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Abstract 

Many obese individuals and type 2 diabetes mellitus (T2DM) patients have 

elevated levels of insulin. Hyperinsulinemia is a major cancer risk factor in T2DM 

individuals and activated insulin receptor (IR) has been linked to many types of 

cancer and poor survival. However, the mechanisms that account for the link 

between the hyper-active insulin signaling and cancer risk is not well understood. 

PTEN plays an antagonistic role in the canonical insulin signaling pathway, and 

is the second most commonly mutated tumour suppressor (after p53) found in 

human cancers. In many cancers the PTEN gene is not deleted, but instead the 

protein is lost. Therefore the regulation of PTEN protein in humans is of great 

importance. Here we hypothesized that the activated insulin signaling down-

regulates PTEN. Considering that insulin signaling is highly conserved from C. 

elegans to human, I used C. elegans as a model and showed that DAF-2, the 

worm homolog of IR, is a negative regulator of DAF-18, the worm homolog of 

PTEN. In addition, I showed that DAF-28, the worm homolog of insulin, also 

negatively regulates DAF-18/PTEN. I used western blot and immunostaining to 

show that the protein level of DAF-18/PTEN is increased in the daf-2/IR and daf-

28/insulin mutants. I further showed that daf-18/Pten is genetically epistatic to 

daf-2/IR in regulating neuronal development. I then employed human cell culture 

experiments and reported that this negative regulation is conserved in human 

cancer cell lines. I showed that knocking-down IR through siRNA up-regulates 

PTEN, and over-expressing a gain-of-function IR down-regulates PTEN. I also 

showed that insulin stimulation dramatically decreased PTEN and this decrease 



iii 

 

is dependent on IR. I further confirmed a physical association between IR and 

PTEN in both human and C. elegans, and reported that IR could phosphorylate 

PTEN. To provide mechanistic insight to DAF-18/PTEN regulation, I identified 

another protein, which is a ubiquitin ligase, that functions in insulin signaling to 

down-regulate DAF-18/PTEN. Additionally, I also provided evidence that insulin 

signaling cross talks with Eph receptor signaling. In summary, my findings will be 

informative for cancer biologists to study the roles of these genes in 

carcinogenesis. 
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Chapter 1 

Introduction 

A proper gene regulation network is the basis for normal development of 

all organisms, including humans. At the molecular level, one can regard a 

disease, such as cancer, as a process where one or more genetic pathways are 

deregulated. If we are able to understand the molecular and genetic mechanisms 

in the context of normal development, we will have a basis to understand disease 

states and find potential cures. For example, over-expression of Her2 (Human 

Epidermal growth factor Receptor 2) has been found in over 20% of breast 

cancer patients (Stern, 2012). Consequently, a monoclonal antibody against 

Her2, called Trastuzumab, was developed and has remarkable therapeutic 

efficacy (Baselga, 2001). However, about half of Her2-over-expressing breast 

cancer patients are resistant to Trastuzumab-based therapy. The loss of 

phosphatase and tensin homolog (PTEN) has been suggested to be one of the 

major reasons that account for Trastuzumab resistance (Nagata et al., 2004). 

PTEN is the second most frequently lost tumour suppressor found in cancer 

patients (after P53). Intriguingly, while less than 5% of the breast cancer patients 

bear a PTEN mutation at the DNA level (such as chromosomal deletion), more 

than 50% of the patients have decreased PTEN expression, suggesting that the 

regulation of PTEN protein also plays a pivotal role in breast cancer progression 
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(Depowski et al., 2001). If we are able to understand how PTEN is down-

regulated in normal development, we could be one step closer to find a way to 

prevent PTEN loss and thereby reduce Trastuzumab resistance. In this research, 

I use Caenorhabditis elegans as a model organism to study the regulation of 

DAF-18, the worm ortholog of PTEN (Ogg and Ruvkun, 1998). 

 

1.1 Introduction about C. elegans 

Ever since the pioneering seminal work by Sydney Brenner and his co-

workers, C. elegans has been widely used as an excellent model organism to 

study developmental biology, neuroscience and genetics (Brenner, 1974; Kaletta 

and Hengartner, 2006; Sengupta and Samuel, 2009; Sulston et al., 1983). 

Characteristics of this animal model that have contributed to its success include 

its easy genetic manipulability, short life cycle, developed molecular tools, and 

fully known cell lineage (Xu and Kim, 2011). Research with C. elegans has led to 

seminal discoveries in various biological fields, such as aging, metabolism, 

apoptosis, RNA interference, microRNA, axon regeneration, and autophagy. 

(Ashrafi, 2007; Chen et al., 2011; Conradt and Xue, 2005; Fire et al., 1998; 

Kenyon et al., 1993; Ruvkun, 2008; Tian et al., 2010). 

The success of using C. elegans as a model has attracted increased 

attention in biomedical research as well. It is estimated that approximately 40% 

of human genes have orthologs in C. elegans (Shaye and Greenwald, 2011), and 
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12 out of 17 known signal transduction pathways are conserved between C. 

elegans and humans (Leung et al., 2008). Therefore, the results obtained from C. 

elegans research could be predictive in higher eukaryotes, including humans, 

and therefore it serves as an excellent model to study conserved signaling 

pathways that are deregulated in human disease. 

 

1.2 PTEN and DAF-18 

PTEN was first discovered in 1997 by two independent groups to be 

frequently disrupted in multiple sporadic tumour types (Li et al., 1997; Steck et 

al., 1997). 15 years of research has shown that it is the second most frequently 

lost tumour suppressor (after P53) found in cancer patients (Yin and Shen, 

2008). The frequency of mono-allelic PTEN mutations has been estimated at 

50%–80% in sporadic tumours, suggesting haplo-insufficiency and dosage-

dependence for its tumour suppression (Salmena et al., 2008). 

PTEN contains from N-terminus to C-terminus a phosphatase domain, C2 

domain, carboxy-terminal tail, and a PDZ (postsynaptic density 95, PSD-85; 

discs large, Dlg; zonula occludens-1, ZO-1) binding domain (Fig. 1-1A). 

Functionally, PTEN plays an antagonistic role in the canonical insulin receptor 

(IR) signaling (section 1.3) by dephosphorylating the lipid 

phosphatidylinositol‑3,4,5‑trisphosphate (PIP3) (Fig. 1-1C), which is produced 

by Phosphatidylinositol 3-kinases (PI3K) upon IR activation. PIP3 is a potent 
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Figure 1-1: Structure and function of the PTEN tumour suppressor and 

its C. elegans ortholog DAF-18. 

(A) The domain structure of PTEN. PTEN is a 403 amino acid protein that is 

composed of a dual phosphatase domain, a C2 domain, a carboxy-terminal 

tail (C-tail) and a PDZ binding domain (PDZbd). (B) The domain structure of 

DAF-18, the only C. elegans ortholog of PTEN. DAF-18 is a 962 amino acid 

protein that is composed of a dual phosphatase domain, a C2 domain, a 

carboxy-terminal tail (C-tail), and a PDZ binding domain (PDZbd). The 

carboxy-terminal tail of DAF-18 is much larger than that of PTEN.  (C) PTEN 

has lipid phosphatase activity and dephosphorylates the membrane lipid 

phosphatidylinositol-3,4,5-trisphosphate (PIP3) to phosphatidylinositol-

4,5-bisphosphate (PIP2) by removing  the phosphate group at the 

D3 position of the inositol ring.   
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 activator of 3-Phosphoinositide Dependent protein Kinase-1 (PDK1) (Song et al., 

2012). As a consequence, loss of PTEN causes an increased level of PIP3 and 

enhanced PI3K-PDK1-AKT-mTOR signaling pathway that regulates metabolism, 

cell growth and survival (see Section 1.3 for detail). Other than the lipid 

phosphatase activity, increasing evidence has suggested that PTEN also has 

protein phosphatase activity that extends its role beyond the PDK1-PI3K-AKT-

mTOR axis. For example, PTEN could dephosphorylate SRC tyrosine kinase, 

and loss of PTEN causes increased SRC activation, which confers Trastuzumab 

resistance in Her2-over-expressing patients (Zhang et al., 2011). Additionally, 

recent research also suggests PTEN has roles in the nuclei that are independent 

of its dual phosphatase activity (Song et al., 2011). 

Recent findings suggest PTEN plays an important role in regulating 

metabolism. Two elegant papers show that transgenic mice with systemic 

overexpression of PTEN have increased energy expenditure, improved insulin 

sensitivity, decreased adiposity, and extended lifespan (Garcia-Cao et al., 2012; 

Ortega-Molina et al., 2012). More importantly, PTEN overexpression promotes 

oxidative phosphorylation and decreases glycolysis. These are considered anti-

Warburg effects, and might be relevant to PTEN-mediated cancer protection 

(Ortega-Molina and Serrano, 2012). 

Much research has suggested that the amount of PTEN is critical for its 

tumour suppression (Carracedo et al., 2011), and therefore studying the 
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regulation of PTEN is important for understanding how PTEN gets “lost” in 

cancer patients. Other than the chromosomal deletion, PTEN expression could 

also be regulated through epigenetic silencing, transcriptional repression, loss of 

competitive endogenous RNA (ceRNA) networks, microRNA (miRNA) regulation, 

and post-translational modifications (Song et al., 2012). The majority of the post-

translational regulation has been focused on Ser/Thr phosphorylation (Salmena 

et al., 2008). Recently, research on the role of tyrosine phosphorylation is 

emerging. For example, Rak is a tyrosine kinase that stabilizes PTEN through 

phosphorylating Tyr336 (Yim et al., 2009). Our lab used C. elegans as a model 

and showed that tyrosine phosphorylation destabilized PTEN in worm (Brisbin et 

al., 2009). This further adds complexity to the role of tyrosine phosphorylation in 

regulating PTEN stability. Additionally, many tyrosine mutations in PTEN have 

been found in cancer patients. Somatic mutations in PTEN archived in the online 

database COSMIC (Catalogue Of Somatic Mutations In Cancer; Sanger Institute, 

UK) (Forbes et al., 2011) shows that 19 out of 23 tyrosines on PTEN were 

mutated in various cancer patients (unpublished observations). This suggests the 

role of tyrosines in regulating PTEN function might have been underestimated.  

C. elegans serves an excellent model to study PTEN regulation. It 

encodes one PTEN ortholog in its genome, called DAF-18 (abnormal dauer 

formation), which contains similar functional domains to human PTEN (Fig. 1-1B) 

(Ogg and Ruvkun, 1998). Interestingly, it has been shown that human PTEN can 
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replace DAF-18 and rescues the mutant phenotypes in the daf-18 loss-of-

function worms (Solari et al., 2005). This suggests that PTEN and DAF-18 are 

similar in function, and, more importantly, that the regulator of DAF-18/PTEN in 

worm is highly conserved. The regulators discovered in worm could therefore be 

predictive to human research. For example, our lab has recently shown that 

VAB-1/EphR (section 1.4) negatively regulates DAF-18/PTEN by tyrosine 

phosphorylation and this regulation is likely to be conserved in human (Brisbin et 

al., 2009) (Chin-Sang Lab, unpublished). 

 

1.3 Insulin Receptor Signaling 

Insulin is a peptide hormone and is famous for its central role in controlling 

energy functions, such as glucose and lipid metabolism in the human body 

(Cohen, 2006; Saltiel and Kahn, 2001). It is mainly produced by beta cells of the 

pancreas, and elicits a diverse array of biological responses by binding to its 

specific receptors (Ashcroft and Rorsman, 2012). The binding of insulin to liver 

and adipose tissue cells was first reported in 1971 (Cuatrecasas, 1971; Freychet 

et al., 1971), and it was only in 1985 that the cDNA of the insulin receptor (IR) 

was cloned by two independent groups (Ebina et al., 1985; Ullrich et al., 1985).  

IR belongs to a subfamily of receptor tyrosine kinases (RTK). The 

functional IRs are tetrameric proteins containing two alpha and two beta subunits 

connected by disulfide bonds (Fig. 1-2) (Belfiore and Malaguarnera, 2011). The 
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alpha subunit is an allosteric regulator of the beta subunit by inhibiting its kinase 

activity. Upon binding to the insulin, the alpha subunit changes its conformation 

and causes a derepression of the kinase activity in the beta subunit. The beta 

subunits trans-phosphorylate each other on the key tyrosines and induce the 

kinase activity (Saltiel and Kahn, 2001). IR then phosphorylates the Insulin 

Receptor Substrate (IRS). The phosphorylated IRS binds the Phosphoinositide 3-

kinase (PI3K), which phosphorylates the membrane lipid phosphatidylinositol‑ 

4,5‑bisphosphate (PIP2) to phosphatidylinositol‑3,4,5‑trisphosphate (PIP3). 

PIP3 serves as a docking site for the 3-Phosphoinositide Dependent protein 

Kinase-1 (PDK1) and Akt. PDK1 then activates Akt through Ser/Thr 

phosphorylation. The activated Akt further translocates the glucose transporter 4 

(Glut4) to the cell membrane to regulate glucose uptake. Additionally, Akt could 

also phosphorylate Glycogen Synthesis Kinase 3 (GSK3) to regulate glycogen 

synthesis (Fig. 1-3) (Cohen, 2006; Saltiel and Kahn, 2001). 

There are two additional IR homologs in human. These are the IGF 

(Insulin-like Growth Factor) Receptor and IRR (Insulin Receptor-related 

Receptor) (Belfiore et al., 2009). The IRR is an orphan receptor that serves as an 

extracellular alkali sensor (Deyev et al., 2011); and is not studied in this research. 

The IGF Receptor could form a co-receptor complex with IR and respond to 

IGF1, IGF2, and insulin (Belfiore et al., 2009; Belfiore and Malaguarnera, 2011). 

This signaling cascade is very similar to the IR signaling pathway. While the 
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physiological functions of IR signaling are mainly related to metabolism, signal 

cascade involving the IGF receptor mainly regulate cell growth, survival and 

proliferation (Fig. 1-3) (Belfiore and Malaguarnera, 2011). 

In contrast to humans, the C. elegans genome only encodes one IR 

homolog, DAF-2 (abnormal dauer formation) (Kimura et al., 1997). The DAF-2 

signaling pathway is highly conserved to the human IR (Fig. 1-4) (Christensen et 

al., 2006). Functionally, the C. elegans DAF-2 signaling regulates life span, dauer 

formation, fat metabolism, and stress response (Kenyon et al., 1993; Kimura et 

al., 1997; Tullet et al., 2008; Wang et al., 2008). 

Although there is only one IR homolog, the C. elegans genome is 

predicted to encode 40 insulin-like peptides (INS-1~39, and DAF-28) (Hu, 2007). 

Due to functional redundancy, the worm insulin-like peptides are not thoroughly 

characterized. Nonetheless, genetics experiments suggest that INS-1 and INS-

18 function as antagonists to DAF-2/IR, while INS-7 and DAF-28 function as 

agonists (Li et al., 2003; Murphy et al., 2003; Pierce et al., 2001). 

 

1.4 Eph Receptor Signaling 

The Eph Receptor (EphR) was first identified in a search for tyrosine 

kinases involved in cancer, and was named after the erythropoietin-producing 

hepatocellular carcinoma cell line from which its cDNA was cloned (Hirai et al., 

1987). During normal development, EphR signaling has functions in regulating  
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Figure 1-2: Schematic diagram of α2β2 structure of the IR.  

