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Abstract 

The Caenorhabditis elegans Eph RTK, VAB-1, has known roles in neuronal and 

epidermal morphogenesis as well as oocyte maturation through interaction with its ephrin 

ligands. In humans, Eph receptors are involved in nervous and vascular system 

development and have been implicated in cancer formation and progression. DAF-18, a 

C. elegans ortholog of the human tumour suppressor gene, PTEN, has been identified as 

an interacting partner with the Eph RTK, VAB-1.  Mutations in human PTEN have been 

associated with numerous cancers and in the worm, DAF-18 is a well studied member of 

the DAF-2/Insulin receptor-like signaling pathway which has roles in dauer formation, 

thermotolerance and adult longevity.  Our lab has previously shown that VAB-1/EphR 

binds DAF-18. To further investigate the significance of this interaction as well as offer 

additional function to the proteins involved, I have shown that VAB-1/EphR is a negative 

regulator of DAF-18/PTEN at the protein level. Western blotting reveals that endogenous 

expression of DAF-18/PTEN is low in wild-type animals and expression is increased in a 

vab-1/ephR mutant. Additionally, VAB-1/EphR and DAF-18/PTEN are expressed in 

head neurons, oocytes and the germline precursor cells, Z2/Z3. vab-1/ephR mutants show 

increases longevity and sensitivity to dauer conditions which is consistent with increased 

DAF-18/PTEN activity. Lastly, daf-18(ok480) is able to suppress the oocyte maturation 

phenotype and increased MAPK expression displayed by vab-1(dx31) animals, providing 

genetic evidence of an interaction. By identifying the tissues where these proteins are co-

expressed and substantiating the interaction with multiple analyses, novel roles may be 

proposed for each: VAB-1/EphR in DAF-2/Insulin signaling and DAF-18/PTEN in 
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oocyte maturation downstream of VAB-1/EphR signaling.  This work provides further 

understanding of how an organism coordinates complex developmental processes and 

reiterates the notion that cellular signaling is a complex network of interacting players. 

As many signaling pathways are evolutionarily conserved, my research in C. elegans may 

provide a mechanism on how Eph RTKs and PTEN are regulated in more complex 

organisms, including humans.  
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Chapter 1 

Introduction and Literature Review 

1.1 General Introduction 

The elucidation of signaling pathways involved in complex developmental processes is 

necessary for understanding development at the molecular level. Additionally, 

determining the roles of the individual pathway components, their downstream targets 

and effects are essential to our comprehension of cellular functioning in both normal and 

abnormal environments. Once an understanding of essential processes such as cell 

division and cell movement has been achieved, it will be possible to apply this 

knowledge to whole organismal events such as embryonic morphogenesis, and tissue 

specific events, such as cancer; each of these events are the consequence of regulated and 

unregulated cell division and movement.  

 

In the deciphering of cellular signaling events, several research problems are associated 

with the use of complex of biological systems. In terms of genetic studies, practical issues 

arise in the feasibility of generating large numbers of organisms required to carry out 

genetic screens, the time required for developmental process such as embryogenesis to 

occur, the presence of redundant pathways and our incomplete understanding of the more 

complex genomes. Moreover, while cell culture experiments utilizing mammalian cell 

lines can alleviate issues associated with generation time, they might not provide an 
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accurate representation of what is happening in the organism as cellular context is known 

to be a major factor in gene function: one protein may have different roles depending on 

the cellular environment in which it is expressed.  

 

 Many of the signalling pathways and processes present in higher organisms have a 

homologous counterpart conserved in simpler organisms, making the utilization of simple 

model organisms a convenient solution for this type of research.  The microscopic, free-

living nematode, Caenorhabditis elegans, is commonly employed as a model organism to 

study a wide variety of cellular functions, specifically those associated with 

developmental processes.  C. elegans lends itself as an ideal study organism for multiple 

reasons, including: a fully sequenced genome, invariable cell lineage with cell fate 

completely mapped, short life cycle and transparent cuticle which allows for easy 

observation of cell formation and development. Introduction of foreign DNA to produce 

transgenic animals is easy, and many transgenic strains are available in the C. elegans 

research community. Additionally, proteomic methods and yeast two-hybrid screens can 

be carried out to identify interacting protein partners and networks, complimenting 

classical genetic studies, such as double mutant analysis, employed to discern the position 

of genes in a signaling pathway.  Lastly, double stranded RNA mediated interference 

(dsRNAi) techniques can be used directly by feeding worms dsRNA of the target gene. 

This allows one to study genes predicted to be involved in a pathway of choice [1].   For 

these reasons, it is possible to investigate both genetic and molecular mechanisms 

involved in various processes at the cellular, tissue and organismal level. While 
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identifying interacting partners in a cellular environment is an important aspect of 

biology, being able to provide a function for the interaction will enable researchers to 

fashion a framework of when, why and how certain proteins interact and in the future, 

possibly exploit these interactions for treatment of developmental disorders and diseases 

related to improper cellular function. The objective of this project was to follow up on a 

reported interaction of two previously unrelated proteins in C. elegans biology, DAF-18 

and VAB-1, in order to provide a function for the interaction and potentially offer new 

roles for each protein. Additionally, because of the vertebrate homolog status, DAF-18 

being a homolog of the PTEN human tumour suppressor and VAB-1 being an Eph RTK, 

the interaction of these molecules could have much significance in the mammalian 

system as both PTEN and the Eph RTKs  have been implicated in tumorigenesis, but a 

genetic or molecular connection has not been reported.  

 

1.2 The Vertebrate Eph RTKs and Their Diverse Roles 

The last 20 years has seen a dramatic increase in attention and research efforts devoted to 

understanding the Eph RTKs. Accordingly, a substantial amount of literature exists on 

the subject, with the majority underscoring the complexity of this class of proteins.  

Deriving its name from the cell line it was isolated from: erythropoietin-producing 

hepatocellular carcinoma cell line (Eph Nomenclature Committee), initially implicated 

this class of molecules in tumorigenesis. Subsequent studies, however, have shown that 

Eph receptors and their ligands, the ephrins, are involved in numerous biological 
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activities ranging from embryonic development, axon guidance and neurogenesis to cell 

migration, vascularization and spine morphogenesis [2, 3] The mammalian Eph receptors 

represent the largest family of RTKs, with 14 receptors and 8 ephrin ligands and were 

found to bind membrane-bound ephrin ligands, suggesting they were involved in short-

range communication and direct cell-cell contact that can regulate cell shape and cell 

migration when activated by regulating actin cytoskeleton dynamics [4]. This finding 

contrasts with the activity of other known RTKs such as the epidermal growth factor 

receptor (EGFR) that binds soluble ligands, implicating them in long-range 

communication that signals regulation of cell growth and differentiation [5-8]. The 14 

mammalian Eph receptors are divided into two subclasses, yet all share the same general 

architecture. Structural analysis shows two main domains exist: an extracellular domain 

consisting of an N-terminal ligand binding globular domain, a cysteine rich region and 

two fibronectin type III repeats, and an intracellular domain containing a juxtamembrane 

domain composed of two highly conserved tyrosine residues, a tyrosine kinase domain, a 

sterile-α motif (SAM) and a PSD-95, Disc large, Zonula occludens-1 (PDZ)-binding 

motif (Figure 1.1) [4].   
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The subclasses of Eph RTKs are termed EphA (EphA1-A10) and EphB (EphB1-B6), and 

division is based on amino acid sequence similarity as well was binding to ephrinA and 

ephrinB ligands respectively, although exceptions to this rule do exist [9, 10].  The 

subclasses of ephrin ligands are differentiated by their receptor binding domains as well 

as their attachment to the cell membrane: ephrinA ligands (ephrinA1-A6) are attached to 

the plasma membrane via a glycosylphosphatidylinositol (GPI) anchor while ephrinB 

ligands (ephrinB1-B3) are held to the membrane by a transmembrane domain [4]. 

 

The binding of an ephrin ligand to its Eph receptor leads to a partially active heterodimer,  

resulting in autophosphorylation of two tyrosine residues in the juxtamembrane domain 

of the Eph receptor. Prior to autophosphorylation, the kinase domain of the Eph receptor 

is held inactive via association with the juxtamembrane; autophosphorylation acts to 

disrupt this association and allow for an active kinase domain [11].  

Transphosphorylation of the kinase domain can also occur via dimerization with other 

Eph-ephrin heterodimers. Auto- and transphosphorylation ultimately lead to an active 

kinase domain and convey a forward signaling event downstream of the Eph receptor, 

resulting in regulation of cell adhesion, cytoskeleton dynamics and mitogenesis [4, 12].  

Adding to the complexity of Eph-ephrin signaling is the ability of the ligand and receptor 

to engage in bidirectional signaling, in which the receptor can effectively function as a 

ligand; the binding of an ephrin to an Eph receptor can lead to reverse signaling within 

the ephrin expressing cell resulting in regulation of cytoskeleton dynamics and cell 

adhesion [4, 13]. It has been generally accepted that the outcome of Eph signaling is 
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repulsion of adjacent cells or down regulation of cell adhesion signaling [14]. However, 

an increasing body of evidence suggests that Eph receptors and their ligands may also 

play a role in cellular attraction in certain tissues, making the understanding of these 

complex molecules even more necessary [15].  An example of this dual phenomenon is 

the role of Eph signaling in thrombus formation. Upon vascular injury, clot formation is 

initiated by platelet activation and aggregation. EphA4 and EphB1 as well as ephrin B1 

are expressed on the surface of free blood platelets and their binding allows for attraction 

and aggregation of platelet cells, demonstrating the adhesive properties of Eph receptor 

signaling. However, once a clot is formed, it is believed that Eph signaling initiates 

repulsive cues to retract the clot from adjacent cells and maintain its stability [16].  

 

Until recently, the focus of Eph RTK signaling has been on their role in early 

developmental processes. However, it is now clear that this group of molecules may be a 

major player in disease, specifically cancer. Given the fact that Eph receptors and their 

ligands are found in almost every tissue in the body, it follows that they are associated 

with multiple types of cancer.  The complexity of Eph-ephrin signaling is underscored 

whilst attempting to decipher its function in a cancerous context.  In some cancer types, 

Eph-ephrin expression takes on a tumour suppressor role, while in others, over-

expression promotes tumour progression [15].  Accordingly, it appears that the type of 

cancer, the specific tumour environment as well as the combination of Eph receptors and 

ephrins involved determine the role Eph and/or its activity will have in the cell. 

Colorectal cancer is an example where Eph expression demonstrates tumour suppressive 
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properties, insofar as expression can inhibit the spread of tumour tissue. The majority of 

colon cancers are initiated by mutations which activate the Wnt signaling pathway 

resulting in activation of Beta-catenin/TCF signaling in intestinal cells, specifically the 

progenitor stem cells at the base of the intestinal epithelium, leading to constitutively 

dividing progenitor cells and increased EphB2 and EphB3 expression [17, 18]. These 

progenitor cells can then break away from the epithelium, becoming an adenoma and 

migrate towards the intestinal lumen where they invade other healthy tissues.  

Interestingly, ephrinB1 and B2 expressed in non-tumour cells that surround the migrating 

adenoma act as a boundary and upon binding with their Eph receptors on the invading 

cells, activate forward signaling which forces repulsion and adhesion, effectively limiting 

the spreading of the tumour. In this context, Eph-ephrin signaling establishes boundaries 

for migrating cells, a process termed ‘cell compartmentalization’ [19].  

 

Contrastingly, EphB2 over-expression in certain brain cancers leads to increased tumor 

migration by activating R-Ras signaling which decreases MAPK, reducing cell growth 

but increasing cell invasion. Additionally, reverse signaling through its ligand, ephrinB3, 

also promotes invasion [20, 21].  R-ras is a small GTPase of the ras family with close 

similarity to H-ras and K-ras but unlike the prototypic ras genes it has little transforming 

activity and seems to have tumour suppressor roles rather than oncogenic roles, hence 

activation of R-ras leads to decreased MAPK. 
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Furthering the paradox of Eph signaling is the differential role and expression in breast 

cancers. In this case, EphA2 expression is associated with increased tumor progression 

and cell invasion, while deficiency inhibits tumorigenesis, yet EphB4 expression in breast 

cancer decreases tumour growth by activating the Abl-Crk pathway which reduces cell 

proliferation and motility [22, 23].  However, over-expression of EphB4 in conjunction 

with other oncogenic mutations promotes tumour progression, highlighting the 

importance of the entire cellular environment [24].  

