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Abstract: 

In this study, we report a novel use of Caenorhabditis elegans as a platform to 

model the function of human RET isoforms, RET9 and RET51.  C. elegans does not 

encompass an orthologue of RET.  Thus, we ectopically expressed the intracellular 

domain of RET9 or RET51 under the control of a C. elegans neuronal specific reporter, 

mec-4.  We showed that the resulting transgenic animals expressed RET isoforms that 

were phosphorylated in the six touch neurons of the animal. RET-expressing animals 

exhibited a premature axon termination phenotype, with the phenotype of RET51-

expressing animals being significantly more penetrant than RET9 animals.  The premise 

of the study was to use the RET model as a platform to study individual RET isoforms 

using the premature termination phenotype as a functional readout of isoformic activity.   

We developed and expressed mutant RET constructs of RET51 and RET9 

harboring an activating mutation, M918T, and tyrosine substitutions to further dissect 

signalling events and differences between the RET isoforms.  We identified Y1062 as a 

key signalling hub on RET51 that when abrogated, significantly suppressed the 

premature termination phenotype.  Further, we showed that human RET interacted with 

worm orthologues of Cbl, Grb2, and Nck, key adapter proteins known to bind RET.   

We hypothesize that RET may be sequestering signalling proteins that 

normally associate and signal through C. elegans pro-growth receptors, SAX-3 and 

UNC-5, on the growing axon.  Alternatively, or in addition, RET may potentially be 

actively signalling through MAPK pathways to promote growth cone collapse and 

premature termination of axons. We investigated the application of our model for drug 

testing, and identified the kinase inhibitor sorafenib as a potent suppressor of the RET-
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induced phenotype.  Together, our results demonstrate a novel application for C. elegans 

where individual RET isoforms and various derived mutants can be studied in isolation to 

further our understanding of signalling events contributing to RET-mediated disease.    
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Chapter 1: Introduction 

Receptor tyrosine kinases in development and disease 

Signal transduction, an essential and highly regulated cellular process, is the 

mechanism of receiving and transducing an external cue to elicit changes in cell 

morphology, growth, or differentiation. Proteins located on the cell surface can initiate 

this response, interacting with extracellular ligands, and in turn transmitting signals 

through second messengers. There are a large number of receptors on the cell surface, 

with highly specialized roles.  Of particular interest is a class of receptors termed 

Receptor Tyrosine Kinases (RTKs), a group of 58 membrane-bound receptors 

responsible for transducing growth factor signals (Reviewed in Lemmon & Schlessinger 

2010).  RTKs have similar structures, composed of a ligand binding domain in the 

extracellular region, a transmembrane domain, and a cytoplasmic region encompassing a 

kinase domain, the catalytically active region of the protein involved in transmitting 

signals (Reviewed in Schlessinger 2014; Bavcar &Argyle, 2012, Robinson 2000). Ligand 

binding to the RTK’s extracellular region, induces dimerization of two homologous 

receptors (Reviewed by Lemmon and Schlessinger, 2010). This juxtaposes the two 

intracellular domains, triggering trans-autophosphorylation of tyrosine residues, which 

serve as docking sites for adapter proteins involved in the activation of downstream 

signalling pathways (Tuccinardi et al. 2007).  

Many RTKs, including Epidermal Growth Factor Receptor (EGFR), Vascular 

Endothelial Growth Factor Receptor (VEGFR), Insulin Receptor (IR), Ephrin Receptors 

(Ephs), and REarranged during Transfection (RET), regulate essential growth and 

differentiation pathways (Reviewed in: Normanno et al. 2006; Ferrara et al. 2003; Guo 
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2014; Himanen et al. 2007; Mulligan 2014).  Mutations of RTKs and the resultant 

aberrant signalling through these pathways, lead to debilitating diseases or conditions 

including arteriosclerosis, neurological defects, diabetes, and cancer (Nakamura et al. 

2014, He et al. 2012).  

