we have not closely 

analyzed PTEN over expressing worms by themselves. Over expressing PTEN in the 

touch neurons could have other phenotypes that mask the suppression effects. 

 

4.7 Analysis of the tyrosine kinase activity of MYR-EPHA3, MYR-EPHA2, EPHA3 

(K761N)  and VAB-1 (K859N) 

 Mohamed et al. 2006 showed that the premature termination phenotypes caused 

by MYR-VAB-1 were casued (in part) by a constitutively active tyrosine kinase.  I 

wanted to test whether MYR-EphA3, MYR-EphEphA2 or the molecular brake mutations 

EphA2(K761N) and VAB-1 (K859N) also had increased tyrosine kinase activity. 4G10 is 

an antibody that recognizes phosphotyrosine residues. Increased tyrosine kinase activity 

from the gain of function, MYR-VAB-1, causes touch neurons to stain positive for 4G10. 

Wildtype worm touch neurons, however, do not stain positive for this antibody, although 

we know kinase activity exists in these cells. We therefore presume that a threshold level 

of kinase over activity must be reached in order for the stain to be detectable. 4G10 

staining failed to detect any tyrosine kinase activity in either pmec-4::MYR::EPHA3, 

pmec-4::MYR::EPHA2 or pmec-4::MYR::EPHA3;. 4G10 staining was detected in both 

our point mutation lines [mec-4::VAB-1 (K859N), and mec-4::EPHA3 (K761N)] (Figure 

10).  
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Figure 10. Mixed Stage Anti-body staining for Phosphotyrosine activity. 

 A) Images of ALM/AVM in a pmec-4::myr-vab-1( zdIs5) worms stained with an Anti-

phosphotyrosine (4G10) and Anti-GFP. This line was to act as a positive control for my staining 

experiments. Note the strong staining and clearly visible AVM and ALM neural cell body, and 

axon. B/C) Images of pmec-4::vab-1 (K859N) worms. ALM cell bodies stained but axon 

projections were not visible. The staining is not as strong as our positive control (pmec-4::myr-

vab-1; zdIs5) suggesting lower tyrosine kinase activity. D) Images of a stained ALM in pmec-

4::EPHA3 (K761N). Note weak anti-4G10 staining. Note MYR-EphA3 nor MYR-EphA2 did not 

show anti-phosphotyrosine staining, despite the fact they show neuronal termination phenotypes.  
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This staining was very faint in comparison to our positive control line mec-4::myr-vab-1. 

This suggests that our point mutation molecular brake lines appear to have higher 

tyrosine kinase activity than our myristoylated - Eph constructs, which is consistent with 

the molecular brake mutations causing a stronger axon termination phenotype (Figure 7).  

However, the mec-4:: MYR-VAB-1 tyrosine kinase activity is much higher than VAB-1 

K859N or EphA3(K761N) although the phenotypes are equally penetrant, suggesting that 

a threshold level of tyrosine kinase is reached. Since the over expression of PTEN did not 

suppress any of the Eph receptor gain-of-function axon premature phenotypes I asked 

whether overexpression of PTEN could reduce  MYR-EPHA3; phospho-tyrosine activity. 

Unfortunately the kinase activity was too weak to visualize in our pmec-4::MYR-EPHA3, 

so we could not measure a loss of activity.  
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Chapter 5 

Discussion 

 

5.1 Human EPHA2 specifically binds Human PTEN 

 The results of our yeast-two hybrid screen did not produce any conclusive results. 

The appearance of an interaction between the EPH receptor kinase domains and DAF-18, 

at first glance seems to suggest that DAF-18’s interaction with VAB-1 may be vestigial. 

However, false negatives are substantial problem with the Y2H screening method.  For 

examples two large-scale screenings using identical Y2H screening methods yielded less 

than a 30% overlap in protein-protein interactions between the two (Ito, et al. 2001). 

Therefore, without any additional follow-up experiments it is impossible and premature 

to assume that human EPH receptors do not interact with human PTEN.   

This logic was the impetus for a series of affinity chromatography pull-down experiments 

to further probe these findings.Analyzing the blots produced by our GST-pulldown 

experiments further supports this relationship. In Figure 3 It appears that human EPHA2 

kinase domain selectively binds GST-PTEN over a GST control. This shows that EPHA2 

and PTEN are capable of interacting, in vitro and may interact in vivo. Furthermore, 

results from a blot not shown imply that this binding is independent of kinase activity. 