 

Associated with cancer progression is the process of angiogenesis, the growth of new 

blood vessels to supply a growing tumour. Eph receptors and their ligands are vital for 

proper vascular development during embryogenesis, setting up the boundaries for venous 

and arterial blood flow [25].  Eph signaling has been shown to be involved in similar 

processes later in life; EphB4, through reverse signaling, as well as EphA2 and ephrinA1 

promote formation of disorganized blood vessels in breast cancer cells  [26, 27]. 

However, over-expression of EphB4 in brain tissue acts to decrease vascularization of 

tumors by creating spirals of blood vessels around the tumor such that it cannot branch 

out to surrounding tissues [28]. 

 

Because of the large number of Eph receptors, as well as functional redundancy coupled 

with promiscuous binding of ephrins to receptors not in their subclass makes study of 

these molecules complicated. The nematode C. elegans and the fruit fly, D. 



10 

 

melanogaster, each have a single Eph RTK, making them ideal organisms to elucidate 

the role of Eph receptor signaling in development and other biological processes  [29-32]. 

 

1.3 The C. elegans Eph RTK has Multiple Roles in Development 

The single C. elegans Eph RTK, VAB-1, was originally identified based on a variable 

abnormal phenotype that included high embryonic and larval lethality, epidermal tail 

defects and a remarkable ‘notched’ head [33]. Cloning of the vab-1 gene revealed 

sequence similarities to both the EphA and EphB subclasses of vertebrate Eph RTKs. 

Further supporting the identification of VAB-1 as an Eph receptor was the discovery that 

it contained all the distinguishing features of the vertebrate Eph RTK, including an 

extracellular region with an N-terminal globular domain, cysteine rich domain and two 

fibronectin type III repeats, while the intracellular region contained a juxtamembrane, 

tyrosine kinase, a weak SAM motif and PDZ binding domain [30].  Consistent with the 

Eph-ephrin receptor-ligand system identified in the vertebrate system, four GPI-linked 

ephrins (EFN-1to EFN-4) are found within the C. elegans genome that show similarity to 

the vertebrate ephrins [34, 35].  EFN-1, 2 and 3 seem to be most closely related and have 

been found to be involved in VAB-1 signaling during embryogenesis, while EFN-4 

displays VAB-1 independent function, likely owing to its divergence from the other 

ephrins [34-36]. 
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Because of the high embryonic lethality associated with vab-1 mutants, it was suspected 

that VAB-1 was involved in embryonic development. vab-1 mutants display improper 

ventral enclosure of the epidermis, resulting in a rupture of the midline with internal cells 

being expelled from the ventral midline implicating vab-1 involvement during closure of 

the gastrulation cleft as well as ventral enclosure of the epidermis [30]. Surprisingly, 

VAB-1 was not seen in epidermal cells, rather expression was localized on the 

neuroblasts, the tissue substrate which the epidermis migrates over during ventral 

enclosure. This finding led to the current model of VAB-1 function during embryonic 

development in which VAB-1 expression is required for proper neuroblast movement, 

failure of expression resulting in defective epidermal migration and subsequent lethality 

[30].  It should be noted that the defects in neural cell organization observed in vab-1 

mutants during embryogenesis are similar to cell sorting phenotypes associated with 

deregulated Eph signaling in vertebrates, providing evidence that the Eph signaling 

pathways have conserved function and study in simpler organisms may help elucidate the 

role of Eph RTKs in more complex systems [37]. Interestingly, a vab-1 mutation which 

abolishes kinase activity shows only a weak phenotype compared to the null mutant, 

proposing that VAB-1 kinase independent functions are also involved in embryonic 

development, perhaps through reverse signaling or interactions with other intracellular 

domains [30].  

 

VAB-1function is not restricted to embryonic development; it is also required for proper 

neuronal development and organization [30, 38]. VAB-1 expression is observed in many 
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neurons of the C. elegans nervous system including the nerve ring as well as the dorsal 

and ventral nerve cords and vab-1 mutant animals display several neuronal defects in the 

form of axon misguidance [39, 40]. To provide further insight into the role VAB-1 has in 

axon guidance, Mohamed and Chin-Sang (2006) showed that loss of vab-1 results in 

neural cell body positioning defects as well as axonal over-extension. Additionally, a 

VAB-1 gain of function of mutant results in premature termination of axon growth, 

suggesting that VAB-1 signaling regulates a ‘stop cue’ to coordinate proper neuronal 

development [38].  

 

Outside of the nervous system, VAB-1 has also been shown to play a role in C. elegans 

oocyte maturation [41, 42].  The oocytes of most diploid species arrest before the first or 

second meiotic division, completing meiosis following fertilization in a process termed 

meiotic maturation. C. elegans is unique insofar as it couples the processes of meiotic 

maturation, ovulation and fertilization, necessitating a highly regulated system to 

coordinate these events. Miller and colleagues have discovered a Major Sperm Protein 

(MSP) which acts as hormone trigger to initiate meiotic maturation and gonadal sheath 

cell contraction (necessary for ovulation) in C. elegans [41].  VAB-1 has been identified 

as a receptor present on the oocytes to receive the MSP signal [42].  In the absence of 

MSP, VAB-1 acts to inhibit Mitogen Activate Protein Kinase (MAPK) signaling in 

oocytes, keeping them in an arrested state. Once activated by MSP, VAB-1 no longer 

inhibits MAPK activation and oocytes can proceed with maturation [42].  It remains 

unclear, however, whether downstream targets of VAB-1 signaling are also involved in 
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this process. Given the complexity of oocyte maturation and the multiple regulators of 

MAPK signaling that are known vertebrate studies, it is likely that other players are 

involved.  

 

1.4 The Human Tumour Suppressor, PTEN, is a Dual Specificity 

Phosphatase Involved in Many Cellular Processes.  

PTEN, phosphatase and tensin homolog deleted on chromosome ten, also known as 

MMAC (mutated in multiple advanced cancers 1) and TEP-1(tensin like phosphatase-1), 

is one of the most commonly perturbed genes in human cancers [43-45]}. Early on in the 

investigation of PTEN came the major finding that PTEN is a lipid phosphatase for the 

second messenger phosphatidylinositol 3,4,5-triphosphate (PIP3), converting it to 

phosphatidylinositol 4,5-biphosphate (PIP2), thereby negatively regulating the PI3 

kinase-Akt signaling pathway [46]. This pathway is responsible for controlling cell 

proliferation, growth and survival through multiple downstream signaling events (Figure 

1.2). For example, phosphorylation of the pro-apoptotic protein BAD results in inhibition 

of apoptosis, activation of the mTOR pathway stimulates nutrient response and protein 

synthesis, while phosphorylation of the glycogen synthase kinase 3 (GSK3) and Forkhead 

transcription factor result in regulation of metabolism and the cell cycle [47]. The 

importance of PI3K signaling and its delicate regulation of cellular activities is 

highlighted by the finding that this pathway is disrupted in virtually every human cancer. 

The fact that PTEN is the only identified negative regulator of PI3K signaling 

underscores why it is such an important tumour suppressor, second only to p53. 
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PTEN is involved in essential cellular processes such as cell growth, apoptosis, 

differentiation and maintenance of genomic stability. As such, mutation or misregulation 

can have dramatic effects on the cellular environment. PTEN mutations in human cancers 

are on par with the major tumour suppressor p53 in terms of frequency, with increased 

mutation frequency in primary glioblastoma, endometrial carcinoma, and prostate cancers 

[48].  However, unlike p53, deletion of PTEN in mice does not immediately lead to a 

tumorous state; rather, it is associated with increased incidence of cancer, although there 

are some reports of spontaneous tumour formation in PTEN heterozygous mice [49]. 

Additionally, homozygous recessive p53 animals develop normally until they succumb to 

cancer in late childhood, whereas homozygous PTEN mutants are embryonic lethal, 

further implicating PTEN involvement in crucial developmental processes [50, 51].  

Germline mutations of PTEN are associated with several syndromes including Cowden 

syndrome, Bannayan Riley-Ruvulcaba, Proteus and Proteus-like syndromes. A main 

characteristic of these syndromes is the formation of hamartomas, a benign tumour that 

contain different tissue types, further implicating PTEN function in proper cell division 

and growth [52]. Mutations of PTEN in the germline are not sufficient for the 

development of cancer, however they do increase the susceptibility to develop cancer in 

these individuals compared to a normalized population[53]. For this reason, it has been 

postulated that PTEN functions as somewhat of a ‘gatekeeper’ for proper cellular 

function; if absent, it is much easier for a tumour to develop, but does not cause the 

formation per se unless other factors are also involved [54].   
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Surprisingly, the tumour suppressor activity of PTEN may not be completely due to its 

inhibitory effects on the PI3K pathway. The protein sequence of PTEN indicates that 

PTEN contains a putative protein phosphatase domain, a lipid phosphatase domain, C2 

domain and a PDZ binding domain [55] (Figure 1.3). However, a physiological protein 

substrate has yet to be identified, although artificial protein substrates can be 

dephosphorylated on serine, threonine and tyrosine residues [56].  Mutant forms of PTEN 

that lack PIP3 phosphatase activity are still able to control some cellular functions like 

migration and focal adhesion, alluding to the fact that PTEN protein phosphatase activity 

does play a role in these events and is probably the reason PTEN can impede tumour 

metastasis. Moreover, experimental evidence has suggested that both the lipid and protein 

phosphatase domains have unique roles in controlling cellular actions related to cancer 

formation: the lipid phosphatase activity regulating cell growth while the protein 

phosphatase modulates cellular migration as transfection of cancer cell lines with wild-

type PTEN inhibits both colony formation and cell invasion whereas transfection with a 

lipid phosphatase mutant only inhibits cell invasion [57]. Additionally, further work has 

indicated that the protein phosphatase domain of PTEN may also be involved in cell 

cycle arrest as PTEN mutants lacking lipid phosphatase activity and wild type PTEN are 

able to arrest the cell cycle in PTEN deficient cells, while mutants lacking both 

phosphatase domains are not [58]. Lastly, the finding that PTEN may be involved in 

chromosomal integrity, a mechanism not associated with PI3K signaling, further supports 

the idea that PTEN exerts its anti-tumour effects through multiple mechanisms not 

dependent on its lipid phosphatase activity [59]. 
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Following the cloning of PTEN and discovery of its lipid phosphatase activity, the 

majority of research focused on its role in the PI3K-Akt pathway. However, we know 

now that it may have many more functions than originally believed, including roles in 

developmental and cancer biology. Additionally, previously believed to be a cytosolic or 

membrane bound protein, further work has shown PTEN can enter the nucleus under 

certain conditions and interact with other key tumour suppressors such as p53 and 

possibly directly regulate the cell cycle as higher levels of nuclear PTEN are observed 

during the G0-G1 phase [61]. 

 

PTEN is likely regulated at the translational level as its activities are needed in various 

cellular locations. Additionally, it is likely in a partially active stage given that AKT 

signaling is paramount in numerous tissues and requires constant regulation [62]. Thus, 

misregulation of PTEN may lead to similar phenotypes as mutated or deleted PTEN seen 

in cancers; deregulation may target the protein for ubiquitination and subsequent protein 

degradation – essentially the same effect as total loss of the gene.  

The C-terminal tail has been shown to be critical for regulating PTEN degradation. In 

mutants with dysfunctional C-terminal domains, tumour suppression activity is lost due 

to PTEN protein degradation, despite enzymatic phosphatase activity being present [63]. 

There is some speculation that stabilized, non-active, PTEN exists in a folded 

conformation in the cytoplasm and upon activation by some association protein, alters its 

conformation, exposing its regulatory domains and becoming active on PIP3 at the 
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membrane.  Phosphorylation of residues in the C2 domain  have been shown to reduce 

the lipid phosphatase activity and revert PTEN back to an inactive, folded form and 

possibly target the protein for degradation[62, 64].  

 

Because of these findings, research concentrated on the developmental, as well as tissue 

specific functions of PTEN will be necessary to fully understand this multi-faceted 

protein. Perhaps most importantly in these investigations will be a focus on the elements 

that are capable of regulating PTEN. There is a great deal of literature investigating the 

regulatory abilities of PTEN on PIP3 signaling, but evidence is lacking in terms of 

upstream interactors of PTEN.  As the structure of PTEN suggests it is susceptible to 

multiple forms of post-translational modification, it is likely that various regulators exist 

and may be of great interest in terms of cancer treatment [65].  Due to the unique nature 

of PTEN in which phosphorylation deactivates it, contrasting the majority of signaling 

proteins, the identification of PTEN binding partners that exert kinase activity will be 

attractive molecules to pursue. 