RET RTK activation and structure 

The proto-oncogene RET encodes a RTK expressed on human cells, with aberrant 

signalling implicated in cancer and developmental disorders (Reviewed in Mulligan 

2014).  RET is a single pass transmembrane receptor.  At the N-terminus, there are four 

cadherin-like domains (aa29-516), followed by a cysteine-rich domain (aa517-635), 

transmembrane domain (aa636-657), juxtamembrane domain (aa658-723), kinase domain 

(aa724-1016) and C-terminal tail, (aa1016-C terminus) (Takahashi et al. 1985; Runeberg-

Roos & Saarma 2007) (FIGURE 1.1).  Activation of RET involves the formation of a 

complex composed of a soluble glial cell-line derived neurotrophic factor (GDNF) family 

ligand (GFL), GDNF family receptors α (GFRα), and the transmembrane receptor RET 

(Wang 2013). RET is unique amongst RTKs in that the extracellular ligand (GFL) binds 

to a membrane linked co-receptor (GFRα) instead of directly to the RTK ligand binding 

domain (Schlee et al. 2006).  There are four GFLs, GDNF, neurturin (NRTN), artemin 

(ARTN) and persephin (PSPN), that are covalent homodimers and bind to their cognate 

GFRα co-receptor, GFRα1-4 respectively (Runeberg-Roos & Saarma 2007).  Ligand-

bound GFRα translocates to lipid rafts, recruiting RET (Tansey et al. 2000; Pierchala et al. 

2006), to form an activated GFRα-RET receptor complex (Schlee et al. 2006) (FIGURE 

1.2).   
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The human RET gene is localized to chromosome 10 (10q11.2) and contains 21 

exons (Ishizaka et al. 1989; Kwok et al. 1993; Ceccherini et al 1993). It is subject to 

alternative splicing at the 3’ end, resulting in three physiologically distinct isoforms, 

RET9, RET43, and RET51.  All three isoforms share exons 1-19. RET51 transcript is the 

result of exon 19 being spliced to exon 20, RET43 exon 19 to exon 21, while RET9 does 

not undergo spicing after exon 19, instead incorporating the adjacent intronic sequence.  

The translated splice variants share 1062 N-terminal amino acids (aa), differing only by 

either 9 (RET9), 43 (RET43) or 51(RET51) amino acids at the C terminal tails (Tahira et 

al. 1990; Myers et al. 1995). All three RET isoforms are coexpressed in adult and most 

fetal human tissue (Myers et al. 1995, Ivanchuck et al. 1997), however RET43 expression 

is very low (<3%), making RET9 and RET51 the predominant isoforms of study (Carter 

et al. 2001).  
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Figure 1.1. RET receptor tyrosine kinase 

Schematic representation of the structure of RET, including major domains. In the 
extracellular domain there are four cadherin-like repeats, and a cysteine-rich domain.  
RET is a single pass RTK, with the transmembrane domain extending through the plasma 
membrane to the juxtamembrane domain.  The tyrosine kinase domain is indicated 
followed by the isoform-specific C-terminal tails.   
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Figure 1.2.  RET activation 

RET is unique amongst RTKs in that activation of the receptor requires binding of the 
ligand to a co-receptor, not directly to the RTK.  Glial Cell Line-Derived Neurotrophic 
Factor Family Ligands (GFLs) initiate receptor activation by binding to a member of the 
GFRα receptors (1). The GFL-GFRα complex recruits RET (2) and then translocates to 
lipid-rich regions on the plasma membrane, termed lipid rafts. Within lipid rafts, a 
homologous GFRα-RET complex is recruited and RET dimerizes, juxtaposing the kinase 
domains, resulting in autophosphorylation of tyrosine residues (3).  
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RET expression and its role during development 

RET expression is detected in subpopulations of neural crest cells early in 

embryogenesis, between e9 and e10 of mouse development (Pachnis et al. 1993). The 

RET-expressing neural crest cells are migratory, and give rise to ganglia of the 

sympathetic and parasympathetic nervous systems (Pachnis et al 1993;	  Wehrle-‐haller	  

and	  Weston	  1997).  Mice homozygous for Loss-of-Function (LF) kinase-dead mutations 

of Ret have complete intestinal aganglionosis (Durbec et al. 1996; Schuchardt et al 1994). 