Insulin receptor complex is composed of two extracellular α subunits and two 

transmembrane β subunits connected by disulfide bonds.  L1, Large domain 1; 

CR, cysteine-rich domain; L2, large domain 2; FN, fibronectin type III domains; 

ID, insert domain; TK, tyrosine kinase domain; CT, C-terminal domain. Red lines 

represent the disulfide bonds. Modified from Belfiore et al., 2009.  
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axon guidance, cell positioning, cell migration, vascular development, tissue-

border formation, and synaptic plasticity (Huber et al., 2003; Kullander and Klein, 

2002; Murai and Pasquale, 2003). 

The mammalian Eph Receptors represent the largest subfamily of RTKs, 

and are structurally conserved from worm to human (Drescher, 2002). The  

extracellular region of EphR is composed of a ligand binding domain, a cysteine-

rich region, and two fibronectin III repeats. Following a short transmembrane 

domain, the cytoplasmic region of EphR consists of two conserved tyrosine 

residues, a tyrosine kinase domain, a SAM (sterile alpha motif), and a PDZ-

domain binding motif at the very carboxyl terminus (Fig. 1-5A) (Kullander and 

Klein, 2002; Noren and Pasquale, 2004). 

 
Ephrins are the ligands for EphRs. They are short membrane-bound 

proteins that are highly conserved among species (Kullander and Klein, 2002; 

Murai and Pasquale, 2003). They are divided into two subclasses:  the A-

subclass ephrins are tethered to the ectomembrane by a GPI anchor (ephrinA1 

though ephrinA5); and the B-subclass ephrins have a transmembrane domain 

followed by a short, highly conserved, cytoplasmic region (ephrinB1 through 

ephrinB3) (Fig. 1-5B). Since both subclasses of ephrins are membrane-bound, 

they serve as short-range contact-mediated cues in regulating the repulsion of 

neighboring cells or the collapse of the neuronal growth cone in cell positioning 

and axon guidance. However, it has also been reported that EphR signaling  
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Figure 1-3: Schematic representation of IR signaling (right side) and 

IGF1R/IR signaling (left side).  

IR is activated by insulin, whereas IGF1R could form either homo-dimer (not 

shown) or co-receptor complexes with IR and responds to IGF1, IGF2 and 

insulin. Ligand binding to the α subunits of the receptor complex stimulates 

the tyrosine kinase activity of the β subunits of the receptor complex, which in 

turn phosphorylate several substrates including IRS. IRS proteins interact 

with the regulatory subunit of PI3K leading to the phosphorylation of PIP2 to 

PIP3. PIP3 has high affinity to PDK1 and AKT. PDK1 then phosphorylates 

and activates AKT to further phosphorylate various substrates to regulate 

their functions. Generally speaking, IR signaling propagates metabolic effects 

(glucose uptake, glycogen synthesis, gluconeogenesis and lypogenesis) 

(highlighted in red), while IGF1R and IGF1R/IR signaling controls cell growth, 

proliferation and survival (highlighted in blue). PTEN antagonizes the 

signaling by dephosphorylating PIP3 to PIP2. Modified from Belfiore and 

Malaguarnera, 2011.  
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Figure 1-4: IR signaling is conserved between human and C. elegans.  

Human homologs are on the left and highlighted in dark grey, while the C. 

elegans homologs are on the right and highlighted in light grey. Modified 

from Christensen et al., 2007.  
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could also lead to adhesion or attraction (Cowan and Henkemeyer, 2002; 

Kullander and Klein, 2002). 

Depending on the ligand binding specificity, EphRs are also divided into 

two classes, with EphA binding to ephrinA and EphB binding to ephrinB (Fig. 1-

5C), although cross binding has also been reported. For example, EphA4 can  

bind ephrinB2 and ephrinB3 (Kullander and Klein, 2002); and EphB2 can bind 

ephrinA5 (Himanen et al., 2004). 

The most exceptional feature of ephrin/EphR signaling that differentiates it 

from other ligand-receptor signaling comes from its bi-directional signaling, which 

is composed of “forward” signaling in EphR-expressing cells and “reverse” 

signaling in ephrin-expressing cells (Kullander and Klein, 2002). Like most RTKs, 

ephrin binding triggers EphR forward signaling, mainly through auto-

phosphorylation of EphR on its conserved juxtamembrane tyrosine residues. This 

phosphorylation event can mediate phospho-tyrosine-dependent signaling and 

also activate EphR’s kinase activity to phosphorylate its substrates. Strikingly, 

upon ephrin/EphR binding, the conserved tyrosine residues on the ephrinB 

cytoplasmic tail can also be phosphorylated and thereby recruit signaling 

effectors to induce reverse signaling (Bruckner et al., 1997; Holland et al., 1996). 

Although ephrinA does not have a transmembrane domain, it can form a complex 

with a transmembrane receptor Ret to mediate reverse signaling (Bonanomi et 

al., 2012). 
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Figure 1-5: Schematic diagram of Eph receptors and their Ephrin ligands.  

(A) Eph receptor is composed of a ligand binding domain (LBD), a cysteine rich 

domain, two fibronectin III domains (FNIII), a transmembrane domain, a tyrosine 

kinase domain, SAM domain and a PDZ binding motif. (B) Ephrins are ligands of 

Eph receptors. The EphrinAs are tethered to the membrane through GPI anchor, 

while the EphrinBs have a transmembrane domain followed by a short but highly 

conserved cytoplasmic region. (C) Ephrins on the cell surface could bind to Eph 

receptors on the adjacent cells.  
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The research on EphR has shed light on its roles in various developmental 

processes. It is also now clear that deregulated EphR signaling also plays an 

important role in diseases, such as cancer. However, it is very complex to 

decipher their activities in cancer pathogenesis and results are controversial.  

EphRs have been found to have roles in both tumour promotion and suppression 

(Pasquale, 2010). It is generally accepted that this complexity comes from the 

large number of homologs (14 EphRs and 8 ephrins in human), which results in 

cross talk, functional redundancy, and context dependent signaling. 

C. elegans encodes only one EphR, VAB-1, and four ephrins, EFN-1~4, in its 

genome, which provides an ideal model to understand the EphR signal 

transduction pathways (Chin-Sang et al., 1999; Chin-Sang et al., 2002; George 

et al., 1998; Wang et al., 1999). VAB-1 shares sequence similarity to both EphA 

and EphB. While EFN-1~4 are GPI anchored, some of their ligand domains are 

more closely related to the B types; for example, EFN-1 is closest in homology to 

EphrinB2. VAB-1/EphR has been well characterized to have various roles in C. 

elegans development, such as cell positioning, axon guidance, embryogenesis, 

epidermal morphogenesis, and oocyte maturation (Miller and Chin-Sang, 2012). 

Additionally, our lab has shown that VAB-1/EphR could form co-receptor 

complexes with SAX-3/ROBO (Ghenea et al., 2005). In this study, I hypothesized 

that VAB-1/EphR might also function together with DAF-2/IR, and used VAB-
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1/EphR’s well characterized phenotypes as read-outs to test this putative co-

receptor. 

 

1.5 Research aim 

The main focus of this thesis is to study the regulation of DAF-18/PTEN. To this 

end, I took advantage of the well characterized developmental and physiological 

processes in C. elegans as models to characterize the genetic interactions 

among my genes of interest, daf-2/IR, vab-1/EphR, and daf-18/Pten, rather than 

exploring their functions in new developmental processes. 
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Chapter 2 

Insulin Activates the Insulin Receptor to Down-regulate the 

PTEN Tumour Suppressor1 

 

2.1 Abstract 

Insulin signaling plays a fundamental role in various developmental 

processes. Recent research suggests hyperactive insulin receptor (IR) and 

hyperinsulinemia are cancer risk factors. However, the mechanisms that account 

for the link between the hyper-active insulin signaling and cancer risk are not well 

understood. Here we show that insulin and insulin receptor down-regulate the 

PTEN tumour suppressor in both C. elegans and humans. We show that 

inhibiting insulin signaling increases PTEN protein levels, while increasing insulin 

signaling decreases PTEN protein levels.  Our results indicate that the kinase 

region of the insulin receptor β subunit physically binds to PTEN and 

phosphorylates on Y27 and Y174. Our genetic results also show that IR 

negatively regulates PTEN during C. elegans neuronal development. Our results 

therefore suggest a possible mechanism that explains the increased cancer risk 

observed in hyperinsulinemia and hyper-active IR individuals. 

 

                                                      

1
 This chapter is currently under revision for publication in Oncogene. 
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2.2 Introduction 

Insulin signaling is a conserved signaling pathway that plays a key role in 

various developmental and physiological processes, such as ageing, neuronal 

development, germline proliferation, glucose metabolism, and cell size control 

(Finch and Ruvkun, 2001; Kenyon, 2010; Song et al., 2003; Yang and Xu, 2011). 

However, excessive insulin signaling caused by hyperinsulinemia or over-

expression of insulin receptor (IR) has been linked to cancer progression 

(Belfiore and Malaguarnera, 2011). Recent epidemiological and experimental 

studies have demonstrated that hyperinsulinemia is a major cancer risk factor 

among many type 2 diabetes mellitus (T2DM) patients and obese individuals 

(Belfiore and Malaguarnera, 2011; Gallagher and LeRoith, 2011). T2DM patients 

who get metformin treatment, a drug that functions to sensitize insulin uptake and 

therefore lower insulin levels, have a 25-40% lower risk of cancer than those who 

get insulin therapy or drugs that stimulate insulin secretion (Bowker et al., 2006; 

Evans et al., 2005). Moreover, activated insulin receptor (IR) has been linked to 

breast cancer and poor survival (Law et al., 2008). However, the mechanism that 

accounts for the link between the hyper-active insulin and cancer risk is not well 

understood. 

PTEN plays an antagonistic role in insulin signaling pathway and is the 

second most frequently mutated tumour suppressor gene (after P53) found in 

cancer patients (Yin and Shen, 2008). PTEN mutations predominantly affect one 
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copy of the gene suggesting PTEN is haploinsufficient for the prevention of 

certain malignancies (Salmena et al., 2008). Strikingly, despite the fact that less 

than 5% of sporadic breast tumours contain PTEN mutations, loss of PTEN 

expression has been observed in nearly 50% of breast cancer patients 

(Depowski et al., 2001). These findings suggest that the PTEN levels are critical 

for its tumour suppression, and further substantiate the importance of PTEN 

regulation in cancer progression. Phosphorylation plays an important role in 

regulating PTEN stability at the posttranslational level. While phosphorylation on 

Serine and Threonine residues has been studied extensively (Salmena et al., 

2008), recent findings suggest that phosphorylation on Tyrosine residues also 

affects its stability (Brisbin et al., 2009; Yim et al., 2009).  

daf-18 encodes the only homolog of PTEN in C. elegans (Ogg and 

Ruvkun, 1998). Previously, Solari et al. showed that human PTEN can 

functionally replace DAF-18 in worm to rescue daf-18 mutant phenotypes (Solari 

et al., 2005), suggesting that PTEN and DAF-18 are functionally similar, and that 

the regulation of PTEN is highly conserved in C. elegans. 

Here, we report that insulin and insulin receptor (IR) are negative 

regulators of PTEN in both C. elegans and human. We show that IR physically 

associates with PTEN, and controls PTEN stability through tyrosine 

phosphorylation. Further, our genetic results show that IR and PTEN homologs in 

worm (daf-2 and daf-18, respectively) function in neuronal development. Our 
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results provide a mechanistic insight into how those individuals with 

hyperinsulinemia or hyper-active IR have a higher cancer risk. 

 

2.3 Results 

2.3.1 DAF-28/Insulin and DAF-2/IR negatively regulate DAF-

18/PTEN in C. elegans 

To look for PTEN regulators, we hypothesized that insulin and IR are 

negative regulators of PTEN. We proposed that insulin and IR could function in a 

dual manner by making more PIP3 through the canonical IR/PI3K signaling 

cascade on the one hand, and, on the other hand, by down-regulating PTEN, a 

lipid phosphatase that dephosphorylates PIP3 to PIP2 (Salmena et al., 2008). 

Since insulin signaling pathway is highly conserved in C. elegans and 

humans (Porte et al., 2005), we first used this well studied model to test our 

hypothesis. If insulin down-regulates PTEN, we would expect to see an 

increased level of DAF-18 in the daf-2 mutants, the only PTEN and IR homologs 

in C. elegans, respectively (Kimura et al., 1997; Ogg and Ruvkun, 1998). Indeed, 

there is an increased level of DAF-18/PTEN in both daf-2 (e1370) and daf-2 

(e1368) IR mutants, which are kinase and ligand binding deficient alleles, 

respectively (Patel et al., 2008) (Fig. 2-1A). This suggests the regulation is both 

kinase dependent and ligand activation dependent. 
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We further investigated the role of insulin in PTEN regulation. The C. 

elegans genome has 40 insulin-like genes (Eckardt et al., 2007), among which, 

DAF-28 is one of the most well studied ligands of the DAF-2/IR signaling 

pathway. daf-28 (sa191) mutants enter dauer stage and have an extended 

lifespan, similar to daf-2/IR mutants (Li et al., 2003). We therefore chose the daf-

28/insulin (sa191) mutants to test the regulation in this study. Immunoblots show 

an increased DAF-18/PTEN level, albeit not as dramatic as daf-2 (e1370) 

mutants (Fig. 2-1A). Taken together, these results are consistent with our 

hypothesis that the C. elegans insulin and IR down-regulate DAF-18/PTEN. 

 

2.3.2 DAF-28/Insulin and DAF-2/IR negatively regulates DAF-

18/PTEN in neurons and intestine  

To further gain insights into what tissues DAF-28/Insulin and DAF-2/IR 

negatively regulates DAF-18/PTEN, we performed an in situ antibody staining on 

these mutants. In wildtype animals, DAF-18/PTEN levels are low and not 

detected in neurons or intestinal cells (Brisbin et al., 2009). In contrast, we were 

able to see significantly increased DAF-18/PTEN protein levels in the neurons 

and the intestine in both the daf-2/IR and the daf-28/insulin mutants (Fig. 2-1B).  

Interestingly, the increased intestinal PTEN levels were localized to nuclei.  

These results further support our hypothesis that DAF-28/Insulin and DAF-2/IR 

negatively regulate DAF-18/PTEN. 
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Figure 2-1: daf-2/IR and daf-28/insulin mutants have increased DAF-

18/PTEN protein.  

(A) Immnuoblot with DAF-18/PTEN antibodies detects endogenous DAF-18 

protein in mixed stage worms. e1370 is a kinase inactive allele, and e1368 is a 

ligand binding deficient allele. O/E=over-expression. (B) DAF-18/PTEN 

antibodies do not detect endogenous levels of DAF-18, but daf-2/IR and daf-

28/insulin mutants show a significant DAF-18/PTEN protein in intestinal cells 

and head neurons. The increased intestinal PTEN is predominantly nuclear.  A 

schematic diagram is shown on the top of the panel and the boxed region 

corresponds to the region in the photo. Anterior to the left, scale bar= 30 um. 
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2.3.3 daf-18/Pten suppresses the axonal over-extension defect 

in the daf-2/IR mutants 

If the loss of DAF-2/IR leads to up regulation of DAF-18/PTEN we would 

expect daf-18/PTEN mutants to genetically suppress the phenotype of daf-2/IR 

and daf-28/insulin mutants. Consistent with this notion, elegant research from the 

Ruvkun, Kenyon and Thomas groups have already shown that daf-18/PTEN 

mutant is able to suppress the daf-2/IR and daf-28/insulin mutants in the dauer-

constitutive and longevity phenotypes, the two main phenotypes used in studying 

the C. elegans insulin signaling pathway (Dorman et al., 1995; Malone et al., 

1996; Ogg and Ruvkun, 1998). While this suppression has long been interpreted 

as the lack of inactivation of the PI3K/AKT, it is also consistent with our model 

that DAF-18/PTEN levels are increased. 