This type of experiment does not allow us to infer the nature of the relationship between 

these two proteins, but EPHA2’s apparent specificity over that of EPHA3 provides 



 46 

further cause for us to probe this specific protein-protein relationship in the human 

system. 

With respect to observed results from our EPHA3 kinase domain binding 

experiments, it is difficult to make any conclusions with certainty. It is possible that 

EPHA3 does selectively bind GST::PTEN over GST despite what is observed in figure 2. 

Increasing the stringency of the washing stages during the binding experiment could 

reveal specificity not apparent from this experiment. Appropriate follow-up experiments 

should be designed to analyze the possibility of this result being a false negative. 

VAB-1 (K859N) and EPHA3 (K761N) point mutations act as gain of function mutants 

 Ding et al. 2008 identified the EPHA3 (K761N) point mutation as one of many 

frequently occurring somatic mutations in human lung-adenocarcinoma tissue. In this 

same paper the researchers noted that this amino acid is structurally analogous to FGFR2 

(K641) a highly conserved position recently described as being part of a ‘molecular 

brake’ (Chen, et al. 2007). This region is purported to be responsible for the auto-

inhibition of the protein kinase domain. It was therefore logical to infer that this point 

mutation could be disrupting this inhibition resulting in a possible ‘gain-of-function’ 

mutant. We also hypothesized that if this molecular mechanism is highly conserved, then 

VAB-1 may regulate its kinase inhibition in a similar manner. This was the impetus for 

identifying the analogous amino acid (K859N) in VAB-1 and analyzing the effects of the 

same point mutation. 

 Our result appears consistent with our hypothesis that this point mutation results 

in a gain of function phenotype. Our point mutated molecular brake proteins, VAB-

1(K859N) and EPHA3 (K761N), caused 68% and 66% percent axon premature 
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termination in the C. elegans respectively. These premature termination defects were 

slightly weaker than our well characterized MYR-VAB-1 gain of function mutant 

(~85%). This discrepancy in neuronal defects between my point mutation lines and our 

myr-vab-1 line appears to be related to relative kinase activity. Our antibody staining of 

the worms supports this hypothesis. 4G10 anti-phosphotyrosine staining was stronger in 

the touch neurons of our positive control line than my point mutation lines (Figure 7). 

This could be a result of a degree of redundancy with respect to kinase regulation, or that 

this point mutation is insufficient to completely disable the ‘molecular brake’ in all 

situations. Oligomerization is also very important with respect to EPH receptor signaling, 

and this point mutation, although activating the kinase domain, may not cause necessary 

conformational changes that are facilitated in myr-vab-1. 

 

5.2 Human EPHA2 and EPHA3 are able to act in a VAB-1 like manner in the touch 

neurons of C. elegans 

  MYR-EPHA3 and MYR-EPHA2 driven under the mec-4 promoter, both cause 

premature termination defects in the touch neurons of C. elegans (40% and 47% 

respectively). This increase in premature termination is consistent with an increase in 

VAB-1 related signalling activity. Although neither of these lines stained positive for 

tyrosine kinase activity, this does not mean that these defects are not related to an 

increase in tyrosine kinase activity of these proteins. For example, even though VAB-1 

activity is well characterized in the neural tissue of the worms, wildtype C. elegans do 

not stain positive for kinase activity in the touch neurons. decrease in relative staining 

associated with a decrease in premature termination defects could account for this 
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discrepancy. MYR-VAB-1 stains much more than either of my point mutation lines 

(Figure 7), therefore it is possible that although MYR-EPHA3 and MYR-EPHA2 exhibit 

increased kinase activity, the level may fall below the threshold for visualization with this 

method. The discrepancy between the defects of MYR-VAB-1 and our human Eph 

receptors can possibly be a result of reduced kinase activity or, perhaps, the human Eph’s 

are not capable of interacting with all of VAB-1 down stream signalling partners. 

 This interpretation has some potential problems. For example, it is unclear why 

the myristoylated EPHA3 has lower kinase activity than its point-mutated counterpart. 

Especially when we consider that myr-vab-1 exhibits higher kinase activity than VAB-1 

(K859N). Human EPH receptors may have regions in their extracellular region that help 

mediate oligomerization. Considering that the humans have several EPH receptors 

compared to the C. elegans, this could have developed as a means to discourage non-

specific oligomerization by different EPH receptors, and reduce unwanted promiscuity. 