Similarly in humans, LF RET mutations lead to the absence of enteric ganglia from the 

distal colon, a congenital abnormality called Hirschsprung disease (Lyonnet et al. 1993; 

Reviewed in Amiel et al. 2008).  Additionally, during vertebrate embryogenesis, RET 

expression is present in all lineages of the peripheral nervous system (PNS), and in motor 

and catecholaminergic neurons of the central nervous system (CNS) (Avantaggiato et al 

1994; Durbec et al 1996; Marcos and Pachnis, 1996, Trupp et al 1997; Young et al 1998, 

Golden et al. 1998).  Within these neural lineages, RET plays pivotal roles; it initiates 

neuroprotective pathways in dopaminergic cell bodies of the ventral midbrain (Mijatovic 

et al. 2011), RET is essential in forming axonal projections of rat and mouse 

mechanoreceptive dorsal root ganglion neurons (Takaku et al 2012; Honma et al. 2010), 

and sensory neurons of the retina require RET mediated signalling for retinal 

development and function (Brantley et al 2008). RET also acts as a multifunctional co-

receptor with Eph receptors to moderate axon growth and retraction (Bonanomi et al. 

2012).  Outside the nervous system, high levels of Ret are observed in the developing 

mouse metanephros with Ret-deficient mice exhibiting severe hypodysplasia of the 

kidneys (Robertson and Mason, 1995; Schuchardt et al 1994; 1996 Taraviras et al 1999).  
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RET expression is prominent in many neuroendocrine derived cell types such as thyroid 

C-cells and adrenal chromaffin cells (Nakamura et al. 1994; Reviewed in Airaksinen et al. 

2002). 

RET is a potent oncogene 

Although RET LF mutations are associated with developmental disorders, Gain-

of-Function (GF) RET mutations are responsible for several human cancers. Takahashi et 

al. (1985) identified a novel gene rearrangement during the transfection of NIH3T3 cells 

with human lymphoma DNA, leading to the discovery of RET. Alterations in RET are 

involved in the etiology of both hereditary and sporadic human cancers (Mulligan 2014).  

Rearrangements of RET are prevalent in papillary thyroid carcinoma (PTC), where RET 

is somatically rearranged in about 20-30% of cases (Viglietto et al. 1995; Jhiang et al 

1996).  This chromosomal rearrangement, termed RET/PTC, juxtaposes the sequences 

encoding the RET intracellular domain to the 5’ end of several donor genes, resulting in 

constitutive kinase activation and cytoplasmic localization of the protein (Reviewed in 

Borrello et al. 2013).  Interestingly, RET gene rearrangements have been reported in more 

than 60% of individuals who developed PTC as a result of the Chernobyl nuclear 

accident (Fugazzola et al. 1995, Rabes et al 2000). Recently, somatic RET 

rearrangements have also been observed in non-small-cell lung carcinomas (NSCLC).  

Here, RET is most frequently fused to the kinesin family member 5B (KIF5B), a protein 

with a coiled-coil domain that aids in protein dimerization and activation of RET (Kohno 

et al. 2012). However, RET-NSCLC rearrangements are rare, reported in only 1-2% of all 

cases (Ju et al. 2012; Kohno et al. 2012).   
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Endocrine-based tumors are the hallmark of RET GF mutations.  Most notably, 

germ-line activating missense mutations are responsible for the inherited cancer 

syndrome Multiple Endocrine Neoplasia type 2 (MEN2).  There are three clinical 

subtypes of MEN2—MEN2A, MEN2B, and Familial MTC (FMTC).  FMTC is the least 

aggressive subtype of MEN2, characterized by medullary thyroid carcinoma (MTC) 

without additional tumors or symptoms, and a later disease onset (Berndt et al 1998; 

Wagner et al 2012).  MEN2A is associated with MTC, pheochromocytoma, and 

hyperparathyroidism.  Approximately 90-95% of cases are associated with mutations of 

codon 634 in the extracellular domain of RET (Raue et al. 2010; Wagner et al. 2012; 

Mulligan 2014).  MEN2A is the most common subtype (>90% of cases) and associated 

with a generally good prognosis (Raue et al. 2010).  MEN2B, although rare, is the most 

clinically aggressive subtype, with disease symptoms similar to MEN2A but with the 

addition of mucosal and intestinal neuromatosis.  In 95% of MEN2B cases, RET harbors 

a Methionine (M) 918 to Threonine (T) substitution (Eng et al. 1994; Pasquali et al 2012; 