 

1.5 DAF-18/PTEN and VAB-1/EphR Interact  

The daf-18 gene (abnormal dauer formation), encodes the C. elegans homolog of the 

human tumour suppressor gene PTEN (Phosphatase and Tensin homolog deleted on 

chromosome Ten) [66].  Unpublished results of a yeast-two hybrid screen conducted by 

the Chin-Sang lab have shown that DAF-18 physically interacts with VAB-1. The yeast 
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two hybrid system is an in vivo technique that allows for the detection of protein-protein 

interaction [67]. This method of protein interaction involves the fusion of a gene of 

interest, VAB-1 in this case, to a DNA binding domain of a transcription factor. This 

construct is then transformed into yeast with a cDNA library of the organism being 

investigated, cloned in frame to a transcriptional activation domain. The interaction of a 

protein encoded by the cDNA library and the protein encoded by the gene of interest will 

form a functional transcriptional factor that can then activate a reporter gene such as β-

galactosidase [67].  3.8 million yeast clones were screened resulting in 55 potential 

interactions that specifically activated transcription of a reported gene the presence of the 

VAB-1 bait. Of the 55 potential interacting partners, five represented independent 

isolates of the daf-18/pten gene.  

 

Prior to the finding that DAF-18/PTEN interacts with the membrane bound VAB-1 

receptor,  it was unclear how PTEN was being recruited to the membrane to act on PIP3 

as neither its N-terminal Phosphatase domain nor C- terminal C2-like domain are alone 

sufficient for membrane localization of the protein. Rather, a 

phosphorylation/dephosphorylation electrostatic switch of the C-terminal region has been 

proposed as a possible membrane-binding and activation mechanism [63]. As VAB-1 is a 

tyrosine kinase and PTEN has been observed to have tyrosine phosphatase activity in 

vitro with artificial substrates in addition to lipid phosphatase activity, it is possible that 

VAB-1 and DAF-18/PTEN could serve as substrates, mediating the proposed 

phosphorylation/dephosphorylation mechanism of DAF-18/PTEN membrane 
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recruitment, although the exact mechanism of the DAF-18/PTEN interaction with VAB-1 

has not yet been determined.  However, given the kinase activity of VAB-1, it will be of 

interest to determine whether it is able to phosphorylate DAF-18. 

 

1.6 DAF-18 is the C. elegans Ortholog of the PTEN Tumour Suppressor 

and a Component of the DAF-2 Insulin Receptor Pathway 

DAF-18/PTEN is a component of the DAF-2 Insulin Receptor-like signaling pathway in 

C. elegans. The DAF -2 Insulin Receptor-like signaling pathway is involved in dauer 

formation, longevity and thermotolerance in C. elegans and aside from the recent finding 

that DAF-18/PTEN interacts with VAB-1, the majority of DAF-18/PTEN research has 

focused on its role in this pathway (Figure 1.4) [66, 68-71]. The DAF-2 insulin receptor-

like pathway, beginning with activation the DAF-2 receptor from external stimuli, signals 

to AGE-1/phosphoinositide-3 kinase (PI3K) to generate PI(3,4,5)P3 and PI(3,4)P2 which 

may activate AKT-1/AKT-2 serine/threonine kinases directly by binding to a pleckstrin 

homology (PH) domain and recruiting it to the cell membrane where it can be activated 

by kinases. Phosphorylation of AKT-1 can then act on the DAF-16 Fork head 

transcription factor (FOXO) via phosphorylation, preventing entry into the nucleus. DAF-

16 functions to control metabolism, development, and life span of C. elegans by initiating 

transcription of various genes involved in these processes [66]. Mutations in the age-1 

and daf-2 genes result in a significantly extended lifespan phenotype compared to wild-

type worms [72]. daf-18 null-mutant worms display a significantly shorter life-span than 

wild-type and larva are not able to enter dauer, a state of pseudo-hibernation that is 
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normally entered during times of stress, such as starvation or overcrowding (Figure 1.3) 

[69].  It has also been shown that a daf-18 mutation is able to suppress both the age-1 and 

daf-2 mutation phenotype, but the phenotypes is dependent on AKT-1/AKT-2 signaling, 

suggesting that DAF-18 acts between AGE-1 and AKT-1, reducing AGE-1 PI3K signals 

by dephosphorylation of PI(3,4,5)P3 [66, 69].  Solari and colleagues showed that 

phosphorylation sites in the C-terminal domain as well as the PDZ binding domain of 

DAF-18/PTEN are both necessary for DAF-18 regulation of the DAF-2 pathway [71].  

To further place DAF-18 as a major player in the DAF-2 pathway for dauer formation 

and longevity,  Masse and colleagues have shown that driving expression of daf-18 

cDNA in body wall muscle, neurons, intestinal and lateral epidermal cells, tissues 

involved in dauer formation, is sufficiently able to reproduce the dauer constitutive daf-2 

phenotype [73].   
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1.7 DAF-18 May Have Roles Outside the DAF-2 Insulin Receptor-like 

Signaling Pathway  

Very recent data suggests that DAF-18 may function outside of the DAF-2 pathway [75].  

Researchers utilized RNA interference (RNAi) to knock down genes in the germline of 

daf-18/pten null-mutant background worms to examine genes that function with daf-

18/pten in a redundant fashion, determined by the presence of a strong synthetic 

phenotype  [75].  Interestingly, when a subsequent RNAi screen using these identified 

genes were examined in a daf-16 null mutant background, the resulting phenotypes were 

statistically insignificant compared to the phenotypes observed in the daf-18/pten null 

mutant background. daf-16 encodes a FOXO transcription factor that acts downstream of 

the DAF-2 pathway, suggesting that many of the genes identified work in conjunction 

with daf-18 outside of the DAF-2 pathway [75]. Additionally, RNA in situ hybridization 

has identified daf-18 expression in the germline which corroborates the identification of 

the ceh-18 and mec-8 genes pulled out of the Suzuki screen that have roles in oocyte 

maturation and embryonic elongation respectively [73, 75].  

 

 

The role of DAF-18/PTEN in the DAF-2 pathway and its consequent involvement in 

dauer formation and longevity has been well documented in the literature [66, 68-71]. 

However, the recent data which suggests DAF-18/PTEN acts in a genetically redundant 

manner with genes previously not known to associate with DAF-18/PTEN, as well as the 

expression pattern of the DAF-18 promoter in tissues not involved in dauer formation, is 
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relatively new and needs to be corroborated with further studies [73, 75].  Furthermore, 

the unpublished results of the VAB-1 Eph RTK yeast two hybrid screen which identified 

DAF-18/PTEN as a VAB-1 binding partner moves DAF-18 activity in the worm into a 

new light, as there is a strong interest to identify components of Eph receptor signaling 

for applications in cancer research [76].  Thus, one aim of this project will be to 

determine the expression pattern of DAF-18/PTEN in C. elegans as well tissues in which 

it co-localizes with VAB-1.  Determination of the DAF-18/PTEN expression pattern will 

not only provide insight into the role it may have in development, but also provide 

evidence for a physical interaction with VAB-1.  We expect to see DAF-18/PTEN in 

sensory tissues which are involved in dauer formation and longevity as DAF-18/PTEN is 

known to be involved in these processes [66]. Chin-Sang and colleagues showed VAB-1 

expression in neurons, specifically in head neurons anterior to the leading edge of the 

epidermis during ventral enclosure of the embryo [34]. Lastly, should expression of 

DAF-18/PTEN be observed outside of these expected tissues, new roles for DAF-

18/PTEN functioning in the worm may be inferred and facilitate further exploration. 

 

Determination of the expression pattern of DAF-18/PTEN, identification of tissues in 

which it co-localizes with VAB-1 as well elucidating possible genetic function of each 

protein will offer further insight into DAF-18/PTEN signaling in C. elegans and provide 

another piece of the cell movement and development puzzle.  
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Presently, the focus of DAF-2 Insulin signaling in C. elegans is on its role in ageing – 

here we are investigating other interactors with possible connections to cancer-like 

phenotypes. Future work of this nature will help discern what is happening at the 

molecular level in multiple cellular contexts such that the findings can be extrapolated to 

higher organisms. We are currently investigating whether human Eph receptors are 

capable of binding PTEN. The fact that human PTEN can replace DAF-18 function in the 

worm is encouraging evidence that the interaction found in C. elegans will also be 

conserved in humans and this current study will be applicable to an array of research in 

more complex systems.  Given the link between insulin signaling and diseases such as 

cancer and type-2 diabetes, we are hopeful that in elucidating interactors and assigning 

new function to molecules in this pathway, we will not only add to the current 

understanding of developmental biology in C. elegans but also identify new targets for 

therapy in the future. 
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Chapter 2 

A Role for C. elegans Eph RTK Signaling in PTEN Regulation 
Sarah Brisbin, Jeffrey Boudreau, Jimmy Peng and Ian Chin-Sang 

 
 
A manuscript for submission to the journal Current Biology 

2.1 Summary 

2.1.1 Background 

The C. elegans Eph RTK, VAB-1, has known roles in neuronal and epidermal 

morphogenesis as well as oocyte maturation through interaction with its Ephrin ligands. 

In humans, Eph receptors are involved in nervous and vascular system development and 

have been implicated in cancer formation and progression.  DAF-18, a C. elegans 

ortholog of the human tumour suppressor gene, PTEN, has been identified as an 

interacting partner with the Eph RTK, VAB-1. Mutations in human PTEN have been 

associated with numerous cancers and in the worm, DAF-18 is a well studied member of 

the DAF-2 /Insulin receptor-like signaling pathway which has roles in dauer formation, 

thermotolerance and adult longevity.    

2.1.2 Results 

We show that VAB-1/EphR binds DAF-18/PTEN in a kinase independent manner and 

that VAB-1/EphR is a negative regulator of DAF-18 at the protein level. Western blotting 

reveals that endogenous expression of DAF-18 is low in wild-type animals and 

expression is increased in a vab-1/ephR null mutant.  Additionally, VAB-1/EphR and 
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DAF-18/PTEN are expressed in head neurons, oocytes and the germline precursor cells. 

vab-1/ephR mutants show increased longevity and sensitivity to dauer conditions which 

is consistent with increased DAF-18/PTEN activity. Lastly, daf-18(ok480) is able to 

suppress the oocyte maturation phenotype and increased MAPK expression displayed by 

vab-1(dx31) worms, providing genetic evidence of an interaction.  

2.1.3 Conclusion  

Here we show that the C. elegans Eph RTK VAB-1/EphR binds and negatively regulates 

DAF-18/PTEN. By identifying the tissues these proteins are co-expressed in and 

confirming with multiple analyses, we propose novel roles for each: VAB-1/EphR in 

DAF-2/Insulin signaling and DAF-18/PTEN in oocyte maturation downstream of VAB-

1/EphR signaling, adding functional significance to the interaction and providing further 

understanding of how an organism coordinates complex developmental processes. 
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2.2 Introduction 

Identifying interacting partners within cellular signaling cascades has been of paramount 

importance from both a basic sciences standpoint and for the information it can possess 

for clinical researchers. The elucidation of cellular signaling pathways allows for a better 

understanding of developmental and regulatory processes and may also provide strategies 

for the treatment of diseases that result when said developmental and regulatory 

processes go awry; namely, cancer. C. elegans provides an excellent model for 

investigating signaling pathways involved in developmental processes as many of the 

pathways identified are evolutionary conserved in their mammalian counterparts.  

 

The insulin receptor pathway is implicated in lifespan and metabolic control of many 

species, with components of this pathway conserved. The DAF-2 receptor regulates 

lifespan and entry into the dauer larval stage of C. elegans [72, 77]. As a component of 

the DAF-2 Insulin Receptor-like signaling pathway, DAF-18, the C. elegans ortholog of 

the human PTEN tumour suppressor, functions to regulate longevity and dauer formation 

by antagonizing the AGE-1 phosphoinositide-3 kinase (PI3K). AGE-1/PI3K increases the 

pool of PtdIns (eg. PI(3,4,5)P3) which serve to activate a complex including AKT-

1/AKT-2 to phosphorylate the DAF-16/FOXO transcription factor and thereby 

preventing DAF-16/FOXO from entering the nucleus.  DAF-18/PTEN decreases the 

PtdInsP3  levels thereby indirectly preventing the inhibitory phosphorylation of the DAF-

16 FOXO transcription factor which controls metabolism, development and life span of 

C. elegans [66, 69, 78]. Mutations in age-1 or daf-2 result in a significantly extended 



31 

 

lifespan, while daf-18 mutants display a significantly shorter lifespan than wild-type and 

are not able to enter dauer, a state of suspended development that is normally entered 

during times of crowding and starvation [69]. Recent work has shown that DAF-18 may 

have additional roles outside of the DAF-2 signaling pathway. Suzuki and Han report that 

daf-18 may function redundantly with a number of genes, specifically ceh-18 and mec-8, 

present in germline tissues that are involved in oocyte maturation and embryonic 

elongation respectively [75]. Additionally, Narbonne and Roy as well as Fukuyama and 

colleagues have shown DAF-18 involvement in cell cycle arrest, possibly through AMPK 

and TGF-β signaling, regulating germline proliferation during L1 diapause independently 

of DAF-16/FOXO [79, 80]. 