To look at PTEN regulation in a different developmental process, we 

studied the function of these genes in axon guidance, as both daf-2/IR and daf-

18/PTEN have been reported to function in axon guidance (Adler et al., 2006; 

Brisbin et al., 2009; Christensen et al., 2011; Pocock and Hobert, 2008). We 

used a Pmec-4::gfp reporter strain to examine axon guidance in the PLM neuron 

(Clark and Chiu, 2003). In the wildtype adult worms, the PLM axon starts from 

the tail region and terminates in the middle of the animal near the vulva area 

(Mohamed and Chin-Sang, 2006). We found that 35% of the PLM axons over-
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extend in the daf-2/IR (e1370) mutants (Fig. 2-2A, D). The daf-18/PTEN loss of 

function mutant is able to fully suppress this over-extension defect (Fig. 2-2D).  

 

2.3.4 Overexpressing DAF-18/PTEN suppresses the axonal 

premature termination defect caused by over-expressing DAF-

2/IR 

To cause a hyperactive DAF-2/IR, we expressed a myristoylated DAF-2 

intracellular region under the mec-4 promoter (Pmec-4::myr-daf-2), and observed 

a 41% premature termination defect in the PLM neurons (Fig. 2-2B, E). We 

reasoned that if this defect is caused through down-regulation of DAF-18/PTEN, 

in addition to activating the canonical PI3K pathway, then over-expressing DAF-

18/PTEN should suppress this phenotype. Consistent with this idea, over-

expressing DAF-18/PTEN significantly suppressed the premature termination 

defect (Fig. 2-2C, E). Taken together, both of our loss of function and over-

expression experiments support the model that DAF-2/IR negatively regulates 

DAF-18/PTEN. 

 

2.3.5 Human Insulin down-regulates PTEN and is dependent 

on IR 

We postulated that if this regulation is conserved in humans, then it could 

serve as one of the mechanisms that accounts for the correlation between hyper-

active insulin signaling and increased cancer risk. To test this hypothesis, we first  
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  Figure 2-2: daf-2/IR and daf-18/PTEN have roles in axon guidance.  

(A-C) The PLM mechanosensory axon termination point is show.  A schematic 

diagram is shown on the left of each panel and the boxed region corresponds 

to the region in the photo. The mechanosensory neurons are visualized using 

Pmec-4::gfp.  In wildtype adults the PLM axons terminate near the vulva 

(triangle) region and never extend past the ALM neurons. (A) daf-2/IR (e1370) 

animals have PLM axons that over-extend past the vulva and ALM neurons. 

(B) Constitutively active MYR-DAF-2 causes a premature termination 

phenotype (opposite to the loss-of-function daf-2/IR mutants). (C) Over-

expressing (O.E.)  DAF-18/PTEN suppresses the premature termination 

phenotype caused by MYR-DAF-2. (D) daf-18/PTEN loss of function 

suppresses the over-extension defect of the PLM axons of daf-2/IR (e1370) 

animals. (E) Constitutively active MYR-DAF-2 causes a premature termination 

phenotype. Three independent transgenic lines were examined and the line 

with highest penetrance is shown here. The same line was further used in the 

suppressing experiment by over-expressing DAF-18/PTEN. Two independent 

over-expressing lines were examined and both suppressed the premature 

termination phenotype caused by MYR-DAF-2. N refers to the number of 

axons scored. Error bar represents the Standard Error of the Mean (SEM). 

Students-t Test ***P<0.001, ** P<0.01  
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examined whether the addition of insulin could cause a decrease in PTEN.  We 

added two concentrations of insulin (100 nM and 2 μM) to MDA-MB-231 breast 

cancer cells, which are known for expressing a high level of IR beta subunit (IRβ) 

(Eckardt et al., 2007).  A 10 minute insulin treatment was sufficient to cause a 

significant decrease in the PTEN levels (Fig. 2-3A). We also used siRNA to 

knock-down IRβ in MDA-MB-231 cells, and this resulted in an increased PTEN 

level (Fig. 2-3B). We further applied insulin treatment to the siRNA treated cells, 

and found that the reduction of PTEN upon insulin treatment was prevented (Fig. 

2-3C), suggesting PTEN levels are dependent on IR signaling. Furthermore, we 

also over-expressed the myristoylated IRβ intracellular region (MYR-IRβ) in 

HEK293 cells to mimic the high level of IRβ found in cancer patients. We 

observed a 46% decrease in the PTEN levels compared with the empty vector 

control (Fig. 2-3D). These results are consistent with our finding in C. elegans 

that insulin activates IR to down-regulate PTEN. 

 

2.3.6 DAF-2/IR physically binds DAF-18/PTEN 

Since DAF-2/IR negatively regulates DAF-18/PTEN, we asked whether 

they physically bind each other. Through deletion analysis, we have determined 

that the DAF-2/IR kinase region was able to bind the C-terminal region of DAF-

18/PTEN (Fig. 2-4A, B). Furthermore, we also showed that human IR and PTEN 

physically interact (Fig. 2-4C). 
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Figure 2-3: Human insulin signaling down regulates PTEN.  

(A) Insulin stimulation down regulates PTEN in MDA-MB-231 cell line. Two 

concentrations of insulin both caused a significant decrease in PTEN level. 

(B) Knocking down IRβ up-regulates PTEN in MDA-MB-231 cell line. Two 

independent siRNA treatments were both able to knock-down the expression 

of IRβ and increase PTEN protein level. (C) Down-regulation of PTEN by 

insulin treatment is dependent on IR. (D) Over-expressing MYR-IRβ down-

regulates PTEN in HEK293 cell line.  
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Figure 2-4: DAF-2/IR binds DAF-18/PTEN.  

(A) Schematic diagram of the DAF-2/IR and DAF-18/PTEN proteins; and 

other regions tested for binding. Numbers indicate the corresponding amino 

acids. The α chain of DAF-2/IR is represented as a blue bar, and disulfide 

bond is simplified as a red bar. PDZbm=PDZ binding motif. (B): In GST pull 

down assays, the DAF-2 kinase region binds the DAF-18 C-terminal, but not 

the N-terminal. The DAF-2 C-term does not bind DAF-18. (C) The intracellular 

region of the β subunit of human IR binds PTEN in the GST pull down assay. 
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2.3.7 IR phosphorylates PTEN 

How does DAF-2/IR exert its negative regulation on DAF-18/PTEN? Our 

lab previously showed that the VAB-1/Eph receptor tyrosine kinase down-

regulates DAF-18/PTEN through phosphorylation (Brisbin et al., 2009). 

Considering a daf-2/IR kinase deficient mutant has increased protein level of 

DAF-18/PTEN (Fig. 2-1A, B), we reasoned that the kinase activity is pivotal for 

this regulation. So we investigated whether PTEN is an IR substrate. We 

performed an in vitro kinase assay using the active IR kinase (SignalChem) and 

bacterially expressed PTEN (1-350). The active IR tyrosine kinase region indeed 

phosphorylated PTEN. Additionally, a phosphatase inactive version, PTEN 

(C124S) (Myers et al., 1998), was phosphorylated even further suggesting that  

wildtype PTEN may have auto-phosphatase activity or inhibits the IR tyrosine 

kinase activity (Fig. 2-5A).  

Our results suggest that the IR could phosphorylate PTEN on certain 

tyrosines to make it vulnerable for degradation, possibly through conformational 

changes. If this is true, then somatic mutations of such tyrosines to negatively 

charged amino acids (aspartic acid or glutamic acid) might mimic the tyrosine 

phosphorylation and make it unstable; and we should thus expect to find such 

mutations in cancer patients. We searched for known somatic mutations in PTEN 

from an online database COSMIC (Catalogue Of Somatic Mutations In Cancer; 
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Sanger Institute, UK) (Forbes et al., 2011). We found four tyrosines that were 

mutated to aspartic acids (Y27, 65, 138, 174), and among which, Y27 and 174 

are conserved in the worm homolog DAF-18 (Fig. 2-5B). We thus mutated these 

two tyrosines individually to see whether the phosphorylation is decreased in the 

kinase assay. Since IR phosphorylates phosphatase-inactive PTEN (C124S) at a 

much stronger level than wildtype PTEN (Fig. 2-5A), we chose to mutate them in 

this sensitized background. Consistent with our rationale, both Y27F and Y174F 

decreased PTEN (C124S) phosphorylation (Fig. 2-5C). Taken together, our 

result show that PTEN is a substrate for the IR tyrosine kinase; and IR down-

regulates PTEN possibly through tyrosine phosphorylation on Y27 and 174. 

 

2.4 Discussion 

Our data support a model in which insulin activates IR to down-regulate 

the PTEN tumour suppressor in both C. elegans and humans (Fig. 2-6). We 

show this regulation functions in the C. elegans neuronal development and also 

validated this negative regulation in human cells. 

Our finding that the addition of insulin or over-expressing IR reduces 

PTEN protein level is intriguing, as hyperactive insulin signaling and loss of 

PTEN have individually been observed in human cancers. Recent studies 

suggest that hyperinsulinemia or over-expression of IR is frequently found in 

cancers such as breast and colon (Belfiore and Malaguarnera, 2011). Impaired  
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Figure 2-5: IR phosphorylates PTEN.  

(A) human IR phosphorylates PTEN in the in vitro kinase assay. IR weakly 

phosphorylates (pY) wildtype PTEN (1-350), but strongly phosphorylates a 

phosphatase inactive PTEN (C124S). (B) Y27 and Y174 are conserved in 

DAF-18 and PTEN. Asterisks indicate the two conserved tyrosines. (C)Y27F 

and Y174F decrease tyrosine phosphorylation by IR.  
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PTEN expression has been estimated at 35-50% in breast and colon cancers 

that do not harbour PTEN mutations (Depowski et al., 2001; Naguib et al., 2011). 

Moreover, activated IR has been linked to breast cancer and poor survival (Law 

et al., 2008), and loss of PTEN protein is also associated with poor outcome in 

breast cancer (Depowski et al., 2001). On the other hand, we also show that 

down-regulating IR increases PTEN. Recent research shows that down-

regulation of IR inhibits cell proliferation, angiogenesis, and metastasis in cancer 

cells and xenografts (Zhang et al., 2010), in which PTEN has also been 

implicated to play an important role (Salmena et al., 2008; Wen et al., 2001). 

While it is beyond the scope of this study to validate this model in clinical 

samples, our model provides a promising mechanistic base for cancer biologists 

to correlate these observations in cancer patients. 

Post-translational modification plays an important role in regulating PTEN 

stability for its tumour suppression (Salmena et al., 2008). Phosphorylation on 

Ser/Thr has been extensively studied. Recently, research from our lab also 

shows that tyrosine phosphorylation in PTEN regulates its stability in the Eph 

RTK signaling (Brisbin et al., 2009). In the current study, we discovered that 

IRalso down-regulates PTEN through tyrosine phosphorylation, and further 

mapped Y27 and 174 as two key tyrosines. More importantly, these tyrosines 

mutated to aspartic acid in some cancer patients (Forbes et al., 2011). This 

supports our model that IR phosphorylates PTEN on certain tyrosines to make it   
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Figure 2-6: Working model.  

DAF-28/Insulin activates DAF-2/IR to implement dual functions. One function 

is to activate the canonical AGE-1/PI3K pathway to synthesize more PIP3, 

and the other is to phosphorylate and down-regulate DAF-18/PTEN to 

prevent the dephosphorylation of PIP3. In addition, PTEN has roles 

independent of PI3K (eg. in the nucleus) and therefore insulin/IR also has a 

direct role in regulating the PI3K independent PTEN functions.  
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susceptible for degradation, as the negatively charged aspartic acid mimics the 

phosphorylation. Similar to various Ser/Thr phosphorylations, in which both  

stabilization and destabilization effect have been reported (Salmena et al., 2008), 

research from the Lin Lab shows that Rak phosphorylates Y336 and stabilizes 

PTEN (Yim et al., 2009). Interestingly, we also found somatic mutation of Y336 to 

phenylalanine, which is structurally similar to tyrosine but cannot be 

phosphorylated, in some cancer patients in the COSMIC database (unpublished 

observation). This suggests that PTEN tyrosine phosphorylation may also serve 

to stabilize PTEN and thus PTEN tyrosine phosphorylation serves as an 

important post translational modification to regulate PTEN levels in the cell. 

Furthermore, our model also suggests insulin/IR would affect PI3K 

independent PTEN functions.  PTEN also has roles independent of the canonical 

PI3K/AKT signaling pathway, for example in the nucleus (Song et al., 2011).  

Consistent with this, our immunohistochemistry results show that inhibiting insulin 

signaling increased nuclear DAF-18/PTEN. Moreover, research from our lab and 

Hajnal Lab suggest that DAF-18/PTEN regulates MAPK in oocyte maturation and 

vulva development; respectively; and both are independent of canonical 

PI3K/AKT pathways (Brisbin et al., 2009; Nakdimon et al., 2012). 

More recently, the importance of PTEN protein phosphatase activity has 

been correlated to tumour suppression and this is independent of AKT (Tibarewal 

et al., 2012). Thus our model expands insulin/IR to a role in regulating PTEN 
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function independent of PI3K pathways, and also extends the traditional holding 

that PTEN antagonizes IR signaling only through its lipid-phosphatase activity. 

Although numerous studies have shown that insulin may act through IR to 

affect tumour progression (Milazzo et al., 1992; Sciacca et al., 2002), we cannot 

rule out the possibility that IR might down-regulate PTEN through the formation 

of hetero-receptor complexes with Insulin Growth Factor Receptor (IGF1R) which 

could be activated by other insulin-like growth factors as well (Pollak, 2012).  

Taken together, our model suggests a direct negative regulation of PTEN 

by insulin and IR. While this is certainly not the sole mechanism that accounts for 

the higher cancer risk found in hyperinsulinemia or IR over-expressing 

individuals, our model provides a promising foothold that cancer biologists should 

consider to rationally design drug targets in cancer therapy. 

 

2.5 Materials and Methods 

2.5.1 Genetics and culture conditions 

All strains were cultured and manipulated at 20oC as described by Brenner 

(Brenner, 1974), unless otherwise noted. We used N2 Bristol as the wild-type 

strain. Mutants used in this study were as follows: LGI: zdIs5 [Pmec-4::GFP] (gift 

of S. Clark) (Clark and Chiu, 2003); quIs18 [daf-18 genomic over-expressing line; 

pRF4] (Brisbin et al., 2009); LGIII: daf-2 (e1368, e1370); LGIV: daf-18 (ok480); 

LGV: daf-28 (sa191). 
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2.5.2 Constructs and transgenic lines 

To generate Pmec4::myr-daf-2, we incorporated the c-Src N-terminal 

myristoylation (MYR) signal (MGSSKS) using a PCR based approach. A 1.9kb 

cDNA encoding the intracellular region of daf-2 were fused in frame to 

myristoylation signal and cloned into a Pmec-4 expressing vector (Mohamed and 

Chin-Sang, 2006) to generate pIC758.This construct was co-injected with odr-

1::RFP (both 30ng/μl) into zdIs5 to generate quEx362. pIC176 (Pmec-4::daf-18) 

were co-injected with rol-6 (pRF4) marker (both 30 ng/μl) into quEx362 line 1 to 

generate quEx395. 