Wohllk et al 2010).  Patients affected with this mutation show more aggressive 

development of distant metastases and a significantly lower survival rate than those with 

other RET mutations (Brauckhoff et al. 2014; Reviewed in Moore & Zaahl 2008). The 

M918 residue lies within the activation loop of the RET kinase domain and a substitution 

with threonine is thought to alter the substrate specificity of the kinase (Gujral et al. 2006; 

Cranston et al. 2006).  The RET M918T mutation increases ATP-binding and kinase 

activity by ten-fold and is predicted to induce a conformational change, activating RET 

without dimerization, and altering the substrate binding pocket. (Songyang et al.1995; 

Santoro 1995; Gujral et al. 2006).  
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RET and GFLs are expressed in pancreatic ductal adenocarcinomas (PDAC) and 

are linked to the invasiveness of the tumor (Gil et al. 2010).  Solid tumors disseminate in 

many fashions, and the spread of cancer cells by perineural invasion is a clinical feature 

of PDAC (Guo et al. 2014). GFL neurotrophic factors are reportedly secreted by cells of 

the perineural microenvironment of the pancreas—neurons, Schwann cells and 

microglia/macrophages—activating RET and inducing perineural invasion of cancer cells 

(Ito et al. 2005; Zeng et al. 2008; Cavel et al. 2012). Increased activation of RET is also 

linked to aggressiveness in ER positive breast cancers (Plaza-Menacho et al 2010; Gil et 

al 2010), collectively suggesting RET contributes to disease progression in multiple 

cancer subtypes. 

Differential RET isoformic activity 

A relatively unexplored area in RET research involves the distinction between the 

functions of isoforms RET9 and RET51, and how individual isoforms may contribute to 

carcinogenesis.  The 3’ RET splice variants are expressed at different relative levels in 

tissues.  In mice, PCR and in situ hybridization data suggest ret9 is the predominant 

isoform in mouse embryo and adult tissue (Carter et al. 2001).  In mouse embryo, ret9 

transcript expression was 3 to 5.5-fold higher than that of ret51.  ret9 and was also more 

widely expressed than ret51, with ret51 expression notably absent in adrenal glands, lung, 

and spleen (Lee et al. 2003).  RET43 is expressed only in primates (Carter et al. 2001), 

and only sparsely detected in human kidney, pheochromocytomas, and neuroblastoma 

cell lines (Myers et al. 1995; Ivanchuck et al. 1997; Le Hir et al. 2000), collectively 

suggesting that the RET43 isoform does not play a major role in tissue development and 

homeostasis.  Although the RET isoforms are generally coexpressed in human tissues, 
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temporal expression patterns of RET9 and RET51 suggest unique roles in the developing 

kidney.  In human kidney, RET9 is the predominant isoform expressed in early kidney 

induction (7.5 weeks gestation), while RET51 expression is very weak.  By 8.5-9 weeks 

gestation, RET51 isoform expression is turned on, and RET51 tissue concentration 

increases by seven fold (Ivanchuck et al. 1997).  

RET9 and RET51 elicit different cell transforming and differentiation abilities 

both in vitro and in vivo.  Both wildtype (WT)-RET 51 and the RET51 M918T 

constitutively-active mutant were significantly more transforming than the WT-RET9 

and RET9 M918T counterparts in colony formation assays using Rat1 fibroblast cells 

(Rossel et al. 1997).  This is corroborated in vivo, with the RET51 isoform having a 

higher relative expression in familial tumors of MEN2 origin (Le Hir et al. 2000).  In 

transfection assays, RET51 but not RET9 was shown to trigger neuronal differentiation 

of rat pheochromocytoma P12 cells, promoting neurite outgrowth and cessation of cell 

division (Pasini et al. 1997).   