 

The human homolog of DAF-18, PTEN (phosphatase and tensin homolog deleted on 

chromosome ten) tumour suppressor, is one of the most commonly mutated genes in 

human cancers and has also been implicated in a number of inherited syndromes [43]. 

PTEN is a dual specificity phosphatase and contains both lipid and protein phosphatase 

domains. While the role of PTEN protein phosphatase activity is unclear, the dominant 

physiological substrate for PTEN has been shown to be the lipid, PIP3, which can 

activate AKT signaling, leading to increased cell migration and motility but the entirety 

of the downstream effectors have not yet been elucidated. Similar to DAF-18, PTEN’s 

most widely reported role is as a lipid phosphatase, antagonizing PI3K signaling. 

However, evidence has shown that PTEN also displays nuclear localization where it can 

have multiple biological functions; suppressing cell proliferation independent of AKT 
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activity [81] preventing phosphorylation of MAPK [82] and enhancing apoptosis-induced 

DNA fragmentation [83]. Additionally, PTEN has been shown to form a nuclear complex 

with p53, increasing the transcriptional activity of p53, suggesting PTEN has nuclear 

effects independent of phosphatase activity [84]. These results propose that the scope of 

PTEN function is much more varied than was originally thought and the identification of 

interacting partners will provide further understanding of this important player in cell and 

cancer biology.  

 

The Eph receptors are a class of proteins that also show varied function in cell and cancer 

biology [85, 86]. As the largest receptor tyrosine kinase (RTK) family, these molecules 

possess an extracellular domain that is able to recognize signals from the cell’s 

environment and subsequently influence cell to cell interaction and cell migration. 

Ephrins, the ligands to Eph receptors, stimulate bi-directional signalling that is likely 

responsible for initiating attractive and repulsive cues between cells possessing either the 

receptor or ligand. The Eph RTKs and their ligands play critical roles in many 

developmental processes such as embryonic patterning, neuronal targeting and vascular 

development during normal embryogenesis [76]. Interestingly, specific families 

 of Eph RTKs and their ligands have been found to be over-expressed in various cancer 

and tumour cell lines [87].  Over-expression of these molecules can facilitate 

tumorigenesis associated with tumour growth and survival by increasing cell-cell 

interaction and angiogenesis in the tumour cell and tumour microenvironment. Because 

of their involvement in multiple forms of cancer, much impetus has been placed on 
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understanding vertebrate Eph receptor signalling as it may provide potential targets for 

drug therapy [76].  Complicating this progress, however, is the diversity of the vertebrate 

Eph Receptor family. Eph receptors are divided into either A- or B- type depending on 

their interaction with ephrin ligands; the A-type preferentially binding A-type ligands and 

the B-type receptors binding EphrinB-ligands. However, with 16 receptors and multiple 

ligands, promiscuous binding of ligands to receptors as well as differential expression 

patterns of each depending on cancer type, elucidating a common pathway will likely be 

an arduous task. C. elegans possesses only one Eph RTK, VAB-1, and thus presents a 

simpler model to identify potential ligands and interacting partners that could be later 

investigated in the mammalian system. In C. elegans, VAB-1/EphR is required for 

neuronal signalling and is necessary for proper neural and epidermal morphogenesis [34]. 

The vab-1 (variable abnormal) gene is involved in two phases of embryonic 

morphogenesis: the movement of neuroblasts across the ventral gastrulation cleft and in 

epidermal ventral enclosure [34].  Additionally, VAB-1/EphR has also been shown to 

have a role in oocyte maturation, negatively regulating Mitogen-activated protein kinase 

(MAPK) in developing oocytes until stimulation by the Major sperm protein (MSP) to 

initiate maturation and ovulation [42]. 

 

Here we report an interaction between DAF-18, the C.elegans homolog of the PTEN 

human tumour suppressor, and VAB-1/EphR, the sole C. elegans Eph receptor tyrosine 

kinase (RTK).  This finding helps provide insight into how these two relatively unrelated 

proteins may be functioning together in various tissues and processes within C. elegans 
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as well as offers a potential starting point to understand how these molecules may be 

working in more complex systems 

 

2.3 Results 

2.3.1 VAB-1/EphR physically binds DAF-18/PTEN  

DAF-18 was identified as an interacting partner of the VAB-1 Tyrosine Kinase domain in 

a Yeast two hybrid screen. 3.8 million Yeast colonies were screened resulting in 55 

potential interactions that specifically activated transcription in the presence of the VAB-

1 bait. Of the 55 potential interacting partners, five independent cDNA clones of the 

pten/daf-18 gene were isolated. Through deletion analysis we have determined that a 

region of 327aa, C- terminal to the phosphatase domain and includes part of the predicted 

C2 domain, is sufficient to bind the VAB-1 tyrosine kinase domain (Figure 2.1B). The C-

terminal end which has a predicted PDZ binding domain appeared to reduce the 

interaction with VAB-1 (Figure 2.1B). To further confirm the interaction, we expressed 

GST and MBP fusions to DAF-18 and VAB-1 in E. coli and showed they can indeed 

interact in standard “pull down” assays (Figure 2.1C).  GST pull down experiments 

confirm the interaction observed in the Y2H experiments. Furthermore, a mutation that 

abolishes kinase activity (G912E) is still capable of interacting with DAF-18, indicating 

that the interaction is kinase independent.  
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2.3.2 VAB-1/EphR and PTEN/DAF-18 are expressed in similar tissues 

To follow up on the DAF-18/PTEN and VAB-1/EphR interaction as well as offer the site 

and possible function of the interaction, we queried whether DAF-18/PTEN and VAB-

1/EphR would be co-expressed in similar tissues. Immunohistochemistry experiments 

utilizing affinity purified DAF-18/PTEN antibodies and VAB-1/EphR antibodies reveal 

that DAF-18/PTEN and VAB-1/EphR are expressed in the Z2/Z3 germline precursor 

cells, oocytes as well as neuronal tissues (Figure 2.2.-2.4).  We utilized two methods to 

identify DAF-18 expression: endogenous and over-expressing. Wild-type animals show 

endogenous DAF-18 expression in the germline precursor cells, Z2/Z3, as well as oocytes 

(Figure 2.2B,C and Figure 2.3E,G).  In our over-expressing rescuing line, DAF-18 is 

localized to neuronal tissues (Figure 2.4J). When we look at the expression pattern of 

VAB-1/EphR, it is co-localized with DAF-18 in Z2/Z3, oocytes and neuronal tissues 

(Figure 2.2A,C, 2.3D, 2.4I). VAB-1/EphR and DAF-18/PTEN are expressed in the Z2/Z3 

germline precursor cells of embryos as well as L1 larvae (Figure 2.2A,B,C). VAB-

1/EphR is expressed on the membrane of the proximal oocytes of wild-type animals 

(Figure 2.3D), while DAF-18/PTEN appears to show membrane and nuclear expression 

of multiple oocytes in both wild-type and females (Figure 2.3E,F,G,H). In the neuronal 

tissues, VAB-1/EphR is localized to the ventral nerve cord, nerve ring and some head 

neurons (Figure 2.4I) while DAF-18/PTEN‘s neuronal expression is restricted to a 

specific set of head neurons, the amphid neurons (Figure 2.4J). Because of the known 

interaction with VAB-1/EphR, we queried whether VAB-1/EphR can affect the 

localization of DAF-18 protein. Interestingly, we noted that DAF-18 is expression is 
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visible in neuronal tissues of vab-1(dx31) mutants (Figure 2.4L), similar to our over-

expressing lines (Figure 2.4M), while wild-type does not show neuronal expression 

(Figure 2.4K), indicating that in the absence of VAB-1, DAF-18 is more abundant in the 

nervous system.  We also noted that vab-1(dx31) increased the strength of expression and 

the frequency of nuclear expression in oocytes (Figure 2.3F); 81.6% of fem-1(hc17);vab-

1(dx31) worms counted had DAF-18/PTEN in nuclei (n=60) versus 20.8% of fem-

1(hc17) (n=283), further supporting our suspicion that VAB-1/EphR regulates DAF-

18/PTEN. 

 

This expression pattern of DAF-18/PTEN is novel insofar as it does not utilize reporter 

constructs to visualize DAF-18 as previous reports have shown [71, 75, 88]. 

Consequently, we are given a more accurate representation of endogenous expression. 
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2.3.3 VAB-1 negatively regulates DAF-18/PTEN at the protein level 

To investigate the sign of regulation between the DAF-18/PTEN and VAB-1/EphR 

interaction, western blotting was performed using DAF-18/PTEN antibodies. We were 

able to detect endogenous DAF-18/PTEN in embryo lysates (Figure 2.5A). Wild-type 

embryos showed low expression of DAF-18/PTEN, while our over-expressing DAF-

18/PTEN line, quIs18, showed strong expression as expected. daf-18(ok480) did not have 

detectable levels of DAF-18/PTEN protein, suggesting this to be a null allele. 

Interestingly, vab-1(dx31) showed increased DAF-18/PTEN expression compared to 

wild-type levels, indicating that VAB-1/EphR may be a negative regulator of DAF-

18/PTEN (Figure 2.5A). Experiments utilizing a myristolated VAB-1/EphR under a heat-

shock promoter (quIs16), further confirmed that VAB-1/EphR is negatively regulating 

DAF-18/PTEN, as DAF-18/PTEN (quIs18) expression is decreased when VAB-1/EphR 

signalling is increased (Figure 2.5B).  Additionally, we found that vab-1(dx31) permits 

expression of DAF-18/PTEN in daf-18(e1375) worms at the restrictive temperature 

(Figure 2.5C). At 15°C, daf-18(e1375) has a detectable DAF-18 protein product, behaves 

wild-type and is able to form dauers, while at 25°C, no discernable protein product is 

detectable and they are not able to form dauers. Although vab-1(dx31);daf-18(e1375) 

worms show expression of DAF-18/PTEN, at 25oC these animals are not able to form 

dauers (data not shown), signifying that perhaps the protein product is non-functional, 

possibly due to protein mis-folding as the result of the e1375 mutation. RT-PCR showing 

daf-18/pten transcript levels are not affected in a vab-1(dx31) mutant background, 

indicating that the regulation of DAF-18/PTEN by VAB-1/EphR is likely occurring at the 
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protein level (Figure 2.5D). Lastly, in vivo evidence substantiating a negative regulation 

of DAF-18/PTEN by VAB-1/EphR is observed by the fact that DAF-18/PTEN 

expression is not detectable in amphid neurons of wild-type  L1 larvae, yet is clearly 

visible in vab-1(dx31) and our over-expressing line, quIs18 (Figure 2.4K-M). While we 

have been able to detect low expression of DAF-18/PTEN in wild-type utilizing a 

tyramide signal amplification method (data not shown), the increased endogenous DAF-

18/PTEN expression observed in vab-1(dx31) compared to wild-type animals, 

corroborates our other findings that VAB-1 negatively regulates DAF-18/PTEN at the 

protein level.  
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2.3.4 Increased DAF-18/PTEN expression confers increased longevity and sensitivity 

to dauer conditions 

Given the published phenotypes for decreased DAF-2/insulin receptor and AGE-1/PIK3 

signaling of increased longevity and sensitivity to dauer condition, we hypothesized that 

increased DAF-18/PTEN expression should show similar results to daf-2 and age-1 

mutants as DAF-18/PTEN is believed to antagonize PIK3 by dephosphorylation of PIP3. 