 

2.5.3 GST pull down assay 

Plasmids were individually transformed into E. coli Tuner (DE3) to induce 

protein expression. Generally, 1 μg of MBP fusion proteins and 1 μg of GST 

fusion proteins were mixed with 40μl of glutathione resin beads (GST-bind, 

Novagen), and allowed to bind for 1.5 hours at 4 oC. Protein bound to beads was 

washed three times (25 mM Tris-Cl [pH7.5], 150 mM NaCl, 1mM DTT, 10% 

glycerol, 0.5% Triton X-100), and then resolved on 10% SDS-PAGE followed by 

western blot analysis. MBP fusion proteins were detected by using anti-MBP 

conjugated to HRP (NEB, 1:5000) followed by ECL (Pierce). 

 

2.5.4 Kinase assay 
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Active IR kinase was purchased from SignalChem. His::PTEN and 

His::PTEN (C124S) were bacterially expressed and purified from Nickle column 

as per manufacturer’s protocol (Nickel, Qiagen). 100 ng of kinase and substrate 

were used with Abl kinase buffer (NEB) in each kinase reaction at 30 oC for 

30min. Samples were resolved on SDS-PAGE followed by western blot analysis. 

Anti-phospho-tyrosine was detected by using 4G10 (Millipore, 1:2500) as primary 

antibody, and goat anti mouse conjugated to HRP (1:5000) was used as 

secondary antibody. 

 

2.5.5 Immunoblot analysis using total worm lysate 

Unstarved mixed stage worms were washed off from plates and mixed 

with equal volume of 2X sample buffer, and boiled for 5 min. Samples were 

resolved on SDS-PAGE followed by western blot analysis. DAF-18 was detected 

by anti-DAF-18 serum (1:250) (Brisbin et al., 2009) as primary antibody, and goat 

anti rabbit conjugated to HRP (1:10,000) was used as secondary antibody. 

 

2.5.6 Cell culture 

HEK293 and MDA-MB-231 cells were cultured in Dulbecco’s modified 

media (Sigma) supplemented with 10% Fetal Bovine Serum (FBS) (Sigma) and 

1% Penicillin/Streptomycin (Invitrogen).   
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2.5.7 Protein extraction and quantification 

Protein was extracted in modified RIPA buffer (50 mM Tris, 150 mM NaCl, 

0.5% Deoxycholate, 0.1% SDS, 1% NP40, 10 mM EDTA, [pH7.4]) with 

proteinase inhibitor and quantified using the Bio-Rad protein assay according to 

manufacturer’s instructions.   

 

2.5.8 Transfections and siRNA knockdown of IR 

1 x 106 HEK293 cells were plated in 6-well plates and transfected with 

plasmid expressing myr-IR (pIC733) or an empty vector negative control using 

Lipofectamine 2000 (Invitrogen) according to manufacturer’s instructions.  48 

hours after transfection, protein was extracted and over-expression of myr-IR 

was verified by Western blotting. To transiently knockdown IR, siRNA duplexes 

targeted IR beta subunit were purchased from Integrated DNA technologies 

(Coralville, IA, USA).  MDA-MB-231 cells were transfected with 10 nM siRNA-1, 

siRNA-2 or negative control using Lipofectamine 2000 according to 

manufacturer’s instructions.  For best knockdown, protein was extracted 3 days 

post-transfection.  Down-regulation of IR was verified by western blotting. 

 

2.5.9 Insulin treatment 

1 x 105 MDA-MB-231 cells were plated in 6-well plates.  The next day 100 

nM or 2 μM insulin was added to the cells and incubated for 10 min followed by 
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protein extraction. To treat cells with down-regulated IR expression, MDA-MB-

231 cells were transfected with siRNA targeting IR as described above.  Two 

days post-transfection, cells were re-plated at 1 x105 cells/well, followed by 

insulin treatment and protein extraction.   

 

2.5.10 Immnuoblot analysis using samples from cell culture 

0.5~1 μg of proteins extracted from cell culturewere resolved on SDS-

PAGE, followed by western blot analysis. anti-PTEN (D5G7) and anti-IR 

(L55B10) were used as primary antibodies (both from Cell Signaling) in a dilution 

of 1:1000. Goat anti-rabbit (1:10,000), and goat anti-mouse (1:5,000) conjugated 

HRP were used as secondary antibodies against anti-PTEN and anti-IR, 

respectively. Anti-β-actin (1:5,000) (Clone C4, MP Biomedicals) was used as a 

loading control. 

 

2.5.11 Immunohistochemistry 

Antibody staining on mixed stage worms was carried out as described by 

(Chin-Sang et al., 1999). Anti-DAF-18 antibody (1:25) was visualized with 

secondary FITC-anti-rabbit antibodies (1:25; Upstate/Millipore). 

 

2.5.12 Phenotypic analysis on PLM axons 
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We used zdIs5 [Pmec-4::gfp] as a reporter to visualize the PLM axons. In 

wildtype worms the PLM axon terminates around the vulva area. We measured 

the length of the PLM axon away from the vulva, and designated “+” or “-” for the 

axons that terminate anterior or posterior to the vulva, respectively. We defined 

the range from “+80 μm” to “-40 μm” surrounding the vulva as wildtype. Longer 

axons were regarded as over-extension defect, and shorter axons were regarded 

as premature termination defect. 
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Chapter 3 

VHL is a Novel Negative Regulator of PTEN in C. elegans 

 

3.1 Abstract 

C. elegans serves an excellent model to study the conserved signaling 

pathways that are deregulated in human cancer. Hyperinsulinemia is a major 

cancer risk factor among many type 2 diabetes mellitus patients, and the hyper-

activated insulin receptor has been linked to cancer progression and poor 

survival. I have previously shown that insulin activates the insulin receptor to 

down-regulate the PTEN tumour suppressor in both C. elegans and humans. 

However, it remains unknown how PTEN is targeted for degradation under these 

circumstances. Here I show that the von Hippel-Lindau (VHL) ubiquitin ligase is a 

negative regulator of PTEN in C. elegans. I show that VHL-1 physically 

associates with DAF-18/PTEN. Functionally, VHL-1 negatively regulates DAF-

18/PTEN to inhibit a transcription factor SKN-1/Nrf2 for stress response; and to 

regulate axon guidance in insulin signaling. My results provide an unexpected 

finding where one tumour suppressor down-regulates another tumour suppressor 

in C. elegans. 

 

3.2: Introduction 
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Phosphatase and tensin homolog (PTEN) is the second most frequently 

lost tumour suppressor (after P53) found in cancer patients (Yin and Shen, 

2008). The monoallelic PTEN mutation, without loss or mutation of the second 

allele, has been estimated at 50%–80% in sporadic tumours (Salmena et al., 

2008). This haplo-insufficiency suggests that the protein level of PTEN is critical 

for its tumour suppression. Moreover, loss of PTEN expression is commonly 

found in breast cancer and correlates with disease related death, despite the fact 

that less than 5% of sporadic breast tumours contain somatic PTEN mutations 

(Depowski et al., 2001). This suggests that the post-translational regulation of 

PTEN is also critical in tumour suppression. 

PTEN plays an antagonistic role in the canonical insulin signaling by 

dephosphorylating the lipid phosphatidyl-inositol 3,4,5 triphosphate (PIP3) to 

phosphatidyl-inositol 4,5 bisphosphate (PIP2) (Salmena et al., 2008). I have 

recently shown that IR also antagonizes PTEN by down-regulating its protein 

level (Liu et al; in revision). This is consistent with epidemiological and 

experimental studies which demonstrate that hyperinsulinemia and over-active IR 

are cancer risk factors (Belfiore and Malaguarnera, 2011; Gallagher and LeRoith, 

2011; Law et al., 2008). Recent research also suggests that PTEN has roles that 

are independent of its lipid phosphatase activity. For example, its protein 

phosphatase activity has been correlated to tumour suppression, and it also has 

nuclear function for tumour suppression that is independent of its phosphatase 
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activity (Song et al., 2011; Tibarewal et al., 2012).These collectively signify the 

importance of IR as it could also affect PTEN tumour suppression independently 

of canonical PI3K/AKT signaling. However, it remains unknown how PTEN is 

targeted for degradation upon IR activation. 

The von Hippel-Lindau (VHL) gene encodes an E3 ubiquitin ligase that is 

well known for targeting hypoxia inducible factor 1 alpha subunit (HIF-1α) for 

degradation under normoxic conditions (Maxwell et al., 1999). The C. elegans 

genome encodes one VHL homolog, vhl-1, and one IR homolog, daf-2 (Epstein 

et al., 2001; Jiang et al., 2001; Kimura et al., 1997). The vhl-1 mutants share 

several phenotypes with the daf-2 mutants. For example, both mutants show 

increased longevity, improved thermo tolerance, increased MAPK activation, and 

aberrant axon guidance (Kenyon et al., 1993; Mehta et al., 2009; Muller et al., 

2009; Pocock and Hobert, 2008; Treinin et al., 2003). VHL-1 and DAF-2/IR were 

interpreted as functioning in parallel to regulate life span (Mehta et al., 2009; 

Muller et al., 2009). Nonetheless, VHL-1 and DAF-2/IR might function together in 

other physiological or developmental processes. DAF-18 is the only PTEN 

homolog in the worm and positively regulates MAPK in oocyte maturation 

(Brisbin et al., 2009; Ogg and Ruvkun, 1998). Considering both VHL-1 and DAF-

2 negatively regulate MAPK and DAF-2 down-regulates DAF-18/PTEN, I 

reasoned that VHL-1 might play a role in negatively regulating DAF-18/PTEN in 

insulin signaling. 
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In this study, I report genetic and physical interactions between VHL-1 and 

DAF-18/PTEN. I show that VHL-1 negatively regulates DAF-18/PTEN to inhibit a 

transcription factor SKN-1/Nrf2 for stress response; and to regulate axon 

guidance. 

 

3.3 Results 

3.3.1 VHL-1/VHL is a negative regulator of DAF-18/PTEN 

I reasoned that the VHL-1 E3 ubiquitin ligase might be a candidate 

negative regulator DAF-18/PTEN in the DAF-2/IR signaling pathway,. To test this 

hypothesis, I first studied the DAF-18/PTEN protein level in the vhl-1 null 

mutants. If VHL-1 is a bona fide negative regulator, I would expect to see an 

increased level of DAF-18/PTEN in vhl-1 mutants. Consistent with this, I found a 

more than 3-fold increase of DAF-18/PTEN levels in vhl-1 mutants compared 

with wildtype, similar to the daf-28/insulin mutants (Fig. 3-1A). I also performed 

RNAi against vhl-1, and observed a similar increase of the DAF-18/PTEN protein 

levels (Fig. 3-1B).  

To gain further insights into where VHL-1 functions to regulate DAF-

18/PTEN, I performed an in situ antibody staining on vhl-1 mutants using anti 

DAF-18 serum. In wildtype animals, DAF-18/PTEN levels are very low and not 

detected in intestinal or neuronal cells (Brisbin et al., 2009). In contrast, I was 

able to see significantly increased DAF-18/PTEN protein levels in the head 



 

66 

 

neurons, the intestine, and neurons in the ventral nerve cord in vhl-1 mutants 

(Fig. 3-1C-E).  Interestingly, the increased DAF-18/PTEN levels were localized to 

nuclei, a phenomenon that is similar to daf-2/IR and daf-28/insulin mutants (Liu et 

al., in revision). The western blot and in situ antibody staining results collectively 

support my hypothesis that VHL-1 is a negative regulator for DAF-18/PTEN. 

 

3.3.2 VHL-1 negatively regulates DAF-18/PTEN and prevents 

SKN-1/Nrf2 nuclear localization in intestine 

Insulin signaling is known to inhibit two transcription factors, DAF-16/FoxO 

and SKN-1/Nrf2, in parallel, to regulate longevity and stress resistance (Lin et al., 

2001; Tullet et al., 2008). Reduced insulin signaling, such as in the daf-2/IR 

mutants, results in constitutive nuclear localization and activation of DAF-

16/FoxO in neurons and muscle cells; and SKN-1/Nrf2 in intestines. DAF-

18/PTEN plays an antagonistic role in insulin signaling and positively regulates 

the nuclear localization of both DAF-16/FoxO and SKN-1/Nrf2. Considering that 

both vhl-1 and daf-2/IR mutants have increased DAF-18/PTEN levels in the 

intestine, I chose to use SKN-1/Nrf2 nuclear localization as a “read-out” to study 

the negative relationship of VHL-1 and DAF-18/PTEN. If VHL-1 is a negative 

regulator of DAF-18/PTEN in the insulin signaling pathway, then I would expect 

vhl-1 mutants to have reduced insulin signaling, and therefore have the same 

phenotype as daf-2/IR, (ie. SKN-1/Nrf2 nuclear localization). I performed vhl-1  
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Figure 3-1: vhl-1 mutants have increased DAF-18/PTEN protein.  

(A) Immunoblot with DAF-18/PTEN antibodies showing increased 

endogenous DAF-18 protein in mixed stage vhl-1 mutants. daf-18 (ok480) 

and vhl-1 (ok161) are null alleles. daf-28 (sa191) is  dominant negative allele. 

Unrelated lanes in the Immunoblot was cut out and shown as a dashed line. 

(B) Immunoblot with DAF-18/PTEN antibodies showing increased 

endogenous DAF-18 protein in vhl-1 RNAi worms. (C-E) DAF-18/PTEN 

antibodies do not detect endogenous levels of DAF-18, but vhl-1 null mutants 

show a significant DAF-18/PTEN protein in head neurons (C), intestinal cells 

(D), and neurons in the ventral nerve cord (E). The increased intestinal PTEN 

is predominantly nuclear.  Anterior to the left, scale bar= 10 μm. 
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RNAi on a SKN-1::GFP reporter strain (ldIs7) (An and Blackwell, 2003), and 

studied the SKN-1::GFP localization using antibodies staining against GFP. 

Consistent with my hypothesis, SKN-1::GFP localizes in the intestinal nuclei in 

vhl-1 RNAi worms (Fig. 3-2C). This is also dependent on DAF-18/PTEN, as the 

presence of vhl-1 RNAi does not cause SKN-1::GFP to localize in the nuclei in a 

daf-18/pten null mutant background (Fig. 3-2D).The nuclei translocation 

phenotype is the same as previously reported for daf-2/IR mutants, which is also 

dependent on DAF-18/PTEN (Tullet et al., 2008).Although it has been reported 

that DAF-16/FoxO nuclear localization is regulated by DAF-2/IR (Li et al 1999), it 

has been independently reported by two groups that VHL-1 does not affect DAF-

16/FoxO nuclear localization, and therefore I did not test DAF-16/FoxO 

localization (Mehta et al., 2009; Muller et al., 2009). Nonetheless, my results 

suggest that VHL-1 functions in insulin signaling to prevent SKN-1/Nrf2 nuclear 

localization through negatively regulation of DAF-18/PTEN in the intestine. 

 

3.3.3 VHL-1 functions downstream of DAF-2/IR in regulating 

axon guidance 

I previously showed that DAF-2/IR negatively regulates DAF-18/PTEN in 

neuronal development, specifically axon guidance (Liu et. al., in revision, Chapter 

2). Pocock and Hobert (2008) have also reported that daf-2 and vhl-1 regulates 

axon guidance. I then asked whether DAF-2/VHL-1/DAF-18 also function 

together in this specific developmental process. I previously showed that over-



 

71 

 

expressing a constitutively active DAF-2 (MYR-DAF-2) in the PLM neurons 

causes premature termination during the axonal outgrowth, and restoring DAF-

18/PTEN by ectopic over-expression rescues this defect (Liu et al., in revision, 

Chapter 2). I therefore postulated that if VHL-1 functions downstream of DAF-

2/IR to down-regulate DAF-18/PTEN, then removing VHL-1 should prevent DAF-

18/PTEN degradation in the MYR-DAF-2 background. Indeed, the vhl-1 null 

mutation rescues the premature termination defect caused by MYR-DAF-2 in the 

PLM axon (Fig. 3-3A-C). 