The mechanisms that contribute to differential RET isoform activity, trafficking 

and cell signaling are being scrutinized by many research groups.  Although the RET9 

transcript is expressed at much greater levels than RET51 (Ivanchuk et al. 1998, Le Hir et 

al. 2000; Lee et al. 2003), studies indicate that mature RET51 protein is expressed at 

relatively higher levels on the cell surface than RET9 (Richardson et al. 2012).  Two 

pieces of evidence support this.  First, RET 51 has been shown to mature more efficiently 

than RET9, with RET9 accumulating as an immature protein in the golgi of both SH-

SY5Y and primary rat gastrointestinal cocultures (Richardson et al. 2012).  Furthermore, 

RET51 has also been shown to internalize more quickly after receptor activation, and 
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recycle back to the cell surface, whereas RET9 is targeted for lysosomal degradation 

(Richardson et al. 2012).  With higher expression of RET51 on the cell surface and 

increased receptor recycling, evidence indicates RET51 to be a relatively more active 

isoform than RET9. 

RET isoform signalling 

Structurally, RET9 and RET51 are very similar, differing only in the 9 (RET9) or 

51 (RET51) C-terminal amino acids (aa) of the protein.  However, RET51 possesses two 

additional tyrosine residues, Y1090 and Y1096, not present in RET9. These additional 

tyrosines confer a consensus binding site (pYXNX) for growth factor receptor-bound 2 

(GRB2) via a SH2 domain, giving the RET51 isoform unique signalling capabilities over 

RET9 (Koytiger et al. 2013; Liu et al 1996; Lorenzo et al. 1997) (FIGURE 1.3). 

Although both Y1090 and Y1096 are theoretically capable of binding Grb2, the 

association with Y1096 was found to be highly preferential in in vitro GST-binding 

assays, explained by a weak phosphorylation status of Y1090 (Liu et al. 1996).  Deletion 

of both Y1090 and Y1096 in vitro abolished GST-GRB2 SH2 binding to RET51 

(Lorenzo et al. 1997).  RET9, however, with no GRB2-SH2-domain binding site, 

interacted very weakly with GRB2 (25-50 times less than RET51), likely as a result of 

indirect binding through additional adapter proteins (Alberti et al. 1998).  GRB2 is a 

multifunctional adapter protein, required for signaling by nearly all RTKs (Reviewed in 

Belov et al. 2012).  It is recruited to RTKs via its SH2-domain interacting with pY 

residues, acting as an intermediate to recruit additional proteins via interactions with the 

GRB2-SH3 domains to elicit downstream effects (Belov & Mohammadi 2012).  With 

respect to RET signalling, direct GRB2 binding at Y1096 of RET51 has been shown to 
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result in PI3K activation and CBL recruitment, initiating cell growth/differentiation and 

ubiquitination pathways, respectively. (Alberti et al.1998; Besset et al. 2000; Lorenzo et 

al. 1997; Richardson et al. 2012). 

 The phosphorylation status of select tyrosine residues differs between RET 

isoforms.  Phosphorylation of Y1062 was greater and more sustained on RET9 than 

RET51 (Tsui et al. 2002).  Although RET9 and RET51 both share Y1062, the aa 

sequence context differs between isoforms due to the close proximity of Y1062 to the C-

terminal splice junction. The effects of this are exemplified by the differential binding of 

the adapter protein SHC (Src homology 2 domain containing), which contains both a SH2 

and PTB domain.  Shc binds RET9 via SH2 or PTB-domains at pY1062, while binding to 

RET51 pY1062 with only the PTB-domain (FIGURE 1.4) (Arighi et al. 1997; Lorenzo 

et al. 1997).  PTB-domain binding to RET is primarily determined by specific residues N-

terminal to pY1062, while the residues C-terminal to pY1062 are most important for 

SHC-SH2 binding (Lorenzo et al. 1997).  RET51 does interact with the SHC-SH2 

domain, but much less strongly than RET9, and at a site other than Y1062 (Lorenzo et al. 

1997). Signalling events mediated through RET Y1062 appear to be pivotal in the 

transforming ability of cells in vitro. Loss of signal, via a Y1062F substitution, abolished 

the transforming activity of both isoforms in cell based assays (Asai et al. 1996; 

Degl’innoccenti et al. 2004), and in vivo led to severe renal dysgenesis of mice, similar to 

that seen in KD RET  mice (Jain et al. 2010).   

The differential recycling and lysosomal degradation rates (Richardson et al. 