Furthermore, if VAB-1/EphR is a negative regulator of DAF-18/PTEN as our western 

blots suggest, we would expect that vab-1(dx31) might show a similar phenotype to our 

over-expressing DAF-18/PTEN animals. Longevity and dauer studies did support our 

hypothesis that over-expression of DAF-18/PTEN does in fact, lead to increased lifespan 

and sensitivity to dauer conditions. fem-1(hc17);vab-1(dx31) (16.39 +0.44 days) and fem-

1(hc17);quIs18 (18.78 +0.45 days) have significantly longer lifespans than fem-1(hc17) 

(14.31 +0.32 days ) (Figure 2.6A). The fem-1(hc17) mutant was used to eliminate the 

need for daily transfers of counted worms away from their progeny and does not have an 

effect on ageing [89]. Consistent with this phenotype of increased DAF-18 signaling, we 

also found that worms expressing elevated levels of DAF-18 were more sensitive to 

dauer conditions than wild-type (Figure 2.6B).  Since neither vab-1(dx31) nor over-

expressing daf-18 (quIs18) strains form dauers spontaneously at 25oC, we used daf-2 

RNAi to sensitize the dauer formation. We found that 14.% of vab-1(dx31) (n=1577) and 

45 % (n=1102) of quIs18 formed dauers on daf-2 RNAi at 25° C compared to 5%  of 

wild-type (n=1778). The increased dauer sensitivity was also observed without daf-2 

RNAi in vab-1(dx31) and quIs18 animals at 27° C (data not shown). This 27oC 



45 

 

temperature has been previously shown to induce dauer in some strains during non-

starvation/non-crowding conditions.  
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2.3.5 DAF-18/PTEN has a role in oocyte maturation with VAB-1 

As DAF-18/PTEN was observed to be expressed in oocytes (Figure 2.3F), we questioned 

whether it may have a role in oocyte maturation, as VAB-1/EphR has been shown to have 

[41, 42].  We noticed that vab-1(dx31) seemed to be laying a disproportionate number of 

unfertilized oocytes (Figure 2.7A).  It has been previously observed that vab-1 

hermaphrodites lay increased numbers of unfertilized oocytes post 60hrs of egg-laying 

and may be due to a lack of sperm availability [42].  When we looked at the total number 

of oocytes laid by wild-type, daf-18(ok480), vab-1(dx31) and vab-1(dx31);daf-18(ok480) 

over 3 days of egg-laying, we found that vab-1(dx31) laid significantly more unfertilized 

oocytes than wild-type animals and that the daf-18(ok480) mutation is able to return this 

phenotype to wild-type levels (Figure 2.7B,C). To determine whether this increase in 

oocyte laying was only occurring after 60 hrs of egg-laying and when the sperm was 

depleted, we performed a day-by-day break down of unfertilized oocytes versus total laid 

object (Figure 2.8D). Our results show that after 24hrs of egg-laying, vab-1(dx31) is 

laying significantly more oocytes than vab-1(dx31);daf-18(ok480) (Figure 2.8D) and 

thus, likely not completely due to a depletion of sperm as unfertilized oocytes are also 

visible amongst fertilized embryos in vab-1(dx31) animals prior to 60hrs of egg-laying 

(Figure 2.8E). To determine whether the laying of unfertilized oocyte could be explained 

by ovulation rate, ovulation rate assays were preformed on wild-type, daf-18(ok480), 

vab-1 (dx31) and vab-1(dx31);daf-18(ok480). vab-1(dx31) has a significantly higher 

ovulation rate than the three other strains examined (2.9F).  daf-18(ok480) returns the 

ovulation rate of vab-1(dx31) (2.2+ 0.2 ovulations/gonad arm/hr) to near wild-type 
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(1.19+ 0.18 ovulations/gonad arm/hr). As MAPK expression has been related to oocyte 

maturation, with vab-1 mutants displaying increased expression, we questioned whether 

DAF-18/PTEN may have a role in MAPK regulation.  Antibody staining against 

activated MAPK revealed that expression was decreased in daf-18/pten mutants (Figure 

2.10C), suggesting that DAF-18/PTEN may be a positive regulator of MAPK during 

oocyte maturation.  Additionally, daf-18(ok480) mutants appear to reduce the increased 

MAPK expression phenotype observed in vab-1(dx31) mutants (Figure 2.10A,D).  Taken 

together, these findings provide good genetic evidence for the interaction between DAF-

18/PTEN and VAB-1/EphR and offer a new possible role for DAF-18/PTEN outside of 

the DAF-2/insulin receptor-like signaling pathway. 
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2.4 Discussion 

We have shown that VAB-1/EphR interacts with the C. elegans PTEN ortholog, DAF-18, 

in a kinase independent manner and regulates it at the protein level. Additionally, we 

have found that VAB-1 and DAF-18 are co-expressed in the amphid neurons, oocytes 

and the germline precursor cell, Z2/Z3. By investigating phenotypes associated with null 

and over-expressing mutants of each gene, we have provided possible new roles for each 

protein: VAB-1 in regulating the DAF-2 pathway and entry in to dauer and DAF-18 in 

oocyte maturation downstream of VAB-1. 

 

2.4.1 The co- localization of VAB-1/EphR and DAF-18/PTEN gives insight into their 

function in C.elegans 

 

With the identification of DAF-18/PTEN as a binding partner of VAB-1, the C. elegans 

Eph RTK, we showed that the C2 domain of DAF-18/PTEN was required for binding and 

interestingly, that the interaction was not dependent on VAB-1/EphR kinase activity. 

While this biochemical analysis answers some integral questions, it does not offer insight 

into how these two proteins are functioning together in vivo. Immunohistochemistry has 

provided us with some clues as to how DAF-18/PTEN is acting with VAB-1/EphR. The 

presence of DAF-18/PTEN protein in the amphid neurons is not surprising. Amphid 

neurons represent the sensory organs of C. elegans, allowing for detection of changes in 

the external environment. As the only cilia-containing receptors in nematodes, this class 

of neurons is able to sense unfavourable environmental conditions and exert suitable 

avoidance mechanisms [90, 91].  Given DAF-18/PTEN’s published role in dauer 



54 

 

formation and cell cycle arrest during L1 diapause [66, 68-71, 79, 80], it is consistent that 

it be expressed in neurons necessary for the identification of these conditions.  While 

VAB-1/EphR’s neural expression is not restricted to the amphid neurons, it is known to 

be present in nervous tissues [34] and could very well interact with DAF-18/PTEN in the 

amphid subset of head neurons. VAB-1/EphR is required for proper neural and epithelial 

morphogenesis during gastrulation [30]; our analysis of DAF-18/PTEN expression 

revealed that DAF-18/PTEN is not expressed in the early neuroblasts and most likely 

does not to have a crucial role with VAB-1/EphR at this stage of development. 

Contrasting the expected expression of DAF-18/PTEN and VAB-1/EphR in the amphid 

neurons, the localization of these proteins in the Z2/Z3 germline precursor cells of 

C.elegans provides several avenues of interpretation as to what these proteins may be 

doing here.  Following embryogenesis, the L1 larva contains four progenitor cells that 

will eventually give rise to the gonad, Z1-Z4. While Z1 and Z4 will follow an invariant 

division pattern to form the somatic gonad, Z2 and Z3 will form the germline lineage in a 

less regulated manner [92]. For this reason, the germline is the only tissue of C. elegans 

that could be considered to have tumour-like potential; gld-1 mutants display a 

proliferation phenotype where germ cells re-enter the mitotic cell cycle, overproliferate 

and eventually kill the worm [93]. Although daf-18/pten mutants do not display a similar 

phenotype, it follows that a known tumour suppressor, DAF-18/PTEN, may serve a role 

in controlling the proliferation of the developing germline. Loss of daf-18/pten is 

associated with germline proliferation during L1 diapause, a developmental stage in 

which the germline primordium should undergo G2 cell cycle arrest [79, 80]. In this 
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context, DAF-18/PTEN actively maintains arrest of germline cells during this stage of 

development through a mechanism independent of the AKT and daf-16/FOXO signaling 

[79]. How VAB-1/EphR is functioning in these precursor germ cells is open for 

interpretation. Miller and colleagues [42] reported VAB-1::GFP expression in oocytes 

and subsequently showed a role for VAB-1/EphR in oocyte maturation. As Z2/Z3 will 

ultimately proliferate and become future oocytes, it could be that VAB-1/EphR protein is 

present in these early cells, but not active until later in development where it negatively 

regulates MAPK expression in combination with an extracellular sperm protein to control 

oocyte meiotic maturation [41, 42]. This rationale could also explain the presence of 

DAF-18/PTEN as we have shown it is also expressed in oocytes. Alternatively, given our 

proposed model of regulation of DAF-18/PTEN by VAB-1/EphR, one can imagine a 

mechanism in which VAB-1/EphR regulates DAF-18/PTEN levels in the primordial 

germline to permit proliferation during development. We are currently investigating this 

hypothesis by determining whether vab-1/ephR mutants display a reduction in germline 

cells due to increased DAF-18/PTEN signaling.  One further observation of note was that 

DAF-18 displayed some nuclear expression. Interestingly, the nuclear expression was 

more apparent in a vab-1(dx31) background; 81.6% of vab-1(dx31);fem-1(hc17) worms 

scored showed DAF-18 in the nuclei of oocytes compared with 20.8% of fem-1(hc17). 

While there has not been a published role for nuclear DAF-18, PTEN has been shown to 

have some nuclear function [81, 82, 94].  Although PTEN does not contain any nuclear 

localization sequences, a bipartite nuclear localization sequence (NLS)-like sequence 

which is required for binding to a Major Vault Protein (MVP) that facilitates nuclear 
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import has been identified [82]. As VAB-1/EphR is a transmembrane receptor, it could 

be rationalized that VAB-1/EphR sequesters DAF-18/PTEN to the membrane, whereas in 

the absence of VAB-1/EphR, localization to the nucleus is more permissible.  PTEN 

cellular function has been found to be dependent on its localization; 

cytoplasmic/membrane PTEN is primarily involved in AKT mediated pathways 

associated with apoptosis, while nuclear PTEN is AKT independent and induces G0-G1 

cell cycle arrest [94] [81].  In this manner, PTEN may be an important regulator in 

determining whether G0 arrested cells re-enter the cell cycle. 

 

2.4.2 VAB-1/EphR negatively regulates DAF-18/PTEN at the protein level 

DAF-18/PTEN is a known antagonist of the DAF-2 insulin/PI3K signaling pathway, 

leading to the inhibition of AKT phosphorylation of the DAF-16/FOXO transcription 

factor [66, 71] and accordingly, involved in dauer formation and longevity in C. elegans 

and tumour suppression in mammalian cells [71, 93, 95]. Multiple lines of in vitro and in 

vivo evidence point to VAB-1/EphR being a negative regulator of DAF-18/PTEN in C. 

elegans.  DAF-18/PTEN protein is up-regulated in vab-1 mutants and reduced by 

constitutively active VAB-1/EphR signaling as detected by western blotting.  Phenotypic 

evidence of this regulation is provided by dauer and ageing experiments which 

demonstrate that vab-1/ephR mutants are longer lived and more sensitive to dauer 

conditions than wild-type, consistent with our over-expressing DAF-18/PTEN strain and 

the published reduced insulin signaling phenotypes [72] [73]. PTEN phosphorylation is 

believed to deactivate/stabilize the protein, keeping in an inactive state where it cannot 
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bind to PDZ proteins [62, 64]. Accordingly, in our model; VAB-1/EphR may 

phosphorylate DAF-18/PTEN, stabilizing and deactivating it, resulting in 

phosphorylation of the AKT pathway and increased insulin signaling. An ‘electrostatic 

switch’ model of phosphorylation/dephosphorylation of PTEN’s C-terminal region has 

been proposed as a mechanism for recruiting and activating PTEN at the cell membrane 

[63]. Although PTEN phosphorylation/dephosphorylation typically occurs on 

serine/threonine residues, we are investigating whether tyrosine residues can be 

phosphorylated by VAB-1 to help explain the mode of regulation.   