 

3.3.4 VHL-1 binds the C-terminus of DAF-18/PTEN and does 

not bind DAF-2/IR 

My genetic and immunostaining results support the model that VHL-1 is a 

negative regulator of DAF-18/PTEN in the DAF-2/IR signaling pathway. I have 

also previously shown the physical interaction between DAF-2/IR and DAF-

18/PTEN. I then asked whether VHL-1 directly binds DAF-18/PTEN and/or DAF-

2/IR. Through MBP pull down assays and deletion analysis, I showed that VHL-1 

binds the C-terminus of DAF-18/PTEN and does not bind DAF-2/IR (Fig. 3-4A-

C). The binding between VHL-1 and DAF-18/PTEN is not dependent on DAF-

2/IR phosphorylation. This implies that DAF-18/PTEN might change its 

confirmation upon phosphorylation by DAF-2/IR, which makes it vulnerable to the 

VHL-1 ubiquitin ligase. 

 



 

72 

 

  
Figure 3-2: VHL-1 negatively regulates SKN-1::GFP nuclear 

translocation. 

 (A) A partial schematic diagram of C. elegans insulin signaling and our 

working model. In brief, in normal DAF-2 signaling, DAF-18 is 

phosphorylated by DAF-2 and then degraded by VHL-1. In the absence of 

VHL-1, DAF-18 is not degraded, and therefore dephosphorylates PIP3 to 

PIP2. As a result, SKN-1 is activated and translocated to the intestinal 

nuclei. (B) SKN-1::GFP is constitutively localized in the ASI nuclei, but is not 

localized in the intestinal nuclei of wildtype worms grown on control RNAi. 

(C) SKN-1::GFP is translocated to the intestinal nuclei  of wildtype worms 

grown on vhl-1RNAi. (D) SKN-1::GFP is not translocated to the intestinal 

nuclei  of daf-18 mutant worms grown on vhl-1RNAi, suggesting VHL-1 

regulates SKN-1 through DAF-18. SKN-1::GFP is stained with anti GFP. 

Pictures in B and C were taken at 40X lens, and pictures in D were taken at 

63X. Scale bar=10 μm  
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Figure 3-3: vhl-1 mutation suppresses the premature termination 

defect in PLM axon guidance caused by MYR-DAF-2.  

(A-B) The PLM mechanosensory axon termination point is show by an 

arrow.  A schematic diagram is shown on the left of each panel and the 

boxed region corresponds to the region in the photo on the right. The 

mechanosensory neurons are visualized using zdIs5 [Pmec-4::gfp].  In 

wildtype adults the PLM axons terminate near the vulva (triangle) region. 

(A) Constitutively active MYR-DAF-2 causes a premature termination 

phenotype. (B) vhl-1 mutants suppress the defect caused by MYR-DAF-2. 

(C) Quantification of the suppression of MYR-DAF-2 by vhl-1 mutation. N 

refers to the number of axons scored. Error bar represents the Standard 

Error of the Mean (SEM). Students-t Test ***P<0.001, ** P<0.01  
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Figure 3-4: VHL-1 binds DAF-18, but not DAF-2.  

(A) Schematic diagram of the DAF-18/PTEN proteins and other regions tested 

for binding. Numbers indicate the corresponding amino acids. PDZbd=PDZ 

binding domain. (B) In MBP pull down assays, VHL-1 interacts with DAF-18 C-

terminal but not N-terminal.  Full length DAF-18 could also pull down VHL-1, 

but to a weaker extent. Two different exposures (Expo) of the immunoblots are 

shown. (C) In MBP pull down assays, DAF-2 did not pull down VHL-1. Load 

indicates 10% of the input of the GST::VHL-1 used in the pull down assay.  
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Figure 3-5: Working model. 

In the activated insulin signaling, DAF-2/IR phosphorylates DAF-18/PTEN.  

The E3 ubiquitin ligase VHL-1 assists this phosphorylated DAF-18/PTEN for 

proteasomal degradation, possibly through ubiquitination. One physiological 

function of this regulation is that DAF-2 and VHL-1 negatively regulate SKN-1 

nuclei translocation. Under stress conditions or in a daf-2/vhl-1 background, 

SKN-1 is translocated to the intestinal nuclei and activates the transcription of 

downstream targets for stress response.  
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3.4 Discussion 

Insulin and IR negatively regulate PTEN in both C. elegans and human, 

but how PTEN is subsequently degraded remains unknown. In the present study, 

I have used C. elegans genetics to discover VHL-1/VHL as a novel negative 

regulator of DAF-18/PTEN in insulin signaling pathway in one physiological and 

one developmental process, i.e., to inhibit the transcription factor SKN-1/Nrf2 for 

stress response; and to regulate axon guidance (Fig. 3-5). PTEN antagonizes the 

insulin signaling pathway and is the second most frequently lost tumour 

suppressor gene (after P53) found in cancer patients, and over-expression of IR 

or hyperinsulinemia increases cancer risk (Belfiore and Malaguarnera, 2011; Yin 

and Shen, 2008). While it is conceptually simple to “connect the dots” that IR 

down-regulates PTEN, it would be counterintuitive to believe that onetumour 

suppressor down-regulates another, as VHL is a tumour suppressor that inhibits 

a transcription factor HIF-1α. HIF-1α plays a pivotal role in angiogenesis which is 

required for tumour growth. The VHL mutation causes a constitutive expression 

of HIF-1α and is frequently found in various cancer patients. In spite of this 

seeming contradiction, recent studies have discovered that canonical tumour 

suppressors may also function in tumour progression depending on the cellular 

and physiological context, such as TGF-beta and parafibromin (Derynck et al., 

2001; Takahashi et al., 2011). Therefore, it is possible that VHL down-regulates 

PTEN in certain conditions, such as activated insulin signaling. 
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In line with this, my finding also adds VHL-1 as a novel player in insulin 

signaling. Previously, vhl-1 was thought to function in parallel with the canonical 

insulin signaling to regulate the life span and hypoxic response in C. elegans 

(Mehta et al., 2009; Muller et al., 2009; Scott et al., 2002). While reduced insulin 

signaling causes the nuclear localization of DAF-16/FoxO, the vhl-1 mutation 

does not have such an effect (Mehta et al., 2009; Muller et al., 2009). However, 

this does not rule out the possibility that VHL-1 could regulate DAF-18/PTEN in a 

DAF-16/FoxO independent way. Increasing evidence has suggested that insulin 

signaling also has a DAF-16/FoxO and DAF-18/PTEN lipid phosphatase 

independent roles. For example, the Hajnal Lab has shown that insulin signaling 

regulates vulval development that is independent of DAF-16/FoxO, but instead 

requires the DAF-18/PTEN (Nakdimon et al., 2012). Additionally, I have shown 

that insulin signaling regulates DAF-18/PTEN levels as well as its nuclear 

localization in the intestine (Liu et. al., in revision). The current study suggests 

that in reduced vhl-1 signaling, DAF-18/PTEN protein levels are increased and 

SKN-1/Nrf2 localizes to the intestinal nuclei. This is consistent with observations 

in daf-2 mutants (An and Blackwell, 2003; Tullet et al., 2008). These data 

collectively suggest that VHL-1 may function in insulin signaling to negatively 

regulate DAF-18/PTEN and control SKN-1/Nrf2, but not DAF-16/FoxO during 

stress response. 
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I also verified that this interaction functions in regulating axon guidance of 

the PLM neurons. I found that either the vhl-1 mutation or over-expressing DAF-

18/PTEN suppresses the premature termination defect caused by MYR-DAF-2 

(Liu et al., in revision, and this study). This is consistent with my model that over-

expressing DAF-2/IR down-regulates DAF-18/PTEN through VHL-1. However, 

the vhl-1 suppression is not complete, suggesting there may be other negative 

regulators of DAF-18. Indeed, our lab has found that two ubiquitin ligases, ned-4 

and wwp-1, are negative regulators of DAF-18 (Chin-Sang Lab, unpublished 

data). This is consistent with the findings in humans that NEDD4 (neural 

precursor cell expressed developmentally down-regulated protein 4) and WWP2 

(WW domain-containing protein 2) are ubiquitin ligases for PTEN (Maddika et al., 

2011; Wang et al., 2007). In addition, XIAP (X-linked inhibitor of apoptosis 

protein) also regulates PTEN ubiquitination (Van Themsche et al., 2009). Since 

PTEN functions in various developmental and physiological processes, it is 

possible that multiple E3 ubiquitin ligases regulate PTEN, depending on temporal 

and spatial context. 

Previously it has been reported that both daf-2/IR mutants and vhl-1 

mutants affect axon guidance in the PVQ neurons (Pocock and Hobert, 2008). 

This was interpreted as a result of HIF-1α stabilization, which further up-regulates 

VAB-1/EphR to affect PVQ axon guidance. The fine-tuning of axon guidance 

regulation could be neuron specific and it is likely that VHL-1 functions in PLM 
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axon guidance in a HIF-1α/VAB-1 independent mechanism. Our lab has 

previously shown that over-expressing VAB-1/EphR causes a premature 

termination defect in the PLM axon; which is consistent with over-expressing 

DAF-2/IR (Mohamed and Chin-Sang, 2006). If the vhl-1 mutation up-regulates 

VAB-1/EphR in the PLM axon, then I would expect the PLM axon to be even 

shorter in the MYR-DAF-2 background. In contrast, vhl-1 mutation suppresses 

the premature termination defect. Therefore, vhl-1 functions differently in axon 

guidance between these two different neurons, and this further supports my 

notion that it could be a cell-specific VHL-1 down-regulation of DAF-18/PTEN in 

insulin signaling. 

Insulin signaling in C. elegans and humans is highly conserved. It will be 

interesting to test whether the negative regulation of VHL-1 on DAF-18/PTEN 

has functional relevance in humans, as this interaction has never been reported. 

Interestingly, it has recently been reported that insulin secretion is impaired in 

pancreatic beta-cells lacking VHL (Puri et al., 2009). PTEN is known to produce 

PIP2, which activates the KATP channel to inhibit insulin secretion (Huopio et al., 

2002; Ribalet et al., 2006). If VHL negatively regulates PTEN in this particular 

cellular context, this could explain why losing VHL results in impaired insulin 

secretion. 

In summary, my study supports the unexpected finding that the C. elegans 

elegans VHL tumour suppressor negatively regulates another tumour suppressor 
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DAF-18/PTEN in C. elegans IR signaling. This finding offers promising avenues 

for future research in mammalian systems. 

 

3.5 Material and Methods 

3.5.1 Genetics and culture conditions 

All strains were cultured and manipulated at 20oC as described by Brenner 

(Brenner 1974). I used N2 Bristol as the wild-type strain. Mutants used in this 

study were as follows: LGI: zdIs5 [Pmec-4::GFP] (gift of S. Clark); LGIII: daf-2 

(e1370); LGIV: daf-18 (ok480); LGX: vhl-1 (ok161). Not mapped: quIs18 [daf-18 

genomic over-expressing line; pRF4]; ldIs7 [skn-1B/C::GFP; pRF4]. 

Extrachromosomal array: quEx362 [Pmec-4::myr-daf-2; odr-1]. 

 

3.5.2 RNAi analysis 

daf-2 RNAi was generated as described by Brisbin et al. (2009). vhl-1 

RNAi was from the Ahringer library (Kamath et al., 2003). RNAi constructs were 

individually transformed into E. coli HT115 (DE3) competent cells. Single 

colonies were inoculated into media with Amp (50 μg/ml). Induced cultures were 

plated out on NGM plates containing Amp (50 μg/ml) and IPTG (0.4 mM); and 

were allowed to grow overnight. Strains subject to RNAi analysis were grown on 

RNAi plates as per standard RNAi protocol (Kamath et al., 2003). 
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3.5.3 MBP pull down assay 

Plasmids were transformed into E. coli Tuner (DE3) cells individually to 

induce protein expression. Generally, 1 μg of GST fusion proteins and 1 μg of 

MBP fusion proteins were mixed with 40 μl of Amylose resin beads (NEB), and 

allowed to bind for 1.5 hours at 4 oC. Protein bound to beads was washed three 

times (25 mM Tris-Cl [pH7.5], 150mM NaCl, 1mM DTT, 10% glycerol, 0.5% 

Triton X-100), and then resolved on 10% SDS-PAGE, followed by transferring 

onto PVDF membrane. GST fusion proteins were detected by using anti-GST 

conjugated to HRP (1:5000) followed by chemiluminescent ECL (Pierce) 

detection. Total MBP fusion proteins were detected by using anti-MBP 

conjugated to HRP (NEB, 1:10,000) followed by ECL (Pierce). 

 

3.5.4 Immunoblot analysis using total worm lysate 

Unstarved mixed stage worms were washed off from plates and mixed 

with equal volume of 2X sample buffer. Samples were boiled for 5 min and then 

centrifuged at 10,000 xg for 3 min. Supernatants were resolved on 10% SDS-

PAGE followed by western blot analysis. DAF-18 was detected by anti-DAF-18 

serum (1:250) (Brisbin et al., 2009) as primary antibody, and goat anti rabbit 

conjugated to HRP (1:10,000) was used as secondary antibody, followed by ECL 

(Pierce). 
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3.5.5 Immunohistochemistry 

Antibody staining on mixed stage worms was carried out as described by 

(Chin-Sang et al., 1999). Anti-DAF-18 antibody (1:25) was visualized with 

secondary FITC-anti-rabbit antibodies (1:25; Upstate/Millipore). Chicken anti-

GFP antibody (1:100) was visualized with secondary FITC-anti-chicken 

antibodies (1:100). 

 

3.5.6 Phenotypic analysis on PLM axons 

zdIs5 [Pmec-4::gfp] was used as a reporter to visualize the PLM axons. In 

wildtype worms at young adult stage, PLM axon terminates around the vulva 

area. I measured the length between the termination of PLM axon and the vulva, 

and designated “+” or “-” for the axons that terminate anterior or posterior to the 

vulva, respectively. For worms at young adult state, I defined the range from “+80 

μm” to “-40 μm” from the vulva as wildtype. Shorter axons were regarded as 

premature termination defects, and longer axons were regarded as the over-

extension defects. 
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Chapter 4 

Insulin Receptor and Eph Receptor Form a Co-receptor Complex 

to Regulate Multiple Developmental Processes in C. elegans 

 

4.1 Abstract 

Insulin receptor (IR) and Eph receptor (EphR) are both highly conserved 

receptor tyrosine kinases and regulate various developmental and physiological 

processes in C. elegans and humans. Both of them have individually been 

reported to have similar roles in development. Additionally, their corresponding 

worm homologs both down-regulate PTEN, a phosphatase and tumour 

suppressor. However, cross-talk between IR and EphR has never been 

established. In this study, I used C. elegans as a model to show that IR and 

EphR homologs could form a co-receptor complex and function together to 

regulate various developmental processes including cell positioning, axon 

guidance, embryogenesis and epidermal morphogenesis. In addition to their 

cooperative function, I also provide genetic evidence to show they could function 

in parallel in a separate developmental context. In addition, I further extend the 

understanding of the worm IR with previously unreported developmental roles. 