2012) of RET isoforms can in part be explained by recent data suggesting isoforms 

partake in different ubiquitinylation pathways (Hyndman et al. [Submitted]).  The RET51 
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isoform interacts with the E3-ubiquitin ligase casitas B-lineage lymphoma (CBL) 

indirectly exclusively through GRB2 at Y1096 (Hyndman et al. [Submitted]; Scott et al. 

2005).  Interestingly, RET9 employs a distinct E3 ligase, neuronal precursor cell 

developmentally downregulated4-1 (NEDD4-1) that interacts at Y1062 via GRB10 

(Hyndman et al. [Submitted]).  This unique ubiquitin ligase recruitment and interaction 

site is thought to contribute to the differential recycling and degradation patterns of RET9 

and RET51 isoforms.   
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Figure 1.3. RET isoforms utilize unique signalling pathways 

Upon ligand activation, key tyrosine residues Y1062 and Y1096 (among others not 
represented) are phosphorylated.  These serve as binding sites for SH2 and PTB domain 
containing proteins. Proteins represented in the color orange, are pathways shared 
between both RET9 and RET51 while those in green are unique to each isoform.  SHC 
has both conserved and unique interactions. 
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Figure 1.4. SHC interacts uniquely with each isoform 

RET is alternatively spliced, such that the aa sequence diverges following Glycine at 
1063.  The close proximity to key tyrosine residue Y1062 changes the aa context 
surrounding this residue, and thus adapter protein interaction with the RET isoforms. 
SHC is a PTB- and SH2-domain containing protein, recognizing NXXpY and pYXNX 
motifs, respectively.  RET 9 has both SH2 and PTB consensus binding sequences, and 
can interact at Y1062 via either domain.  RET51 interacts with SHC exclusively through 
its PTB-domain. 
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Isoform specific animal models  

A major obstacle in using animal models to delineate RET isoform-specific 

signalling is the coexpression of both isoforms in tissues, such as kidneys (Ivanchuck et 

al. 1998, Lee et al. 2003, Myers and Mulligan 2004), making it hard to distinguish 

between individual isoform functions.  Two research groups have made monoisoformic 

mice (mice expressing a single RET isoform exclusively), yet came to diametrically 

opposed conclusions. de Graaff et al. (2001) found Ret9 alone was necessary and 

sufficient to support normal embryogenesis and development.  Whereas Jain et al. (2006) 

concluded Ret51 and Ret9 have redundant roles, and that either isoform is sufficient to 

support development.  It is difficult to compare these studies as each group used different 

methods to generate their model.  de Graaff and colleagues generated chimeric mice in 

which the extracellular domain of the mouse Ret protein was fused in-frame to the 

intracellular segment of human RET9 or RET51.  Ret9 mice (lacking Ret51) were viable 

and appeared normal, whereas mice expressing only Ret51 had kidney hypodysplasia and 

lacked enteric ganglia, similar to RET null mice (de Graaff et al. 2001; Wong et al. 2005).  

In contrast, Jain and colleagues replaced the entire mouse Ret gene with a full-length 

human cDNA encoding RET9 or RET51.  They found either isoform was capable of 

rescuing the RET-null phenotype and that Y1062 exclusively in RET9 appeared to play a 

significant role in kidney morphogenesis.  Loss of Y1062 signalling (Y1062F) in Ret9 

mice led to renal agenesis and kidney defects, whereas this mutation in Ret51 mice had 

no phenotypic effect (Jain et al. 2006). 

 Recently, due to the discrepancy with mouse models, other animal models have 

been utilized to explore the in vivo differences of RET isoforms.  Zebrafish RET has a 
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60% aa identity to humans  (human to mouse is 84%) (Bisgrove et al. 1997), and has 

been used to investigate differential isoform expression within the brain (Lucini et al. 

2011).  However, these studies are limited in that they use splice-blocking morpholinos. 

C-terminal splicing only occurs in RET51 (exon 19 spliced to exon 20), whereas there is 

no spicing event in RET9 (Tahira et al. 1990).  Therefore, splice-blocking morpholinos 

can only be used to create Ret9 monoisoformic zebrafish, but not Ret51 monoisoformic 

animals (Bisgrove et al. 1997, Heanue et al. 2008), limiting the use of this model system 

in signalling studies.  Additionally, Drosophila melanogaster have also been used to 

model RET, although only a RET51 isoform equivalent has been identified, which has 

poor sequence conservation at the C-terminal tail (Sugaya et al. 1994; Huen et al. 2000; 

Carter et al. 2001). Thus, RET research is limited by the few available model systems to 

study isoform function, highlighting the need for additional animal models. 