EPH signalling is heavily dependant on the formation of these oligomers, therefore if 

these truncated proteins are not able to aggregate properly, this could limit their tyrosine 

kianse activity, and subsequently their ability to propagate signals downstream. If this is 

the case, EPH receptors may be able to interact with most of the downstream signalling 

partners of VAB-1. This hypothesis is difficult to test, because a full length human EPH 

receptor would still be dependant on its ability to interact with its ligands, the Ephrins, 

and there is not necessarily a direct relationship between the functional homology shared 

by the intra- and extracellular regions of the protein. However, the similarity between the 

defects observed in VAB-1 (K859N) and EPHA3 (K761) implicates, that given 
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comparable kinase activity, there is comparable activity in the signalling cascade. This 

suggests a very close homology between the EPHA3 and VAB-1 structure and function. 

5.3 Conclusions 

 The discovery of the possibility of direct interaction between EPHA2 and PTEN 

demonstrates the possibility for an interaction paralleling the DAF-18 and VAB-1 

antagonism demonstrated by Brisbin et al. 2009. The impact of this research is two-fold. 

Firstly, by confirming that this interaction may be conserved in humans, reinforces the 

significance of C. elegans as a promising model for discovering novel signalling partners 

for the EPH receptors. Secondly, this allows us to consider that our antagonistic model of 

VAB-1/DAF-18 may reflect the interaction-taking place in some tissue between EPHA2 

and PTEN. As these two proteins are known to play important roles in the progression 

and development of cancer, a functional link could hold promise for new avenues of 

cancer therapies and treatment.  

 Human EPH receptors appear to be able to regulate and impact axon guidance in a 

VAB-1 like manner in C. elegans. This establishes the EPH receptors as highly 

conserved effectors of cell shape changes and movement. Not only does this establish 

EPH receptors as a key upstream figure in the signalling pathways, but the ability for the 

EPH receptor to interact with the downstream signalling partners suggests a high degree 

of structural and functional homology between the human and C. elegans proteins. This 

is further reinforced by the kinase molecular brake point mutation results, which show 

that the fundamental signalling mechanics and regulation of these proteins are highly 

conserved.  
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Appendix  

Table 1 . List of plasmids used for Y2H and in vitro protein-protein binding assays  

Plasmid Name 
(pIC) 

Primers used to Generate 
Insert (oIC 
Forward/Reverse primer) 

Vector 
Parent  Insert 

564  728/729  pGBKT7  Ephb2 (kinase domain) 
565  726/727  pGBKT7  Ephb2 (intracellular domain) 
587  765/756  pGBKT7  Epha3 (intracellular domain) 

589  731/764  pGADT7 
PTEN (truncated C‐terminus and 
PDZ domain) 

607  730/652  pGADT7  full length PTEN 
608  765/768  pGBKT7  Epha3 (kinase domain) 
630  800/801  pGBKT7  Epha2 (kinase domain) 
631  800/802  pGBKT7  Epha2 (intracellular domain) 

632  803/804  pGADT7 
PTEN (truncated phosphatase 
and PDZ domain) 

644  834/844  pGEX4T7  full length PTEN 
646  845/844  pGEX4T7  pten (C‐terminus) 
653  860/861  pMAL  Epha3 (kinase domain) 
654  860/862  pMAL  Epha3 (intracellular domain) 
655  857/858  pMAL  Epha2 (kinase domain) 
656  857/859  pMAL  Epha2 (intracellular domain) 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Table 2. List of Plasmids used for transformation and generation of transgenic C. elegans lines 

Plasmid Name 
(pIC) 

Primers used to 
Generate Insert (oIC)  Vector Family  Insert 

       
617  748/749 (PM)  pIC214 w/ (pmec‐4)  vab‐1 (K859N) 
634  824/825  pPD96.41 w/ (pmec‐4)  myr‐Epha3 
683  892/893  pPD96.41 w/ (pmec‐4)  myr‐Epha2 
686  862/863 (PM)  pPD96.41 w/ (pmec‐4)  Epha3 (K761N) 

  891/890 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Table 3. List of Primers used to create inserts for plasmids used in in vitro protein-protein binding 

assays. 