 

2.4.3 The DAF-18/PTEN and VAB-1/EphR interaction highlights new roles for Eph 

receptor signaling in C. elegans development 

Our analysis of the DAF-18/PTEN and VAB-1/EphR interaction proposes novel 

functions for each protein in C. elegans. By identifying VAB-1/EphR as a negative 

regulator of DAF-18/PTEN, we have placed an Eph receptor as a potential modifier of 

insulin signaling, controlling longevity and entry into dauer.  Interestingly, vertebrate 

EphA-ephrinA receptor-ligand bidirectional communication has been implicated in 

modulating insulin secretion from β-cell pancreatic islets; forward EphA5 signaling 

inhibits insulin secretion while reverse ephrinA5 signaling stimulates insulin secretion in 

response to glucose [96], suggesting that an Eph receptor negative feedback mechanism 

may be involved in insulin signaling. Our results in C. elegans show an Eph Receptor 

having a positive influence on insulin signaling by down regulation of DAF-18/PTEN 

and may provide a mechanism for this negative feedback of insulin secretion. That is, too 
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much Eph signaling leads to increased insulin signaling which in turn turns off insulin 

secretion.  Additionally, a link between VAB-1/EphR and the DAF-2/insulin signaling 

pathway has recently been reported in C. elegans in which hypoxia induced insulin 

signaling stabilizes the transcriptional activity of the hypoxia inducible factor, HIF-1, 

resulting in upregulation of VAB-1/EphR activity that causes aberrant axon guidance in 

the nervous system [97].  If considered ‘guilty by association”, increased insulin 

signaling is thus tied to increased VAB-1/EphR activity and we would expect DAF-

18/PTEN expression to be reduced in hypoxic tissues.  Corroborating this model in 

humans, is the finding that loss of PTEN function caused increased transcriptional 

activity of HIF-1 in prostate and glioblastoma cell lines [98].   

 

In C. elegans, oocytes are held in meiotic arrest prior to fertilization, upon which a 

sequence of signaling events occurs, initiated by binding of the Major Sperm Protein 

(MSP-1) to the VAB-1 Eph receptor [41, 42]. This binding signals the breakdown of the 

nuclear envelope, initiation of meiotic prophase and ovulation [99].  In the absence of 

vab-1, oocyte maturation is deregulated, leading to increased ovulation and MAPK 

activation in multiple oocytes (up to 5); activated MAPK expression is restricted to the 

2-3 most proximal oocytes in wild-type worms [42, 100]. Our observation that daf-

18/pten can rescue the oocyte maturation defects displayed by vab-1/ephR animals is 

further genetic evidence of a physical interaction and also gives DAF-18/PTEN a role in 

this developmental process downstream of VAB-1/EphR.  Previous work has implicated 

daf-18/ephR in oocyte maturation as mutations in daf-18/pten enhance the endomitotic 
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phenotype of ceh-18, a POU-class, homeodomain-containing transcription factor that 

regulates gonadal sheath differentiation [75, 99, 101]. Interestingly, recent reports have 

highlighted a role for PTEN function in mammalian oocytes, regulating follicle 

activation [102]. Here we show that MAPK expression is reduced in daf-18 mutants 

which could account for the phenotypic rescue of increased ovulation rate observed in 

vab-1/ephR mutants as MAPK activation is required for meiotic maturation.  It should be 

noted that this finding is essentially opposite that of which was reported by Suzuki and 

Han [75], in which they postulate daf-18 may act with ceh-18 to regulate ovulation by 

functioning in a cell autonomous role to inhibit MAPK; when daf-18 is absent, 

uncoordinated ovulation responses are observed. There are, however, multiple 

differences in how the experiments were done: Suzuki and Han used worms that were 

starved as L1s and they also utilized unmated females as their subjects.  It has been 

previously reported that the oocyte maturation defect seen in vab-1 mutants is only 

present in fertilized hermaphrodites or when sperm protein is introduced [42].  

Additionally, Suzuki and Han fail to accurately reproduce the activated MAPK staining 

pattern in multiple oocytes of vab-1 worms [75]. For these reasons, we feel that our 

method of staining fertilized hermaphrodites, combined with our ability to reproduce the 

findings of Miller and colleagues with regards to increased MAPK in vab-1 oocytes, has 

produced a more accurate observation of what is happening in a natural system [42].  

Although it is counterintuitive to consider DAF-18/PTEN a positive regulator of MAPK 

based on the traditional holding that PTEN attenuates MAPK activity [75, 103-105], it 

does corroborate our model for the VAB-1/EphR interaction and account for the reduced 
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ovulation rates displayed by daf-18(ok480) and vab-1(dx31);daf-18(ok480) animals. The 

result that DAF-18/PTEN may function as a positive regulator of MAPK in C. elegans 

oocytes is supported by other work. Shen and colleagues report that upregulation of 

PTEN is associated with increases p38 MAPK activity during stress induced inhibition 

of insulin signaling and may account for insulin resistance observed in some metabolic 

disorders [106]. Additionally, a recent study has revealed that decreased DAF-2/IGF 

insulin receptor and PI3K signaling causes activation of MAPK that leads to protein 

degradation in striated muscle of C. elegans. Accordingly, protein degradation is 

inhibited by mutations that enhance PI3K signaling or disrupt the MAPK pathway [107].  

Therefore, while somewhat divergent from the conventional role of PI3K signaling in 

MAPK regulation, these findings highlight the importance of investigating protein 

regulation and function from multiple perspectives, taking into account the cellular 

context.  

 

2.4.4 The DAF-18/PTEN and VAB-1/EphR interaction is a model for mammalian 

Eph receptor signaling?  

In light of the results we have reported, taken together with the implication PTEN and 

Eph RTK expression have in cancer, future studies should focus on the significance the 

DAF-18/PTEN and VAB-1/EphR interaction may have in the mammalian system. It has 

yet to be demonstrated whether PTEN and any of the vertebrate Eph RTKs physically 

interact or serve as substrates for each other.  Also, it will be of interest to determine 

whether EphB2 can physically interact with DAF-18/PTEN as well as whether PTEN can 



61 

 

bind VAB-1. Given that PTEN is capable of replacing DAF-18 in C. elegans and the 

observed interaction between DAF-18 and VAB-1, it would follow that this indeed is 

possible. VAB-1 is most similar to human EphB2 and EphA3. Human EphB2 protein has 

been shown to be overly expressed in breast carcinoma and negatively correlated with 

survival [108].  Eph receptors, including EphB2, and their ligands are known to be 

important signal transducers for vascular development during embryogenesis and are 

accordingly implicated in angiogenesis of carcinoma tissues [109, 110]. A recent report 

has shown that EphA3 is frequently mutated in lung adenocarcinoma [111]. Specifically, 

a highly conserved region in the kinase domain that has shown to function as a 

‘molecular brake’ has been found to be mutated in this type of cancer, indicating 

oncogenic properties through forward signaling [111, 112]. It would be of interest to 

examine whether this cancer type also displays decreased PTEN activity, corroborating 

our model of PTEN regulation by an Eph RTK.  

 

In summary, we have shown that VAB-1, the single C. elegans Eph RTK interacts with 

DAF-18, the C. elegans homolog of the PTEN human tumour suppressor and that VAB-

1/EphR negatively regulates DAF-18/PTEN expression at the protein level. This 

observation is exciting insofar as it proposes new roles for each protein in C. elegans 

development, as well as for the potential significance it may have in the mammalian 

system. 
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2.5 Experimental Procedures 

2.5.1 Genetic Analysis 

C. elegans strains were cultured as described by [33] at 20°C unless noted. Strains used 

in this study were as follows: wild-type (N2), vab-1(dx31) (IC62), daf-18(ok480) (IC166), 

daf-18(e1375) (IC81), vab-1(dx31);daf-18(ok480) (IC804), vab-1(dx31);daf-18(e1375) 

(IC218), quIs18 (genomic DAF-18) (IC748), quIs16;quIs18 (HSmyr::VAB-1;genomic 

DAF-18), fem-1(hc17) (IC723), fem-1 (hc17);vab-1(dx31) (IC745), fem-1(hc17);quIs18 

2.5.2 Constructs and Transgenic Lines 

To generate the over-expressing DAF-18 strain, quIs18, a 7.8kb genomic daf-18 PCR 

product (Forward 5’- TTACTCCTTGTGACAATGTGACGGAGAAT-3’, Reverse 5’- 

GAAACGTTTGTCACCTTTTCCCGGAA-3’) from wild-type genomic DNA was co-

injected with pRF4 and pSur-5GFP into daf-18(ok480) mutants (all 30ng/µl).  This 

construct is able to rescue the daf-18(ok480) dauer and aging phenotype (results not 

shown). Once established, this line was out-crossed 8 times to wild-type to eliminate the 

daf-18(ok480) background and then integrated using a TMP/UV protocol. The isolated 

integrant was further out-crossed 6 times to N2 to generate the integrated strain used for 

our analysis. 

 

To generate the HS MYR::VAB-1(quIs16), a 1.6kb MYR::VAB-1 product, double 

digested with Nhe-1/Kpn-1 was inserted into double digested Nhe-1/Kpn-1 pPD49.83 (A. 

Fire), a heat shock vector containing the pHS16-41 heat shock promoter. This construct 

was co-injected with pHS16-41::GFP and odr-1 RFP (all 30ng/µl) into N2 worms. 
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Following establishment of a line and verification of the HS promoter by presence of 

GFP expression under heat-shock conditions, integration was achieved using the 

TMP/UV protocol and the integrant out-crossed to wild-type. 

2.5.3 Yeast Two-Hybrid Assays 

Yeast were grown on standard complete and selective media, as appropriate [113].  Yeast 

transformation was performed using a lithium acetate method [114].  The 1.4kb full-

length intracellular kinase domain of VAB-1 was amplified from vab-1 cDNA (Forward: 

5’-CATATGTGGATCCaAACAACATATG-3’, Reverse: 5’-aattaagcttAACaaagaatccctc-

3’), double digested with BamH1/Pst-1 and the resulting fragment encoding the 669-

985aa region cloned into the GAL4 DNA-Binding domain, pAS1, to act as bait in the 

C.elegans cDNA library. For deletion analysis, pGBKT7 and pGADT7/pACT were used 

as bait and prey cloning vectors respectively, and β-galactosidase experiments were 

performed.   DAF-18 deletion constructs were made in pGADT7 or pACT encoding the 

various DAF-18 regions. Plasmids used are as follows:  

vab-1: pIC 26 (669-985aa) 

daf-18: pIC 42 (406-835aa), pIC 43 (374-818aa), pIC 137 (582-962aa), pIC 138 (298-

577aa), pIC143 (374-803aa), pIC144 (476-962aa), pIC393 (1-284aa), pIC545 (1-962aa), 

pIC560 (369-834).  

 Primer sequences and details of plasmid constructs are available upon request.  
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2.5.4 GST pull-down Assay 

We used a GST “pull-down” assay to confirm the DAF-18/VAB-1 interaction. A cDNA 

encoding the vab-1 intracellular region (581aa-1117aa) was cloned in frame to 

Glutathione-S-Transferase (pGEX4T-2, Amersham), expressed in E. coli (BL21 tuner) 

and purified on glutathione agarose beads (GST-Bind, Novagen), according to the 

manufacturer’s protocol. A cDNA encoding the DAF-18 C-terminal region (406aa-

835aa) was fused in frame to Maltose-Binding Protein (pMALp2x, New England 

Biolabs) and expressed in E. coli.  Soluble extract containing MBP-DAF-18 (Load) was 

incubated overnight at 4°C with either GST (3mg/ml) or GST-VAB-1 (0.25 mg/ml) 

bound to 100µl GST resin beads. Unbound fractions were collected, protein bound to 

beads was washed three times [25mM HEPES (pH7.5), 250mM NaCl, 5% glycerol, 

0.05% Triton-X-100] and a proportional loading of each was analyzed by SDS PAGE 

followed by western blotting. MBP-DAF-18 was detected by using anti-MBP (New 

England Biolabs) and secondary HRP-anti-rabbit antibodies (Upstate) followed by ECL.  

2.5.5 Immunohistochemistry 

Mixed Stage staining: Antibody staining was carried essentially as described by Chin-

Sang et al. 1999 [34]. Polyclonal Anti-GST-DAF-18 and Anti-VAB-1:HIS6 antibodies 

(rabbit host) were produced from Covance and used at concentrations of 9:100 and 4:100 

respectively and visualized with secondary FITC-anti-rabbit antibodies 

(Upstate/Millipore). Worms were mounted in Prolong Gold anti-fade reagent (Molecular 

Probes/Invitrogen). 
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Gonad Staining: 30-40 L4 larvae were picked to seeded plates and allowed to develop to 

young adults overnight at 20°C. Worms were picked to spot-plates in 10µl of M9 buffer 

and gonads were dissected. The dissected gonad suspension was pipetted onto GCP 

(Gelatin, Chromium potassium sulphate, poly-L-lysine) subbed slides and cover-slips 

applied diagonally and immersed in liquid nitrogen. A Methanol/Acetone fixation 

procedure described in [115] was utilized for staining. Gonads were probed with 

Monoclonal Anti MAP Kinase, Activated (Sigma, M 9692) at concentration of 1:100 and 

secondary FITC-anti-mouse antibodies (Chemicon). 15 µl of Pro Long Gold anti-fade 

reagent (Molecular Probes Inc.) was dropped on glass cover-slips and placed over 

gonads. 