Caenorhabditis elegans as a model system 

 In this study, we used a novel approach to study RET isoforms in vivo.  Prior 

model systems used for RET research were plagued with problems, co-expression of 

isoforms in most tissues, difficulties in creating monoisoformic animals, and poor 

conservation of C-terminal tails in select model organisms (ie. Drosophila).  Additionally, 

each model system currently used employs endogenous copies of RET, is generally 

expensive to maintain, and has yet to reveal concrete evidence of differential isoform 

function and signalling.  Herein, we report the use of Caenorhabditis elegans as a novel 

platform to model the function of human RET isoforms, RET9 and RET51.   

The practicality and effectiveness of the nematode, Caenorhabditis elegans, as a 

model system for molecular and developmental biology is undisputed.  First adopted by 
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Nobel scientist Sydney Brenner in the 1960’s (Brenner 1974), C. elegans is an attractive 

organism to work with due to the small size (>1mm in length), and the ease of 

manipulation and observation due to their transparency.  Animals are cheaply housed on 

agar and fed on bacteria, and can be cultivated in large numbers (thousands of 

animals/petri dish) (Reviewed in Markaki et al. 2010; Sengupta et al. 2009). The C. 

elegans genome has been fully sequenced (C. elegans consortium 1998), and neural cell 

fates mapped (White et al. 1986; Chalfie et al. 1985; Schafer 2005) allowing effective 

manipulation of genes and cellular processes.  Wild-type hermaphrodite animals consist 

of only 959 cells, 302 of which are neurons (Reviewed in Markaki & Tavemarakis 2010).  

C. elegans are an ideal model to study human protein activities, with an  approximate 

80% of genes having human counterparts (Lai et al. 2000).  Many studies have shown 

human proteins are able to functionally replace the C. elegans homologues (Guo et al. 

2013; Lee et al. 2001; Stern et al. 1993).  Further, C. elegans phosphotyrosine signalling 

is similar to that of vertebrates but with reduced molecular redundancy, simplifying the 

study of adapter protein interactions and downstream signalling (Brisbin et al. 2009; 

Mohamed et al. 2006). 

A significant advantage to using C. elegans is their rapid reproductive cycle of 

only 3.5 days, where an egg hatches, and the animal matures through four larval stages 

(L1àL2àL3àL4) to reach full maturity (FIGURE 1.5) (Reviewed in Rougvie & Moss 

2013). C. elegans have two sexes, hermaphrodites and males, however males are very 

rare in a population (0.1%). Each adult hermaphrodite will self-fertilize to produce 

approximately 300 progeny.  
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C. elegans have been critical to study the underlying molecular and cellular 

aspects of many human diseases, most notably Alzheimer’s disease, amyotrophic lateral 

sclerosis, spinal muscular atrophy, diabetes, and cancer (Markaki & Tavemarakis 2010).  

Although C. elegans do not develop cancer, many mutant phenotypes are linked to worm 

homologues of human cancer causing genes. For example, by using C. elegans, great 

advances have been made in our understanding of RTK/Ras/Raf/MAPK signalling, a 

pathway that is highly conserved.  In C. elegans, this pathway is necessary for vulva 

development, and hyperactivation of this pathway leads to a multivulval phenotype 

(Reviewed in Moghal & Sternberg 2002), characterized by differentiation and 

proliferation of cells forming the vulva. In humans, the MAPK pathway also contributes 

to cell differentiation and proliferation, and to tumor development (Reviewed in Solus & 

Kraft 2013).  Human oncogenes have been transgenically expressed in worms to gain 

insight on the functions of the human proteins.  c-Met, a RTK often mutated in human 

lung cancers (Sadiq & Salgia 2013), was transiently expressed in C. elegans, resulting in 

locomotion defects, low fecundity, and vulval defects, all of which were amplified upon 

nicotine treatment (Siddiqui et al. 2008). 
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Figure 1.5. Life cycle of C. elegans 
 