Primer Name (oIC)  Oligo Sequence (5`‐3`) 
652  AATTCTCGAGGGTAATCTGACACAATGTCCTATTGCC 
726  aattgaattcAACAGACGGGGGTTTGAGCGTGCTGAC 
727  aattggatcctcaaacctccacagactgaatctggttc 
728  aattgaattcgtcaaaattgagcaggtgatcgga 
729  aattggatcctcatagcgtgttgacaatttggccgaa 
730  AATTGGATCCATATGACAGCCATCATCAAAGAGATCG 
731  AATTGGATCCATttgtgtatgctgatcttcatcaaaaggttc 
752  aattgaattcatcgatcctttcacctacgaggacccc 
753  aattggatccgttcatctgcgcccgcatcacctg 
764  ctcgagTCAgttggctttgtctttatttgctttgtca 
765  aattgaattcgttgacccacatacatatgaagaccct 
766  aattggatccttaTGGGCCATTCTTTGATTGCGTTTCT 
768  aattggatccttacagaatactaacaatctgctcaaacttggg 
800  aattGAATTCATGCCGGAGGACGTTTACTTCTCCAAG 
801  aattGGATCCTCACAG GAT GCT GAC GAT GTC AGC GAA 
802  aatt GGATCC TCA GAT GGG GAT CCC CAC AGT GTT 
803  AATT GGATCC AT ATG ttgtgtatgctgatcttcatcaaaaggttc 
804  AATT ctcgag TCA ttgtgtatgctgatcttcatcaaaaggttc 
843  aattgaattcATGACAGCCATCATCAAAGAGATC 
844  aattgtcgacTCAGACTTTTGTAATTTGTGTATGCTG 
845  aattgaattcGCACTGTTGTTTCACAAGATGATGTTT 
857  aatt gaattc tcagaacaactgaagcccctgaagacata 
858  aatt GTCGAC TCA CAG GAT GCT GAC GAT GTC AGC GAA 
859  aatt GTCGAC TCA GAT GGG GAT CCC CAC AGT GTT 
860  aattgaattc atg gttgacccacatacatatgaagaccct 
861  aatt GTCGAC tta cagaatactaacaatctgctcaaacttg 
862  aatt GTCGAC tta cacgggaactgggccattctttga 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Table 4. List of primers used to generate plasmids for transformation and generation of transgenic  

Primer Name (oIC)  Oligo Sequence (5`‐3`) 
748  CATGGAGCTTCGCTGCAATATCGCTGATTTTGGAC 
749  GTCCAAAATCAGCGATATTGCAGCGAAGCTCCATG   
769  aattGCTAGCATGGGATCTTCTAAGTCGgggaggttctgtggctataagtca  
770  aattGGTACCTTACACGGGAACTGGGCCATTCTT 
824  AATTGCTAGCATGACAGCCATCATCAAAGAGATCG 
825  aattGGTACCTCAGACTTTTGTAATTTGTGTATGCTGATC 
862  aatt GTCGAC tta cacgggaactgggccattctttga  
863  aattctcgagATCTGTGTGAGGTGGACTATCCG 
890  aattGCTAGCatggattgtcagctctccatcctc 
891  aattGAATTCTTACACGGGAACTGGGCCATTCTT 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Table 5. List of strains and alleles scored 

IC847 
zdIs5 [mec‐4::GFP] LG1: quEx229 [mec‐
4::vab‐1 K859N  Line 3] 

IC891 
zdIs5[mec‐4::GFP] I;quEx247[ODR‐1::RFP, 
mec‐4::MYR::EPHA3] 

IC941 
quEx268 pmec4::FLPTEN, pRF4 marker 
injected into IC891 

IC1008 

quEx268 pmec4::FLPTEN   ; 
quEx247[ODR‐1::RFP, mec‐
4::MYR::EPHA3]  

IC1009 

pIC687  #1 (pmec‐4::EPHA3 (k761n)) 
30ng/ul with odr‐1 RFP roller marker into 
zdis5 mutant animals. 

IC1011 

pIC687  #1 (pmec‐4::EPHA3 (k761n)) 
30ng/ul with odr‐1 RFP roller marker into 
zdis5 mutant animals. 

IC1013 

zdIs5 I  quEx306 pmec‐4::EPHA3 
(k761n)odr‐1 ; quEx268 pmec4::FLPTEN, 
pRF4 marker 

IC1014 
zdIs5 I, ; quEx268 pmec4::FLPTEN, pRF4 
marker; Pmec‐4::MYR::EphA2 

 

 