 Western Blotting: Each strain was prepped for lysate by plating 10 L4 larvae on 

individual plates (3 plates per strain) and allowed to lay progeny at 20°C. The F1’s were 

embryo prepped and lysed (Fig 3A) or lysed (Fig 3B,C) with 2X Sample buffer + DTT 

and proteins separated on 10% SDS PAGE, western blotted and probed with anti-DAF-

18 antibodies (1:100) and secondary HRP-anti-rabbit antibodies (Upstate/Millipore). 

2.5.6 RT PCR 

RNA extraction was performed using Promega SV Total Isolation System (Cat# 05-

321MG) according to the manufacturer’s protocol. 100µl of mixed-stage worm pellet was 

utilized for each strain.  Reverse transcription was carried out with New England Biolabs 

Protoscript II RT-PCR Kit (Cat# 23101). Oligonucleotides for daf-18 amplification: 

Forward 5’-CAGCAAAGGAATTGTCCGAT-3’, Reverse 5’-

CCCACGACAAATTCTCGACT-3’. 
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2.5.7 Oocyte Maturation Assay 

Adapted from [41], the oocyte maturation assay was conducted by picking L4 larvae to 

seeded plates and allowing them to mature into young adults overnight at 20°C. The 

following morning, young adults were picked to seeded, individual plates. The number of 

oocytes/embryos present in the spermatheca/uterus was counted using the Zeiss Axiovert 

200M at 10X magnification. The worms were then allowed to lay eggs for 5 hours at 

20°C.  The worms were again visualized on the inverted scope and the number of eggs 

retained in the spermatheca/uterus was counted as well as the number of eggs laid on the 

plate. Ovulation rate was determined by taking the number of eggs retained originally and 

subtracting it from the number of eggs retained after 5 hours plus the number of eggs laid 

during the 5 hour period. The average number of embryos/oocytes ovulated in 1 hour and 

per gonad arm was then calculated. 

2.5.8 Oocyte and Embryo Counts 

 Oocyte and embryo counts were performed by plating 6-7 L4 hermaphrodites as well 

individual worms (for brood profiles – data not shown) to seeded plates. Worms were 

transferred to new seeded plates every 24 hrs for 3 days and plates were scored for 

number of embryos and oocytes laid. If L1 larvae were present, they were counted as a 

laid embryo. One and three days after initial scoring, plates were re-scored to determine 

number of viable larvae and adults to ascertain embryonic and larval lethality 

respectively (data not shown). The numbers of fertilized eggs and oocytes laid for both 

multi worm and individual worm plates were pooled together to increase sample size. 
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2.5.9 Dauer Assays: daf-2 RNAi and 27° experiment 

daf-2 RNAi: daf-2 RNAi was generated by cloning a 1.9kb fragment of daf-2 (Forward: 

5’- aattCATATGCAAGTACGCTACGGCAAAAAAGTGAAAGC-3’, Reverse: 5’- 

aattGGATCCTCAGACAAGTGGATGATGCTCATTATCC-3’)  digested with Sal-

1/Pst-1 into double digested Sal-1/Pst-1 L4440 feeding vector and transforming into 

HT115 competent cells. RNAi bacteria was plated out on NJM plates containing Amp 

(5ul, 100mg/ml) and IPTG (0.8M) and allowed to grow overnight. Strains utilized were 

embryo prepped from parents at 15°C and incubated in M9 overnight at 20°. L1s were 

plated to RNAi plates (approx 100/plate) and put at 25°C. The number of dauer larvae 

was scored after 48 hours at 25°C. 

27° assay: To additionally test whether vab-1(dx31) and quIs18 had increased sensitivity 

to dauer when conditions were induced by high temperatures [116], vab-1(dx31), quIs18 

and wild-type were synchronized in M9 buffer at 20°C and L1s plated onto OP50 seeded 

plates at 27°C. After 48 hrs, strains were scored for dauer vs. non-dauer larvae and 

percentages of dauer formed were calculated (data not shown).  

2.5.10 Lifespan Assays 

vab-1(dx31) and quIs18 (genomic daf-18) were crossed into a fem-1(hc17) background to 

eliminate the need for daily transfers away from progeny. vab-1(dx31);fem-1(hc17), 

quIs18;fem-1(hc17) and fem-1(hc17) worms raised at 15° C were embryo prepared in M9 

buffer to synchronize and L1’s plated out onto op50 seeded plates and then switched to 

25°C. At L2/L3, 10 worms per seeded plate were picked and survival was scored every 2 

days as response to prodding. 
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Chapter 3 

General Discussion 

3.1 The Interaction between VAB-1 and DAF-18 adds Insight into 

PTEN Signaling and C. elegans Development   

The work presented here represents an important piece of the PTEN cell signaling puzzle.  

Utilizing the model organism, C. elegans, an interaction between a known human tumour 

suppressor and an Eph Receptor Tyrosine kinase has been identified, investigated and 

given functional relevance.  The initial yeast two hybrid screen showing that DAF-

18/PTEN and VAB-1/EphRTK interact was exciting insofar as it was the first time such 

an interaction had been reported in C. elegans biology and because of the potential 

clinical relevance such an interaction could have if found conserved in human cells. 

Through following up on this interaction by elucidating the sign of the regulation through 

in vitro and in vivo techniques, as well as identifying possible new roles for each protein, 

we have provided a solid framework for how these two previously unrelated molecules 

could be functioning together.  

 

While this interaction and proposed mechanism for VAB-1 regulation of DAF-18 is 

exciting, it is important to emphasize the importance of cellular context and the effect this 

can have on protein function. C. elegans provides an ideal system to examine protein 

function as we are able to elucidate signaling pathways and phenotypes associated with 

an entire organism, not just single cells or tissues as is the case with cell culture 



70 

 

experiments.  As such, we have reported that VAB-1 and DAF-18 are co-expressed in 

several tissue types, VAB-1 negatively regulates DAF-18 at the protein level and that 

they appear to function together in regulating oocyte maturation and likely entry into 

dauer.  The significance of these finding have been discussed in detail in the previous 

chapter; this chapter will focus on what these findings mean considering the ‘big picture’ 

and where future avenues of research should focus.  

 

3.2 VAB-1 negatively regulates DAF-18 at the Protein Level in Multiple 

Tissues but Cellular Context should be taken into Consideration when 

extrapolating findings to Additional Systems 

All evidence reported points to VAB-1 having a negative regulatory influence on DAF-

18/PTEN expression in C. elegans. The findings that vab-1 mutant worms display 

increased longevity as well as sensitivity to dauer conditions similar to our over-

expressing DAF-18 strain corroborates with known phenotypes of decreased PI3K 

signaling and supports a role for a negative regulation mechanism. It should be noted, 

however, that these studies were carried out looking at the overall effect of these proteins 

on the entire organism; their role in oocyte maturation was the only process/tissue in 

which they were investigated in depth. As a result, we have aided to our understanding of 

overall C. elegans developmental biology, but attention should be paid to how these 

proteins function together in each of the tissues in which they are co-expressed as there is 

an increasing body of evidence to suggest that proteins may take on different roles 

depending on their cellular context. For example, PTEN mutations in either mammalian 
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oocytes or the surrounding tissues has very different effects on ovulation; mutations in 

the oocyte leads to follicular activation and premature ovarian failure while mutations in 

the surrounding granulose results in increased litter size and ovulation rate in mice [117-

119]. 

 

From the work presented here, there is some evidence to suggest that DAF-18/PTEN 

could in fact have different properties depending on developmental stage and tissue. For 

example, in our western blots, DAF-18 is shown as a single band in embryo lysates but a 

doublet is present in adult lysates. The presence of a possible second isoform in adult 

worms could represent a truncated version of DAF-18 that has been translationally 

modified and has additional function to the full length protein. Additionally, our finding 

of decreased MAPK expression in oocytes of daf-18 mutant animals does not corroborate 

the general view which holds PTEN mutations are associated with increased MAPK 

expression in cancers, although a cull of the literature does reveal examples where this is 

not always the case [120]. While there are examples to substantiate our finding of DAF-

18 positively regulating MAPK expression, it is very possible that this regulation is 

isolated to maturing oocytes, and investigation of other C. elegans tissues would yield the 

wide held finding of negative regulation, highlighting the importance of understanding 

the cellular environment under investigation. Another interesting observation discovered 

in our investigation of DAF-18 and VAB-1 function in maturing oocytes was the finding 

that DAF-18 shows some nuclear localization, with significantly increased nuclear 

expression in vab-1 mutant worms.  Should this DAF-18 expression in the nucleus be 
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substantiated in future staining experiments, this discovery would further validate the 

claim that DAF-18 is involved in cellular functioning outside the DAF-2 insulin-like 

pathway. The fact that DAF-18 nuclear expression was increased in a vab-1 background 

may be indicative of the strength of the VAB-1/DAF-18 interaction. It is possible that 

whatever mechanism exists for this interaction is stronger than the interaction between 

DAF-18 and an associated cytoplasmic-nuclear transport protein. Thus, when VAB-1 is 

non-functional, which is the case in vab-1 (dx31) worms, DAF-18 is not being recruited 

to the membrane and consequently able to interact with nuclear transport proteins, or may 

have its own nuclear localization signal and enter the nucleus.   

 

Therefore, in the larger picture of extrapolating our results to a mammalian system, 

effective treatment of cancer will likely rely on individualized tumour profiles to 

determine the exact cellular context a particular patient is dealing with, identifying key 

mutations that are known predictors for the success of therapy as well as the particular 

tissue the cancer is in. We know now that a breast cancer is not one simple mutation; the 

type of mutation in combination with hitchhiker mutations can drastically affect the 

outcome of therapy; for example, the presence of a mutation in the oncogene Neu, 

reverses the normal anti-tumour properties of increased EphB4 expression in mammary 

cell carcinoma [23]. 
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3.3 DAF-18 and VAB-1 Likely Work Together in the ADF and ASI 

amphid neurons to Control Entry into Dauer 

In addition to oocytes, another tissue that exhibited DAF-18 and VAB-1 co-expression 

and warrants further investigation, are the amphid neurons. Amphid neurons represent the 

sensory organs of C. elegans allowing for detection of changes in the external 

environment. Various classes of these neurons exist, each with a specific role in sensory 

function. ADF and ASI amphid neurons control entry into dauer while the ASJ pair 

control the exit. The ASE amphids are primarily chemosensory neurons while ASH 

controls osmotic and nose-touch avoidance and AFD is the primary thermosensor. 

Accordingly, mutations in these neurons impair the worm’s ability to respond to 

changing environmental cues, often with detrimental results [91].  Our finding of DAF-18 

expression in the amphid neurons of quIs18 worms fits nicely into the current model of 

ADF and ASI function as these neurons controls entry into dauer and DAF-18, a 

component of the DAF-2 signaling pathway has been shown to play a role in dauer 

formation [66, 68-71, 91].  As such, it is likely that DAF-18 is expressed in at least these 

two amphid neurons.  Additionally, the observation that endogenous DAF-18 expression 

is not detectable in wild-type worms but is observed in vab-1 mutants offers an 

explanation for the increased sensitivity to dauer conditions seen in vab-1(dx31) as well 

as the inability of daf-18 mutant worms to enter the dauer state; if they are unable to 

sense the stimulus to enter dauer, formation will not be possible. Thus, it is likely that 

VAB-1 and DAF-18 work together in certain amphid neurons to control entry into dauer. 
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If substantiated further, this would offer a new role for VAB-1 in C. elegans 

development. 

3.4 DAF-18 may function as a ‘Tumour Suppressor’ in Early Germline 

Cells? 

The co-expression of DAF-18 and VAB-1 in the germline precursor cells, Z2/Z3, is 

perhaps the most exciting and clinically significant observation of this project. These two 

cells are born from a division of P4 (Figure 3.1) and eventually give rise to the entire C. 

elegans germline. Because C. elegans displays such a regulated cell lineage, it is not 

capable of developing cancer in the typical sense: it will not form somatic tumours that 

have the capacity to metastasize. The germline, however, is not as regulated as the 

somatic cells and thus, the only tissue able to form a “tumour”, represented by 

uncontrolled cell division [121].  Therefore, the fact we have identified DAF-18 and 

VAB-1, proteins whose human homologs are known effectors of cancer, in these cells 

offers a potential opportunity to study the role of these proteins in cancer. The birth of 

Z2/Z3 and their subsequent division into the germline are highly regulated processes. 