My findings therefore provide a novel platform for cancer biologists and 

endocrinologists to consider for diseases where these receptors might be 

deregulated. 
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4.2 Introduction 

C. elegans serves as an excellent model organism to study signaling 

pathways that are deregulated in human diseases. Many developmental 

processes in C. elegans have been well studied, and could serve as in vivo 

developmental hypothesis driven models. In addition, the signal transduction 

events are conserved, and therefore understanding the genetic and molecular 

mechanisms in the normal developmental processes in C. elegans is implicative 

to understand human disease.  

Over-activated insulin receptor (IR) signaling and Eph Receptor (EphR) 

signaling have individually been implicated to be cancer risk factors (Belfiore and 

Malaguarnera, 2011; Pasquale, 2010). While the mechanism remains largely 

unknown for IR and controversial for EphR in mammalian research, two studies 

in C. elegans suggest that the homologs of IR and EphR in worm could each 

down-regulate the homolog of PTEN, which is the second most frequently lost 

tumour suppressor (after P53) found in human cancer (Brisbin et al., 2009) (Liu 

et al., in revision). It has also been confirmed that such regulatory mechanism of 

IR and PTEN is also conserved in humans (Liu et al, in revision, and unpublished 

data). 

Insulin signaling is a highly conserved signaling pathway that plays 

fundamental roles in various developmental and physiological processes, such 
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as neuronal development, germline proliferation, cell size control, glucose 

metabolism, and ageing (Finch and Ruvkun, 2001; Kenyon, 2010; Song et al., 

2003; Yang and Xu, 2011). EphR signaling is also conserved and functions in 

neuronal development and cell positioning (Alonso-Colmenar, 2012; Egea and 

Klein, 2007). Both signaling pathways also regulate longevity, dauer larvae 

formation, and axon guidance in C. elegans (Brisbin et al., 2009; Kenyon et al., 

1993; Pocock and Hobert, 2008).Considering that both signaling pathways have 

several overlapping functions in both worm and human, and both receptors 

down-regulate the PTEN homolog in C. elegans, I postulate that IR and EphR 

might form a co-receptor complex to function together for some specific 

developmental and physiological processes. 

The C. elegans genome encodes one IR homolog, DAF-2, and one EphR 

homolog, VAB-1, while the human genome encodes two IR homologs (IR and 

IGF-1R); and 14 EphR homologs (Belfiore and Malaguarnera, 2011; George et 

al., 1998; Kimura et al., 1997; Pasquale, 2010).The large number of EphR 

homologs and their activities in cancer are complex and sometimes contradictory 

due to cross talk and context dependent signaling (Pasquale, 2010). C. elegans 

is therefore a simpler model to study the IR and EphR signaling. 

In this study, I provide genetic and biochemical evidence to show that 

DAF-2/IR and VAB-1/EphR physically bind each other to form a co-receptor 

complex, and function in various developmental processes, such as neuronal cell 
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positioning, axon guidance, embryogenesis and epidermal morphogenesis. I also 

show that they function independently in a separate developmental context. 

Moreover, I discovered that DAF-2/IR functions in several previously unreported 

developmental processes in C. elegans. 

 

4.3 Results 

4.3.1 daf-2/IR and vab-1/EphR mutants have overlapping 

phenotypes 

To ask whether daf-2/IR and vab-1/EphR act in the same pathway, I first 

compared the mutant phenotypes of single mutants. Both mutants have 

increased life span, and axon guidance defects (Table 1). I also observed in this 

study that they shared several other phenotypes that were only previously 

reported in one mutant (Table 1). I therefore asked whether these two genes 

function in the same genetic pathway. 

 

4.3.2 daf-2/IR and vab-1/EphR act in a common genetic 

pathway in regulating neuronal cell positioning 

To test whether daf-2/IR and vab-1/EphR function together, I used genetic 

crosses. Perhaps the most commonly used, and conceptually simplest, genetic 

experiment to test whether two genes function in the same pathway is to make 

double mutants with two null alleles of both genes. If they function in the same  
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Table 4-1: The phenotypes in vab-1 and daf-2 mutants. 

a: (Mohamed and Chin-Sang, 2006) 

b: (Liu et al., in revision) 

c: (Brisbin et al., 2009) 

d: (Kenyon et al., 1993) 

e: (Vowels and Thomas, 1992) 

f: (George et al., 1998) 
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pathway, then there will be no increase in severity of the phenotype (Huang and 

Sternberg, 2006; Partridge et al., 2008). However, the strong mutants of daf-2/IR 

are either embryonic lethal [daf-2 (e979)] at the non-permissive temperature, or 

cause constitutive dauer, a dormant stage, which never grows to adulthood [daf-

2 (m65)], thereby precluding the double mutant analysis at the adult stage (Gems 

et al., 1998; Patel et al., 2008). 

I therefore used an alternate genetic test by using two hypomorphic 

(weak) alleles. If two genes work independently, then the double hypomorphic 

mutant will show additive severity at most. However, if they work in the same 

pathway, then the double mutant will result in successive reductions in flow 

though the pathways, and therefore show a synergistic effect (Boone et al., 2007; 

Guarente, 1993; Herman and Yochem, 2005; Partridge et al., 2008) (Figure 4-1). 

The reference alleles for daf-2(e1370) and vab-1(e2) encode point mutations 

P1465S and G912E, respectively (George et al., 1998; Kimura et al., 1997). Both 

alleles are predicted to be kinase defective (kd), and I therefore used these two 

alleles in my double mutant analysis. 

Our lab has previously shown that the weak allele of vab-1(e2) (kd) has a 

low penetrance (10%) of PLM cell body positioning, while a null allele vab-1 

(dx31) has a much higher penetrance (35%) (Mohamed and Chin-Sang, 2006). I 

analyzed daf-2 (e1370) (kd) and found 4% penetrance. I further asked whether 

the combination of two hypomorphs could result in a synergistic effect.  
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Figure 4-1: Schematic diagram of the principle for double mutant 

analysis to study two genes in the same genetic pathway. 

Modified from (Herman and Yochem, 2005) 
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Consistent with my hypothesis, vab-1(kd); daf-2(kd) mutants have a much 

greater penetrance (32%) that is more than the hypothetical penetrance of vab-1 

(kd); daf-2 (kd) if they act completely independently. This also represents the 

penetrance of the vab-1(null). Moreover, vab-1(null); daf-2(kd) does not exceed 

the vab-1(null) mutant alone, further supporting the hypothesis that vab-1 and 

daf-2 function solely in the same pathway for regulating PLM cell body 

positioning (Figure 4-2A-C). 

 

4.3.3 daf-2/IR and vab-1/EphR act in a common genetic 

pathway in regulating anterior PLM axon guidance 

Previously, our lab has reported that both daf-2/IR and vab-1/EphR 

mutants have an over-extension defect of the anterior guidance of the PLM axon, 

while over-expressing the gain-of-function forms of each, on the contrary, causes 

an opposite defect of premature termination (Mohamed and Chin-Sang, 2006) 

(Liu et al., in revision). I then asked whether these two receptors also function 

together in this particular developmental process. Consistent with this 

hypothesis, the double mutant of the two hypomorphs, vab-1(kd); daf-2(kd), has 

a greater penetrance than the hypothetical penetrance of vab-1 (kd); daf-2 (kd) if 

they act completely independently. I also found that vab-1(null); daf-2(kd) worms 

have a greater penetrance than the double mutant of two hypomorphs, 

suggesting daf-2/IR is not solely dependent on VAB-1/EphR in regulating anterior  
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Figure 4-2: vab-1/EphR and daf-2/IR function in a common pathway to 

regulate PLM cell body positioning.  

(A-B) The PLM cell body is visualized using Pmec-4::gfp.  A schematic 

diagram is shown on the left of each panel and the boxed region corresponds 

to the specific region in the photo. (A) In wildtype young adults the PLM cell 

body is localized posterior to the anal opening and is never localized anterior 

to it. (B) In vab-1(kd); daf-2(kd) double mutants, PLM cell body is sometimes 

mis-localized anterior to the anal opening. In this figure, one PLM is anteriorly 

localized, while the other is normal. (C) The penetrance of the double 

hypomorphic combination (31.9%) is much higher than the additive 

penetrance of two single mutants (13.9%), and is similar to that of the vab-1 

(null) (35.8%). N refers to the number of axons scored. Error bar represents 

the Standard Error of the Mean (SEM).  
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PLM axon guidance (Figure 4-3A-C).This is also consistent with the finding that 

daf-2(kd) has a higher penetrance than the vab-1(null). 

 
4.3.4 daf-2/IR and vab-1/EphR act in a common genetic 

pathway in regulating embryogenesis and epidermal 

morphogenesis 

vab-1/EphR signaling is known to play an important role in regulating 

embryogenesis and epidermal morphogenesis (Chin-Sang and Chisholm, 2000; 

Chin-Sang et al., 1999; Chin-Sang et al., 2002; George et al., 1998; Miller and 

Chin-Sang, 2012; Wang et al., 1999). vab-1 null mutants have incompletely 

penetrant embryonic and larval lethality, due to a defect in the migration of 

neuroblasts during gastrulation, and a subsequent defect in epidermal cell 

movements during ventral enclosure of the embryo (Figure 4-4C). vab-1 null 

embryos that survive often have a notched head phenotype (variable abnormal, 

Vab) (Figure 4-4E) (Chin-Sang et al., 1999; George et al., 1998). Although daf-

2(kd) mutants do not have the notched head phenotype and only have very low 

embryonic and larval lethality (3% collectively), one allele (e979) has been 

previously reported to have 25% embryonic lethality and 75% larval arrest at the 

non permissive temperature(Gems et al., 1998). This strongly suggests that daf-

2/IR could also play an important role in embryogenesis. I performed the double 

mutant analysis and found that the double hypomorphic mutants, vab-1(kd); daf-

2(kd), show synergistically enhanced phenotypes in both lethality and notched  
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Figure 4-3: vab-1/EphR and daf-2/IR function in a common pathway to 

regulate anterior PLM axon guidance. 

 (A-B) The anterior PLM axon guidance is visualized using Pmec-4::gfp.  A 

schematic diagram is shown on the left of each panel and the boxed region 

corresponds to the specific region in the photo. (A) In wildtype young adults 

the anterior PLM axon terminates near the vulva (triangle) region and never 

extend past the ALM neurons. (B) In vab-1(kd); daf-2(kd) double mutants, the 

anterior PLM axon over-extends past the vulva and ALM neurons. (C) The 

penetrance of the double hypomorphic combination (51.2%) is much higher 

than the additive penetrance of two single mutants (45.5%), but is less than 

that of the vab-1 (null); daf-2 (kd) (66.4%), suggesting DAF-2 has both a VAB-

1 dependent and independent role. N refers to the number of axons scored. 

Error bar represents the Standard Error of the Mean (SEM).  The dashed line 

indicates the cells and axons that are not in the focal plane. 
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Figure 4-4: daf-2 (e979) mutants display defects in cell movements 

similar to those seen in vab-1 mutants.  

(A) Cartoon of wildtype C. elegans embryogenesis highlighting the stage 

before ventral epidermal enclosure. (B) Ventral epidermis encloses in 

wildtype C. elegans embryos. (C) Ventral epidermis fails to enclose properly 

in vab-1 mutant embryos. (D) Ventral epidermis fails to enclose properly in 

daf-2(e979) mutant embryos similar to vab-1 at non permissive temperature. 

(E) vab-1 larvae show a notched head phenotype. (F) daf-2(e979) larvae 

show a notched head phenotype similar to vab-1 at non permissive 

temperature. (G) wildtype L1 larvae show a normal head phenotype. (A, B, 

C, E, G) courtesy of Dr. Chin-Sang. 
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heads (Vab) (Table 2; Figure 4-5A-C). Additionally, vab-1(null); daf-2(kd) mutants 

show an enhanced penetrance of embryonic lethality than vab-1(null) mutants, 

suggesting DAF-2 is not totally dependent on VAB-1 in regulating epidermal 

morphogenesis. This is also consistent with the finding that daf-2 (e979) (null) 

has higher lethality than vab-1(dx31) (null) (Table 2; Figure 4-5A-C). The fact that 

vab-1(null); daf-2(kd) mutants have less penetrance of larva lethality and adult 

vab phenotypes than vab-1(null) is because vab-1(null); daf-2(kd) mutants die 

early as embryos (79.8%). 

To further gain insights into how daf-2 embryos die, I used four-

dimensional (4D) video microscopy to record the embryonic development in the 

daf-2(e979) mutant embryos at the non permissive temperature, which exhibits 

100% embryonic and larval lethality (Gems et al., 1998). I analyzed 5 embryos, 

and interestingly, 4 out of 5 daf-2 (e979) animals died with a similar ventral 

enclosure defect observed in vab-1 null mutants, and one arrested at 3-fold with 

a notched head phenotype (Figure 4-4D and F). In summary, my double mutant 

analysis and the 4D microscopy assay collectively suggest that DAF-2/IR 

functions in embryogenesis and epidermal morphogenesis, and has roles both 

dependent and independent of VAB-1/EphR. 

 

4.3.5 daf-2/IR and vab-1/EphR act in parallel to regulate 

posterior PLM axon guidance 
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Table 4-2: Developmental phenotypes in daf-2 and vab-1 mutants.  

The embryonic lethality, larval lethality, and adult Vab phenotypes of vab-

1(e2); daf-2(e1370) are much higher than the additive of the two single 

hypomorphs. SEM (standard error of the mean) was calculated for N 

repeats. For each repeats, 3 or 4 worms were allowed to lay eggs, and total 

broods were scored. n, total number of animals that were scored. 
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Figure 4-5: Graphical representation of Table 4-2.  

vab-1/EphR and daf-2/IR function together to regulate embryogenesis and 

epidermal morphogenesis, shown as (A) embryonic lethality; (B) larval 

lethality; and (C) adult Vab phenotype. The penetrance of all three groups of 

the double hypomorphic combination is much higher than the additive 

penetrance of two single mutants. The penetrance of the vab-1 (null); daf-2 

(kd) is low in larval lethality and adult Vab, probably because its embryonic 

lethality is high (79.8%). Error bar represents the Standard Error of the 

Mean (SEM).  
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I have shown that DAF-2/IR and VAB-1/EphR function together to regulate 

various developmental processes. I then asked whether they could also function 

independently in some other processes. During development, the PLM neuron 

extends two neurites, a longer anteriorly-processed axon that grows to the vulva 

and a much shorter posteriorly-processed axon that only grows less than 40 μm. 

Interestingly, axon guidance mechanisms are different between these two axons 

(Hilliard and Bargmann, 2006; Prasad and Clark, 2006).The hypomorphic daf-2 

(kd) and vab-1 (kd) mutants have 45% and 47% over-extension defects in PLM 

posterior growth, respectively. If they function in a parallel pathway, then I should 

expect an additive penetrance of two single mutants at most (92%). In contrast, if 

they function together, then I should expect a greater penetrance. Interestingly, 

the double mutant showed 65% penetrance (Figure 4-6A-C). This suggests that 

DAF-2/IR and VAB-1/EphR function in parallel in guiding the posterior PLM axon 

guidance, which is in contrast to their cooperative role in regulating the anterior 

PLM axon guidance (Figure 4-6A-C). 

 

4.3.6 DAF-2/IR physically binds VAB-1/EphR 

My genetics result suggests that these two proteins could function 

together and form a co-receptor complex. However, two hypomorphic mutations 

that have synergistic enhancement is not direct proof for involvement of the two 

genes in the same pathway or protein complex.  For example, there may be  
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Figure 4-6: vab-1/EphR and daf-2/IR function independently to regulate 

posterior PLM axon guidance.  

(A-B) The posterior PLM axon guidance is visualized using Pmec-4::gfp.  A 

schematic diagram is shown on the left of each panel and the boxed region 

corresponds to the specific region in the photo. (A) In wildtype young adults 

the posterior PLM axon extends less than 40μm. (B) In vab-1(kd); daf-2(kd) 

double mutants, the posterior PLM axon grows much longer than 40 

micrometer and often extends all the way to the tip of the tail. (C) The 

penetrance of the double hypomorphic combination (65.0%) is similar to that 

of the hypothetical penetrance if they act in parallel (70.9%), suggesting they 

work independently to regulate the posterior guidance of PLM axon. N refers 

to the number of axons scored. Error bar represents the Standard Error of the 

Mean (SEM).  
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cases where partial loss of function but not complete elimination of two parallel 

pathways by hypomorphic mutations might collectively result in an insufficient 

level of final product or output leading to a synergistic phenotype. Therefore, 

biochemical test should be employed to verify the genetic data. To this end, I 

conducted GST pull down assay to test whether these two proteins physically 

bind each other. I bacterially expressed the intracellular region of DAF-2/IR and 

VAB-1/EphR, fused to MBP and GST tags, respectively. I then used a GST pull 

down assay and confirmed their physical interaction is through their intracellular 

regions (Figure 4-7). My biochemical results support my genetic data that these 

two receptors could function as a complex. 

 

4.4 Discussion 

My data support a model that DAF-2/IR and VAB-1/EphR form a co-

receptor complex to function in various developmental processes, including 

neuronal cell positioning, anterior PLM axon guidance, embryogenesis and 

epidermal morphogenesis. My work also shows that these two receptors could 

also function in parallel to regulate the posterior PLM axon guidance (Figure 4-8). 

Increasing evidence has suggested that membrane receptors could form co-

receptor complexes to exemplify the complexity of signal transduction in 

response to extracellular ligand stimulation. Depending on the cellular context, 

the formation of co-receptor complexes could either enhance or inhibit the signal. 
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For example, SAX-3 and VAB-1 function together to regulate gastrulation cleft 

closure (Ghenea et al., 2005), whereas SAX-3 functions opposite to VAB-1 in 

regulating the anterior PLM axon guidance (Chin-Sang Lab unpublished), 

suggesting a context-dependent signal transduction. Moreover, the canonical 

attractive response of UNC-40 to ligand UNC-6 is changed to repulsion upon 

forming an UNC-5 and UNC-40 complex in distal tip cell migration (Merz et al., 

2001). IR and type 1 insulin-like growth factor receptor (IGF-1R) are well-known 

to form homo-dimers by themselves, and to form hetero-dimers between each 

other (Pollak, 2012). Other than forming this highly homologous receptor 

complex, IR has also been reported to form a hetero-receptor with Met, a 

hepatocyte growth factor receptor (Fafalios et al., 2011). My finding suggests the  

worm homolog of IR, DAF-2, could form a co-receptor with the worm EphR 

homolog, VAB-1, and therefore implies cross talk between these two signaling 

pathways. 

My finding that DAF-2/IR and VAB-1/EphR function as a complex is 

intriguing. Over-expression of IR and EphA2, an EphR homolog, has been 

reported individually as cancer risk factors (Belfiore and Malaguarnera, 2011; 

Pasquale, 2010). Both IR and EphR homologs in worm could down-regulate the 

protein level of the worm homolog of PTEN tumour suppressor. Additionally, both 

human IR and EphA2 could phosphorylate PTEN (Liu et al. in revision; Liu et al. 

unpublished data). Therefore, the over-expression of either protein in this co-   
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Figure 4-7: The intracellular regions of DAF-2 and VAB-1 bind each 

other.  

In the GST pull down essay, GST::VAB-1 binds the MBP::DAF-2. Load 

indicates10% of the input of the MBP::DAF-2 used in the pull down 

assay.  
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Figure 4-8: Working model.  

VAB-1/DAF-2 could function both in parallel and form a co-receptor complex to 

regulate various developmental processes. Among these, they function 

exclusively as a complex to regulate PLM cell body positioning and function 

exclusively in parallel to regulate the posterior PLM axon guidance. 

Additionally, they could function both cooperatively and individually to regulate 

the other three traits in this study. The physiological and developmental 

processes that are regulated by the canonical DAF-2/IR signaling and VAB-

1/EphR signaling are not included in this model. The canonical ligands for their 

homo-receptor complex are hypothetically put in this model (Ephrin for VAB-

1and Insulin/IGF for DAF-2). The ligand(s) for the putative hetero-receptor 

complex is unknown.  
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receptor complex might activate the other and thereby cause a synergistic effect 

by phosphorylating PTEN, making the tumour suppressor susceptible for 

degradation and consequently increasing the cancer risk. Moreover, the 

formation of a co-receptor complex could result in the binding of one receptor to 

the ligand of another receptor, either directly or indirectly. For example, the 

IR/IGF-1R co-receptor can directly respond to more diverse ligands (insulin, IGF-

1, and IGF-2) (Pollak, 2012). Additionally, the hepatocyte growth factor could 

activate its receptor Met, which further trans-phosphorylates IR in the complex 

(Fafalios et al., 2011). Although I did not study the ligand(s) for this DAF-2 VAB-1 

co-receptor complex in this research, it is highly possible that either insulin/IGF or 

ephrin is the ligand, or even both, depending on the cellular context. In support of 

this, recent research shows that stimulation of IGF2 causes EphB4 activation 

(Morcavallo et al., 2011). Furthermore, Ephrin-EphR signaling has been shown to 

play an important role in regulating insulin secretion (Konstantinova et al., 2007). 

It is also reported that IR activation inhibits insulin secretion (Persaud et al., 

2002). My results in the worm suggest that their human homologs might function 

together in regulating insulin secretion in response to insulin or ephrin. Since 

defects in insulin secretion also plays a role in the pathogenesis of type 2 

diabetes (LeRoith, 2002), my results provide new insights and suggest that EphR 

may have therapeutic potential for type 2 diabetes in the clinical setting. 
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My results also provide the first report of a role for DAF-2/IR in the 

epidermal morphogenesis of C. elegans. Interestingly, the null mutant of age-1, 

the only PI3 kinase catalytic subunit homolog which is a canonical down-stream 

effector in insulin signaling, only shares the dauer-constitutive and increased 

longevity phenotypes as with daf-2 mutants, but does not cause lethality (Morris 

et al., 1996; Paradis et al., 1999). This therefore suggests that DAF-2/IR 

regulates epidermal morphogenesis in a PI3K independent pathway, and my 

finding provides a new developmental process to specifically study the PI3K-

independent IR signaling in C. elegans. 

I also discovered a new developmental role of DAF-2/IR in regulating 

neuronal cell positioning. To the best of my knowledge, it is the first report of 

DAF-2/IR for this function. The fine-tuning of cell positioning is important for cell-

cell communication, such as cell-cell adhesion or segregation of interacting cells 

(Alonso-Colmenar, 2012; Nievergall et al., 2012). Research over the past 15 

years has shed light on the role of EphR in cell adhesion to substrate, migration 

and invasion. IR, however, lacked a role in cell positioning. Numerous reports 

have suggested a role for IR in cancer metastasis and progression (Ulanet et al., 

2010; Zhang et al., 2010). Therefore, this research will provide us a better 

foundation to study cancer metastasis, if we understand the genetic and 

molecular mechanisms in the DAF-2/IR and VAB-1/EphR signaling in regulating 

cell positioning in the normal development. 
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In summary, my results suggest a novel crosstalk between DAF-2/IR and 

VAB-1/EphR for their cooperative function in various developmental processes in 

C. elegans. This finding might serve as a basis to better understand their roles in 

cancer metastasis and diabetes. 

 

4.5 Material and Methods 

4.5.1 Genetics and culture conditions 

All strains were cultured and manipulated at 20oC as described by Brenner 

unless otherwise noted (Brenner 1974). I used N2 Bristol as the wild-type strain. 

Mutants used in this study were as follows: LGI: zdIs5[Pmec-4::GFP](gift of S. 

Clark)(Clark and Chiu, 2003); LGII: vab-1 (e2, dx31); LGIII: daf-2 (e979,e1370). 

 

4.5.2 GST pull down assay 

Plasmids were individually transformed into E. coli Tuner (DE3) to induce 

protein expression. Generally, 1 μg of MBP fusion proteins and 1μg of GST 

fusion proteins were mixed with 40 μl of glutathione resin beads (GST-bind, 

Novagen), and allowed to bind for 1.5 hours at 4oC. Protein bound to beads was 

washed three times (25 mM Tris-Cl [pH7.5], 150 mM NaCl, 1 mM DTT, 10% 

glycerol, 0.5% Triton X-100), and then resolved on 10% SDS-PAGE followed by 

western blot analysis. MBP fusion proteins were detected by using anti-MBP 

conjugated to HRP (NEB, 1:5000) followed by ECL (Pierce). 
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4.5.3 Phenotypic analysis on PLM cell body positioning 

I used zdIs5 [Pmec-4::gfp] as a reporter to visualize the PLM cell body 

positioning. In wildtype worms, PLM cell body localizes posterior to the anal 

opening. PLM cell bodies that localize anterior to the anal opening were regarded 

as cell body displacement. 

 

4.5.4 Phenotypic analysis on PLM axons 

I used zdIs5 [Pmec-4::gfp] as a reporter to visualize the PLM axons. PLM 

axons normally terminate around the vulva area in wildtype worms,. I measured 

the length from the termination point of PLM axon to the vulva, and designated 

“+” or “-” for the axons that terminate anterior or posterior to the vulva, 

respectively. I defined the range from “+80μm” to “-40μm” from the vulva as 

wildtype. Shorter axons were regarded as premature termination defect, and 

longer axons were regarded as over-extension defect. 

 

4.5.4 4D video microscopy 

4D video microscopy was conducted essentially as described previously 

(Ghenea et al., 2005).Recordings were made at 25°C using a Zeiss Axioplan 2 

microscope with a 63X Plan-neofluar objective lens, Axiocam and Axiovison 

software. Fifteen to twenty (0.5 to 1 μm) z sections were taken at 1-2 minute 
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intervals throughout the embryonic development. I recorded 5 daf-2(e979) 

embryos, of which 4 arrested as embryos, and 1 arrested at 3-fold stage. 

 

4.6 References 

Alonso-Colmenar, L.M. (2012). Eph/ephrin signaling in cancer: intricate, puzzling 

and ... fascinating! Cell Adh Migr 6, 100-101. 

Belfiore, A., and Malaguarnera, R. (2011). Insulin receptor and cancer. Endocr 

Relat Cancer 18, R125-147. 

Boone, C., Bussey, H., and Andrews, B.J. (2007). Exploring genetic interactions 

and networks with yeast. Nat Rev Genet 8, 437-449. 

Brisbin, S., Liu, J., Boudreau, J., Peng, J., Evangelista, M., and Chin-Sang, I. 

(2009). A role for C. elegans Eph RTK signaling in PTEN regulation. Dev Cell 17, 

459-469. 

Chin-Sang, I.D., and Chisholm, A.D. (2000). Form of the worm: genetics of 

epidermal morphogenesis in C. elegans. Trends Genet 16, 544-551. 

Chin-Sang, I.D., George, S.E., Ding, M., Moseley, S.L., Lynch, A.S., and 

Chisholm, A.D. (1999). The ephrin VAB-2/EFN-1 functions in neuronal signaling 

to regulate epidermal morphogenesis in C. elegans. Cell 99, 781-790. 

Chin-Sang, I.D., Moseley, S.L., Ding, M., Harrington, R.J., George, S.E., and 

Chisholm, A.D. (2002). The divergent C. elegans ephrin EFN-4 functions 



 

120 

 

inembryonic morphogenesis in a pathway independent of the VAB-1 Eph 

receptor. Development 129, 5499-5510. 

Clark, S.G., and Chiu, C. (2003). C. elegans ZAG-1, a Zn-finger-homeodomain 

protein, regulates axonal development and neuronal differentiation. Development 

130, 3781-3794. 

Egea, J., and Klein, R. (2007). Bidirectional Eph-ephrin signaling during axon 

guidance. Trends Cell Biol 17, 230-238. 

Fafalios, A., Ma, J., Tan, X., Stoops, J., Luo, J., Defrances, M.C., and Zarnegar, 

R. (2011). A hepatocyte growth factor receptor (Met)-insulin receptor hybrid 

governs hepatic glucose metabolism. Nat Med 17, 1577-1584. 

Finch, C.E., and Ruvkun, G. (2001). The genetics of aging. Annu Rev Genomics 

Hum Genet 2, 435-462. 

Gems, D., Sutton, A.J., Sundermeyer, M.L., Albert, P.S., King, K.V., Edgley, 

M.L., Larsen, P.L., and Riddle, D.L. (1998). Two pleiotropic classes of daf-2 

mutation affect larval arrest, adult behavior, reproduction and longevity in 

Caenorhabditis elegans. Genetics 150, 129-155. 

George, S.E., Simokat, K., Hardin, J., and Chisholm, A.D. (1998). The VAB-1 

Eph receptor tyrosine kinase functions in neural and epithelial morphogenesis in 

C. elegans. Cell 92, 633-643. 

Ghenea, S., Boudreau, J.R., Lague, N.P., and Chin-Sang, I.D. (2005). The VAB-

1 Eph receptor tyrosine kinase and SAX-3/Robo neuronal receptors function 



 

121 

 

together during C. elegans embryonic morphogenesis. Development 132, 3679-

3690. 

Guarente, L. (1993). Synthetic Enhancement in Gene Interaction - A Genetic 

Tool Come of Age. Trends in Genetics 9, 362-366. 

Herman, R.K., and Yochem, J. (2005). Genetic enhancers. WormBook, 1-11. 

Hilliard, M.A., and Bargmann, C.I. (2006). Wnt signals and frizzled activity orient 

anterior-posterior axon outgrowth in C. elegans. Dev Cell 10, 379-390. 

Huang, L.S., and Sternberg, P.W. (2006). Genetic dissection of developmental 

pathways. WormBook, 1-19. 

Kenyon, C. (2010). A pathway that links reproductive status to lifespan in 

Caenorhabditis elegans. Ann N Y Acad Sci 1204, 156-162. 

Kenyon, C., Chang, J., Gensch, E., Rudner, A., and Tabtiang, R. (1993). A C. 

elegans Mutant That Lives Twice as Long as Wild Type. Nature 366, 461-464. 

Kimura, K.D., Tissenbaum, H.A., Liu, Y., and Ruvkun, G. (1997). daf-2, an insulin 

receptor-like gene that regulates longevity and diapause in Caenorhabditis 

elegans. Science 277, 942-946. 

Konstantinova, I., Nikolova, G., Ohara-Imaizumi, M., Meda, P., Kucera, T., 

Zarbalis, K., Wurst, W., Nagamatsu, S., and Lammert, E. (2007). EphA-Ephrin-A-

Mediated [beta] Cell Communication Regulates Insulin Secretion from Pancreatic 

Islets. Cell 129, 359-370. 



 

122 

 

LeRoith, D. (2002). Beta-cell dysfunction and insulin resistance in type 2 

diabetes: role of metabolic and genetic abnormalities. Am J Med 113 Suppl 6A, 

3S-11S. 

Merz, D.C., Zheng, H., Killeen, M.T., Krizus, A., and Culotti, J.G. (2001). Multiple 

signaling mechanisms of the UNC-6/netrin receptors UNC-5 and UNC-40/DCC in 

vivo. Genetics 158, 1071-1080. 