Narbonne and Roy as well as Fukuyama and colleagues have shown that daf-18 mutant 

worms display germline proliferation during L1 arrest, a developmental state incurred if 

embryos are hatched into unfavourable conditions [79, 80].  In contrast, wild-type worms 

maintain arrest of Z2/Z3 division until a suitable environment is available. This finding 

suggests that in the absence of DAF-18, Z2/Z3 is not regulated, giving DAF-18 a possible 

‘tumour suppressor’ role.   
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Accordingly, we are currently in the process of investigating the significance of DAF-18 

and VAB-1 expression in Z2/Z3 given the reported phenotype of daf-18 mutants during 

L1 arrest. One aspect of this finding we are particularly interested in pursuing is the role 

of DAF-18 in the birth of Z2/Z3 from P4 during embryonic development. The literature 

reports that daf-18 mutants show germline proliferation during L1 arrest but we are now 

questioning whether DAF-18 is responsible for maintaining Z2/Z3 in a quiescent state 

immediately after they are born; do daf-18 mutants alone or in combination show 

germline proliferation prior to L1? As a PTEN mutation in mammalian cell lines does not 

immediately create a cancer state, it is probable that a daf-18 mutation alone will not 

show a phenotype; additional mutations may be required to observe germline 

proliferation. Utilizing RNAi of candidate cancer genes in combination with daf-18 

mutant worms will be a valuable tool to ascertain whether C. elegans is capable of 

embryonic germline proliferation, opening up a new area of study of C. elegans biology 

with strong clinical significance. Identifying genes that in combination with daf-18/pten 

mutations give rise to a ‘tumour state’ will aid researchers in determining genetic profiles 

that are particularly susceptible to cancer development. 

 

3.5  DAF-18 may Regulate Development during L1 arrest 

Following up on the daf-18 germline proliferation phenotype described by [80] and [79], 

we have found that daf-18 mutant worms also show an early lethality phenotype during 

L1 arrest compared to wild-type worms (unpublished results). In light of this finding, we 
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are questioning whether the reported germline proliferation is actually a result of 

uncontrolled Z2/Z3 division during L1 arrest, or whether daf-18 is not able to enter L1 

arrest and the germline division is simply normal division that eventually culminates in 

the death of the worm as no nutrients are available in the L1 arrest conditions. Either case 

is significant as it shows a role for DAF-18 in regulation of development.  As daf-18 

worms are known to be dauer defective, it would be fitting to conclusively determine 

whether they are also L1 arrest defective; both are conditions entered in times of poor 

environmental conditions (Figure 3.2). However, dauer has been shown to be under 

control of the DAF-2/DAF-16/FOXO pathway, while [80] showed the daf-18 germline 

proliferation phenotype was independent of DAF-16, putting L1 arrest outside of the 

DAF-2 pathway.  In contrast to our goal of identifying genes, that in combination with 

daf-18 show a germline proliferation phenotype in embryonic development, we hope to 

use RNAi of candidate genes on daf-18 mutants to identify suppressors of the L1 arrest 

phenotype. Identification of these genes would also be of clinical significance as they 

would provide potential targets for genetic knockdown in cancer cells containing PTEN 

mutations, returning the cell to a normal functioning state. 
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Lastly, we would like to determine where DAF-18 is needed to rescue the L1 arrest 

phenotype: is expression in the germline cells sufficient or is complete endogenous 

expression required? Through the use of transgenic DAF-18 constructs containing a 

germline specific promoter, we are confident we will be able to answer this question.  

 

Following the division of Z2/Z3, it is probable that DAF-18 and VAB-1 could be 

expressed in dividing germline cells as they are visible in oocytes, one of the ultimate 

products of the germline, the other being sperm. It is likely that DAF-18 may play a role 

in the division of these cells as PTEN is known to be associated with cell division and 

growth [122].  Furthermore, a ‘nurse-cell’ role has been described in Drosophila in which 

certain germline cells function solely to produce and transport factors to developing 

oocytes following which apoptosis is induced [123].  It is probable that a similar system 

is occurring in the germline of C. elegans. As a result, apoptosis will be prevalent in these 

cells. Cytoplasmic PTEN is known to have pro-apoptotic properties and if DAF-18 is 

acting in a similar fashion, it could account for the observed presence of DAF-18 in these 

germline cells.  Apoptotic assays such as TUNEL, which detects fragmented DNA, could 

assist in determining the actual activity of DAF-18 in the germline. Additionally, in situ 

antibody staining similar to what is presented here, of the various larval stages will give 

us an idea of temporal expression of DAF-18 and VAB-1.  It is my prediction that DAF-

18 expression will be stronger in cells that are required to remain quiescent, while VAB-1 

will be present in actively dividing cells. 
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3.6  VAB-1 may Negatively Regulate DAF-18 via Phosphorylation 

One aspect of this project that remains to be discerned is the mechanism with which 

VAB-1 is exerting its regulatory effect on DAF-18.  Early on we hypothesized that VAB-

1 could act as a protein substrate for DAF-18 protein phosphatase activity, providing the 

first evidence of an in vivo substrate for this enzymatic activity. Unfortunately, initial 

phosphatase assays utilizing soluble protein fractions of the candidate substrate and 

enzymes failed to substantiate this theory (Data not shown). However, the Chin-Sang Lab 

recently has some very promising results which suggest VAB-1 could be a substrate for 

DAF-18 tyrosine phosphatase activity (unpublished data).  Recently, we have turned our 

attention to investigating whether VAB-1 may exert kinase activity on DAF-18, given its 

reported kinase activity on additional proteins (unpublished results, Chin-Sang lab) and 

the fact that DAF-18 has numerous tyrosines that could be potential sites of 

phosphorylation.  However, as was the case with our phosphatase assays, traditional 

kinase assays revealed no decisive answers of VAB-1 activity due to the insolubility of 

DAF-18. We have approached this problem from multiple angles and preliminary results 

utilizing a novel protocol show that VAB-1 is indeed able to phosphorylate full length 

DAF-18 (Data not shown). This finding provides a nice model for VAB-1 regulation of 

DAF-18 as previous work has shown that phosphorylated DAF-18 tends to be less active, 

cytoplasmic and may be a target for ubiquitination and eventual degradation, supporting 

our claim of negative regulation [65]. Further biochemical studies will be necessary to 

elucidate what specific tyrosines are being phosphorylated. Additionally, it will be 

interesting to determine whether ubiquitin proteins are being recruited following 
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phosphorylation, leading to decreased DAF-18 activity or whether keeping DAF-18 

cytoplasmic is enough to inhibit its activity at the membrane. In light of our western blots 

showing increased DAF-18 protein in vab-1 mutants, it is probable that VAB-1 may 

actually target DAF-18 for degradation.  

 

3.7  Human significance of an Eph RTK and PTEN Interaction 

Outside of the worm model presented, a connection between the DAF-18 human 

homolog, PTEN, and any of the Eph RTKs has not been reported. As mentioned 

previously, PTEN, a key regulator of apoptosis and cell cycle control, is one of the most 

mutated genes in human cancers [95] and the Eph RTKs have found recent popularity in 

cancer studies, showing varying expression levels dependent on tumour type [124].  

Despite the consistent presence of PTEN mutation or deletion in multiple tumour lines, 

both loss of function and over-expression of Eph RTKs have been observed in several 

cancer types, suggesting that there is no obvious global mode of PTEN regulation by Eph 

RTKs [76].  Currently, there are no reports describing an interaction between PTEN and 

any of the Eph RTKs. Accordingly, we are  pursuing in vitro yeast two hybrid 

experiments to determine whether VAB-1 can bind human PTEN as well as whether 

candidate Eph RTKs can bind DAF-18 and full length PTEN.  Given that human PTEN 

can rescue DAF-18 deficient worms, we are hopeful that at the very least, VAB-1 will be 

capable of binding full length PTEN [71].  Should we successfully show an interaction 

between a human Eph RTK and PTEN, future mammalian studies should focus on cancer 
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lines that display an increase of Eph RTK expression and decrease of PTEN, such as lung 

adenomas and mammary cell carcinoma as these particular cancers would be predicted to 

demonstrate our described mechanism of regulation.  

 

3.8 Future Work will shed more Light on the full Significance of the 

VAB-1 and DAF-18 Interaction 

To further understand the DAF-18/VAB-1 relationship in C. elegans, genetic studies 

using time lapsed video microscopy to examine whether daf-18 mutants show similar cell 

movement defects as vab-1 mutants should be conducted in conjunction with double 

mutant analysis to see if there is suppression or enhanced phenotypes; unpublished results 

indicate that daf-18 mutants show similar embryonic lethality to vab-1 mutants.  

 

A yeast two hybrid screen utilizing DAF-18 as the bait protein may offer further insight 

into DAF-18 function. It is expected that VAB-1 will be again be identified as a binding 

partner but it will be interesting to see what other proteins are shown to bind with, 

perhaps placing DAF-18 in additional signaling pathways. As no in vivo protein 

phosphatase substrates have been identified for DAF-18 it would be worthwhile to see if 

any potential candidates could be elucidated through this means. Additionally, binding 

with nuclear specific or proteins involved in nuclear transportation could also confirm the 

observed expression of DAF-18 in nuclei.  
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Another area of investigation that would be interesting to pursue is the effect of DAF-

18/PTEN activity on calcium signaling. As DAF-18/PTEN’s known role is to 

dephosphorylate PIP3 to PIP2, cells expressing increased levels of DAF-18 would 

accordingly be expected to have an increased pool of PIP2. PIP2 is a substrate for PLC 

(Phospholipase C) at the cell membrane, becoming cleaved to form IP3 (inositol 

triphosphate) and DAG (diacylglycerol); DAG functions to activate PKC (Protein Kinase 

C), which in turn phosphorylates and activates downstream cytosolic proteins, while IP3 

enters the cytoplasm and activates IP3 receptors on the endoplasmic reticulum, triggering 

the opening of calcium channels and releasing calcium into the cytosol. This influx of 

calcium in the cell has potential to have a significant effect on cellular events as calcium 

is known to be involved in a number of signaling pathways [125]. Given the published 

role for DAF-18 increasing PIP2 levels and the link between PIP2 and calcium release, it 

would be worthwhile to determine whether the expression of DAF-18/PTEN affects any 

processes associated with increased calcium signaling. For instance, glucose stimulated 

insulin secretion is dependent on the release of calcium through voltage gated calcium 

channels and it has been recently shown that Eph forward signaling inhibits insulin 

secretion in pancreatic islet cells [96]. Given our proposed model for VAB-1/EphR 

negative regulation of DAF-18/PTEN, it fits that forward Eph signaling would decrease 

DAF-18/PTEN activity, diminish PIP2 levels and reduce the amount of calcium being 

released by IP3 receptor stimulation; this decrease in calcium could explain the inhibition 

of insulin secretion. Conversely, we might expect that decreased Eph forward signaling 

would allow for increased DAF-18/PTEN activity and ultimately raise insulin secretion 
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mediated by calcium release. If this is indeed the case, it would provide additional 

function for our VAB-1 and DAF-18/PTEN interaction in regulating calcium levels and 

subsequently, insulin secretion.  

 

In addition to exploring DAF-18/PTEN and calcium connection to insulin secretion, we 

would also like to determine whether increased DAF-18 expression in oocytes due to a 

vab-1 mutation increases calcium signaling in these cells. Regulated oscillations of 

calcium by several mechanisms are a paramount characteristic of oocyte development 

that sets the cell up for re-initiation of meiosis and prepares it for maturation [126].  

Should vab-1 mutant oocytes contain increased calcium levels, it could help explain the 

oocyte maturation defect reported by Miller et al. (2003)  [42], as well as why daf-18 is 

able to rescue this phenotype. Although MAPK has been postulated as the mechanism 

involved in this regulation, it is that both MAPK and calcium signaling are involved in 

this highly regulated process.  

 

As evident by the range of projects that exist merely to support the findings of this 

particular study, a great deal of work remains to be done with respect to the elucidation of 

DAF-18 functioning in C. elegans. However, continued effort towards projects of this 

sort will ultimately aid in our understanding of the complex processes involved in proper 

and subsequently, improper development. This work represents a small piece of the 

puzzle of the roles of protein interactions in a cancer context. Further work of this nature, 



85 

 

in conjunction with animal studies, will hopefully help narrow the scope of  genes that 

should be investigated to determine the best course of treatment for cancer as well as 

provide further understand for key developmental processes.  
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