Miller, M.A., and Chin-Sang, I.D. (2012). Eph receptor signaling in C. elegans. 

WormBook, 1-17. 

Mohamed, A.M., and Chin-Sang, I.D. (2006). Characterization of loss-of-function 

and gain-of-function Eph receptor tyrosine kinase signaling in C. elegans axon 

targeting and cell migration. Dev Biol 290, 164-176. 

Morcavallo, A., Gaspari, M., Pandini, G., Palummo, A., Cuda, G., Larsen, M.R., 

Vigneri, R., and Belfiore, A. (2011). Research resource: New and diverse 

substrates for the insulin receptor isoform A revealed by quantitative proteomics 

after stimulation with IGF-II or insulin. Mol Endocrinol 25, 1456-1468. 

Morris, J.Z., Tissenbaum, H.A., and Ruvkun, G. (1996). A phosphatidylinositol-3-

OH kinase family member regulating longevity and diapause in Caenorhabditis 

elegans. Nature 382, 536-539. 

Nievergall, E., Saunders, T., and Lackmann, M. (2012). Targeting of EPH 

receptor tyrosine kinases for anticancer therapy. Crit Rev Oncog 17, 211-232. 



 

123 

 

Paradis, S., Ailion, M., Toker, A., Thomas, J.H., and Ruvkun, G. (1999). A PDK1 

homolog is necessary and sufficient to transduce AGE-1 PI3 kinase signals that 

regulate diapause in Caenorhabditis elegans. Genes & Development 13, 1438-

1452. 

Partridge, F.A., Tearle, A.W., Gravato-Nobre, M.J., Schafer, W.R., and Hodgkin, 

J. (2008). The C. elegans glycosyltransferase BUS-8 has two distinct and 

essential roles in epidermal morphogenesis. Dev Biol 317, 549-559. 

Pasquale, E.B. (2010). Eph receptors and ephrins in cancer: bidirectional 

signalling and beyond. Nat Rev Cancer 10, 165-180. 

Patel, D.S., Garza-Garcia, A., Nanji, M., McElwee, J.J., Ackerman, D., Driscoll, 

P.C., and Gems, D. (2008). Clustering of genetically defined allele classes in the 

Caenorhabditis elegans DAF-2 insulin/IGF-1 receptor. Genetics 178, 931-946. 

Persaud, S.J., Asare-Anane, H., and Jones, P.M. (2002). Insulin receptor 

activation inhibits insulin secretion from human islets of Langerhans. FEBS Lett 

510, 225-228. 

Pocock, R., and Hobert, O. (2008). Oxygen levels affect axon guidance and 

neuronal migration in Caenorhabditis elegans. Nat Neurosci 11, 894-900. 

Pollak, M. (2012). The insulin receptor/insulin-like growth factor receptor family 

as a therapeutic target in oncology. Clin Cancer Res 18, 40-50. 



 

124 

 

Prasad, B.C., and Clark, S.G. (2006). Wnt signaling establishes anteroposterior 

neuronal polarity and requires retromer in C. elegans. Development 133, 1757-

1766. 

Song, J., Wu, L., Chen, Z., Kohanski, R.A., and Pick, L. (2003). Axons guided by 

insulin receptor in Drosophila visual system. Science 300, 502-505. 

Ulanet, D.B., Ludwig, D.L., Kahn, C.R., and Hanahan, D. (2010). Insulin receptor 

functionally enhances multistage tumor progression and conveys intrinsic 

resistance to IGF-1R targeted therapy. Proc Natl Acad Sci U S A 107, 10791-

10798. 

Vowels, J.J., and Thomas, J.H. (1992). Genetic Analysis of Chemosensory 

Control of Dauer Formation in Caenorhabditis elegans. Genetics 130, 105-123. 

Wang, X., Roy, P.J., Holland, S.J., Zhang, L.W., Culotti, J.G., and Pawson, T. 

(1999). Multiple ephrins control cell organization in C. elegans using kinase-

dependent and -independent functions of the VAB-1 Eph receptor. Mol Cell 4, 

903-913. 

Yang, X., and Xu, T. (2011). Molecular mechanism of size control in development 

and human diseases. Cell Res 21, 715-729. 

Zhang, H., Fagan, D.H., Zeng, X., Freeman, K.T., Sachdev, D., and Yee, D. 

(2010). Inhibition of cancer cell proliferation and metastasis by insulin receptor 

downregulation. Oncogene 29, 2517-2527. 

 



 

125 

 

Chapter 5 

Concluding remarks and future directions 

 

Research in C. elegans has shed light on many human signaling 

pathways. The importance and advantage of using C. elegans as a model 

organism to study signaling transduction is four fold. Firstly, many genes and 

signaling pathways are conserved between worm and humans (Leung et al., 

2008; Shaye and Greenwald, 2011), and therefore understanding these signal 

transduction events in C. elegans is informative to human research. Secondly, 

many developmental processes in C. elegans are simple to phenotype, and 

genes controlling these processes are conserved. For example, C. elegans 

contains a simple nervous system that comprises 302 neurons, which makes it 

easy to characterize the neuronal development (White et al., 1986). The 

guidance cues and receptors involved in axon guidance and synaptogenesis are 

conserved from worm to vertebrates (Guan and Rao, 2003; Shen and Cowan, 

2010). Thirdly, the signaling pathway involved in one developmental process 

could function similarly in other processes, including carcinogenesis. For 

example, recent research on pancreatic cancer discovered many genetic 

aberrations that are traditionally involved in axon guidance pathways (Biankin et 

al., 2012). Lastly, many of the developmental processes in C. elegans are well 
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characterized, and they could serve as great in vivo developmental hypothesis 

driven models. 

 

5.1 Summary of Chapter 2 and future directions 

In chapter 2, I used C. elegans as a model to study the negative 

regulators of DAF-18/PTEN, and identified DAF-28/Insulin and DAF-2/IR as 

potent negative regulators. 

1: I used antibody staining to show that DAF-18/PTEN protein levels are 

increased in daf-28/insulin and daf-2/IR mutants using western blot.  

2: I provided in vivo evidence and showed that DAF-18/PTEN is increased in the 

neurons, and intestinal cells in daf-28/insulin and daf-2/IR mutants using in situ 

immunostaining.  

3: I used axon guidance as a developmental model to genetically confirm the 

negative regulation of daf-2 on daf-18. My loss-of-function and gain-of-function 

experiments both support the model. 

4: I also tested this regulation in mammalian cell culture and showed that the 

negative regulation is also conserved in human cells. I showed that over-

expressing a gain-of-function IR down-regulates PTEN, and knocking-down IR 

through siRNA up-regulates PTEN. I also show that stimulation with insulin 

dramatically decreased PTEN and this decrease is dependent on IR. 
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5: I showed a physical interaction between the IR and PTEN in both human and 

worm homologs. 

6. I also provided a mechanism for the regulation of PTEN, as PTEN is a 

substrate for the Insulin Receptor tyrosine kinase. 

7. I mapped two tyrosines on PTEN that are phosphorylated by the insulin 

receptor. Importantly, these two tyrosines are mutated to aspartic acid in some 

cancer patients. This is consistent with my model that IR phosphorylates PTEN 

on certain tyrosines to make it susceptible for degradation, as the negatively 

charged aspartic acid mimics the phosphorylation. 

8. My work shows that insulin and the insulin receptor has a dual role in 

promoting PI3K signaling. One is through activating the PI3K signaling in the 

well-established canonical insulin/PI3K signaling. In addition, I have shown that it 

can also promote PI3K signaling indirectly by inhibiting PTEN levels. The 

combined actions of insulin signaling ensure high PI3K activity downstream of 

insulin signaling. 

9. This work also extends the traditional holding that PTEN antagonizes insulin 

signaling only through its lipid phosphatase activity. My finding sheds light on a 

role of insulin/IR in affecting lipid-phosphatase-independent PTEN functions, 

which have recently been found to play pivotal roles for PTEN tumour 

suppression. 
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In summary, I have shown that insulin stimulates insulin receptor to 

phosphorylate and down-regulate PTEN in both C. elegans and human cell 

culture. Although I used insulin and insulin receptor in the human cell culture 

experiments, it would be necessary for the next step to test whether IGF could 

also down-regulate PTEN similarly as insulin, as it is known that IR can form a 

co-receptor with IGF1R and respond to IGFs besides insulin (Belfiore et al., 

2009). Additionally, I have mapped two tyrosines (Y27 and Y174) that could be 

phosphorylated by IR. It will be of interest to mutate both tyrosines and see 

whether this could make a more stable PTEN upon insulin stimulation. Moreover, 

although I provide evidence that IR signaling pathway down-regulates PTEN, 

future investigation should test whether PTEN is degraded through the 

proteasome or lysosome pathways. Also, I should test whether the canonical 

downstream players in insulin signaling are involved in this down-regulation, such 

as AGE-1/PI3K, PDK-1/PDK1, DAF-16/FOXO (Kaletsky and Murphy, 2010). 

Moreover, since I showed DAF-2/IR is involved in PLM axon guidance through 

DAF-18/PTEN, future tests should determine whether DAF-2/IR functions cell 

autonomously and whether it is dependent on DAF-16/FOXO. Lastly, although I 

showed that over-expressing DAF-18 could suppress the pre-mature termination 

defect caused by over-expressing MYR-DAF-2, it does not rule out the possibility 

that this suppression is through dephosphorylating PIP3 to PIP2. Future test 
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should include over-expressing a lipid phosphatase inactive DAF-18 to see 

whether the suppression is independent of the PI3K pathway. 

 

5.2 Summary of Chapter 3 and future directions 

As a follow-up to the work of Chapter 2, I used C. elegans as a model to 

study the negative regulator of DAF-18/PTEN in insulin signaling pathway and 

identified VHL-1/VHL as a potential ubiquitin ligase for DAF-18/PTEN.  

1: I used antibody staining to show that DAF-18/PTEN protein levels are 

increased in both vhl-1 mutants and RNAi against vhl-1 using western blot.  

2: I provided in vivo evidence and showed that DAF-18/PTEN is increased in 

neurons, and intestinal cells in vhl-1 mutants using immunostaining.  

3: I used axon guidance as a developmental model to genetically confirm the 

negative regulation and show that the vhl-1 mutation could suppress the 

premature termination defect caused by over-expressing a gain-of-function DAF-

2/IR. This is consistent with the suppression by over-expressing DAF-18/PTEN, 

consistent with the hypothesis that VHL-1 is a negative regulator of DAF-

18/PTEN in the DAF-2/IR signaling pathway. 

4: I showed that, similar to the reduction in daf-2/IR signaling, RNAi against vhl-1 

causes nuclear localization of SKN-1/Nrf2, and this is dependent on DAF-

18/PTEN. 

5: I showed a physical interaction between the VHL-1 and DAF-18/PTEN. 
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In summary, my results collectively suggest that VHL-1 is a negative 

regulator of DAF-18/PTEN in the DAF-2/IR signaling pathway. Considering that 

VHL-1 is a well-known ubiquitin ligase, future investigation should be employed 

to test whether VHL-1 could directly ubiquitinate DAF-18/PTEN, and whether this 

ubiquitination is phosphorylation dependent. Additionally, although it is highly 

possible that VHL-1 down-regulates DAF-18/PTEN at the protein level, RT-PCR 

experiments could be carried out as a supplement to rule out the possibility of 

transcriptional regulation. Besides, more genetic experiments could be employed 

to test whether loss-of-function and over-expression of DAF-18/PTEN could 

suppress the mutant phenotype caused by loss-of-function and over-expression 

of VHL-1, respectively. Candidate phenotypes include axon guidance, stress 

response, and hypoxia resistance. 

 

5.3 Summary of Chapter 4 and future directions 

In chapter 4, I hypothesized that DAF-2/IR and VAB-1/EphR could 

function as co-receptor complexes and tested this hypothesis in various 

developmental processes. 

1: I showed that DAF-2/IR could physically associate with VAB-1/EphR. 
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2: I used genetic criteria and showed that DAF-2/IR functions together with VAB-

1/EphR in a variety of developmental processes, including cell positioning, 

anterior PLM axon guidance, embryogenesis and epidermal morphogenesis. 

3: I showed that DAF-2/IR functions in parallel with VAB-1/EphR in posterior PLM 

axon guidance. 

 

In summary, I have used genetic experiments to show that DAF-2/IR and 

VAB-1/EphR function together, and also used GST pull down assays to show 

that the intracellular regions associate with each other. To further confirm this 

DAF-2/VAB-1 interaction, an independent assay, such as co-immunoprecipitation 

(co-IP) experiments or yeast 2 hybrid binding assays, should be performed. In 

addition, genetically I should also study the strong allele of daf-2 (e979) and test 

the phenotypes of the double mutants with vab-1 (null), as it is generally more 

straightforward to use stronger alleles than hypomorphs to study genetic 

interactions. Although daf-2 (e979) mutants already show 100% embryonic and 

larva lethality, the double mutants with vab-1 (null) should not enhance with 

regard to lethality rate. However, we could use 4D microscopy to study whether 

the double mutants show any difference in the way that embryos die. If they work 

in a common pathway, then the double mutants should die similarly as single 

mutants. 
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Additionally, it would also be interesting to test what are the ligands for the 

co-receptor complex. I predict that both insulin-like peptides and ephrins could be 

candidate ligands, depending on the cellular context. Future work will involve 

both genetic and biochemical experiments to test this hypothesis. One genetic 

approach is to over-express the candidate ligands to see whether this causes a 

defect similar to over expression of the receptors. If a defect is observed, I would 

predict that removing its receptor should rescue this defect. A recent research 

quantitatively studied the mRNA expression of all of the 40 insulin-like peptides in 

C. elegans (Baugh et al., 2011). Based on the temporal expression pattern, I can 

prioritize which insulin-like ligands to study for specific developmental process. 

 

I would also test the binding of the ligand-receptor directly through cell 

culture experiments. One approach is to tag the ligands with alkaline 

phosphatase and test its binding to the cells expressing candidate receptors as 

described in (Chin-Sang et al., 1999). In addition, considering that their human 

homologs have important roles in many diseases, it will be interesting to test 

whether this crosstalk and ligand-receptor binding are conserved in humans.  

 

5.4 Overall summary 

In summary, I have identified that DAF-28/Insulin activates DAF-2/IR to 

down-regulate DAF-18/PTEN. My results also suggest that VHL-1/VHL could be 
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the ubiquitin ligase for DAF-18/PTEN in this DAF-2/IR signaling. Additionally, I 

also provided genetic evidence that DAF-2/IR and VAB-1/EphR function together 

in various developmental processes. Since all of the human homologs of these 

genes are involved in carcinogenesis, my findings could be informative for cancer 

biologists to test their roles in cancer. 
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Appendix A 

Plasmid constructs used in Chapters 2-4 
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Appendix C 

Cartoon Model For Chapter 2 

The figure in this appendix illustrates a scientific observation: While insulin 

has saved the lives of millions of diabetics, is it a double-edged sword? On the 

one hand, lowering the incidence of diabetes, while on the other hand increasing 

the risk of cancer? In Chapter 2, I have used the C. elegans model to provide 

molecular mechanisms for this observation and results have been confirmed in 

human cancer cell line. 

 

The content of the cartoon was designed by Jun Liu. The cartoon was 

drawn by Samantha Lo. It was presented in the 3 Minute Thesis (3MT) 

Competition, titled “What Can A Worm Tell Us About Cancer?”, Queen’s 

University, 2012, and won the second prize in the Heat 1. 
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