The complete life cycle from embryo to adult at 22oC is outlined.  Upon fertilization, the 
embryo undergoes in utero development for 150 minutes, at which time the egg is laid 
and a further 9 hr of ex utero development occurs.  The embryo hatches, and the Larval 
stage 1 (L1) animal exits.  If no food is present, the animal will arrest at this stage. In the 
presence of food, and adequate living conditions the L1 animal progresses through three 
more larval stages, the developmental time indicated in brackets: L1àL2 (12 hr), 
L2àL3 (8 hr), L3àL4 (8 hr), L4àadult (18 hr).  If the L1 animal is subject to 
inadequate living conditions (heat, crowding, starvation) it will enter an alternative 
growth cycle called dauer where it can survive harsh conditions for months. 
Image from Worm Atlas: 
http://www.wormatlas.org/ver1/handbook/anatomyintro/anatomyintro.htm 
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Caenorhabditis elegans nervous system 

C. elegans have a compact nervous system of 302 neurons in the hermaphrodite, 

with a connectome that has been fully mapped (White et al. 1986), and can provide rich 

insight into how mammalian neural circuits are governed.  In C. elegans, as in humans, 

axon growth is very stringently regulated, with the developing neuron extending along a 

specific path, and stopping or forming a synapse at the desired spatial location.  In a 

generalized sense, a neuron is composed of a cell body, axon projection, and at the 

leading edge of the axon, a growth cone (Reviewed in Dupin et al. 2013).  It is the growth 

cone of the extending axon that responds to guidance cues to determine its trajectory 

towards its final target.  The growth cone is a dynamic structure, composed of 

lamellipodia, made of cross-linked networks of actin filaments, and filopodia, composed 

of tensile F-actin (Reviewed in Lalli 2014).  These structures interact with more proximal 

portions of the growth cone and axon, largely composed of microtubules (Lalli 2014).  

The dynamics of the growth cone is attributed to the polymerization and 

depolymerization of the actin networks governing axon advancement or retraction, 

respectively.  Receptors on the surface of the growth cone respond to extracellular cues, 

many of which have human counterparts.  The cues, both membrane bound and secreted 

molecules, include Netrins (UNC-6) (Kennedy et al. 2006), Slits (SLT-1) (Reviewed in 

Dickson & Gilestro 2006), Semaphorin (MAB-20) (Reviewed in Korapouli & Kolodkin 

2014), and Ephrins (EFN-1 to EFN-4) (Mohamed & Chin-Sang 2006), that interact with 

their cognate receptor on the surface of the growth cone.  These cues can either be 

attractive or repulsive, causing remodeling of the actin network to influence axon growth 

(Reviewed in Seeger and Beattie 1999). 
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 In this study, we are interested in a subset of six mechanosensory neurons 

collectively called the touch neurons (Reviewed in Goodman, Wormbook).  These 

neurons recognize mechanosensory stimuli such as touch, and initiate avoidance 

behaviors that include speeding up to escape posterior stimuli or backing up to avoid 

anterior touch (Chalfie & Sulston, 1981).  Four of the neurons are present when the C. 

elegans embryo hatches.  Two posterior lateral microtubule cells (PLMs) Left/Right are 

posterior to the anus, and ventral to the lateral midline, and two anterior ventral 

microtubule cells (ALMs) Left/Right that are anterior to the vulva and lie dorsal to the 

midline (FIGURE 1.6).  The remaining two mechanosensory neuron cells arise after 

hatching.  These are the posterior ventral microtubule cell (PVM), located between the 

anus and vulva, and the anterior ventral microtubule cell (AVM), situated between the 

vulva and the head (Chalfie & Sulston 1981) (FIGURE 1.6).  The PLMs send out axons 

anteriorly that extend and terminate just anterior to the vulva. The ALMs have an axon 

projection that terminates at the head.  The PVM and AVM send out an axon projection 

that travels ventrally to the dorsal cord, and then anteriorly towards the head (Gallegos & 

Bargmann 2004).  The touch neurons synapse with other mechanosensory neurons to 

facilitate many aspects of survival, locomotion, egg laying, feeding and mating 

(Reviewed in Wormbook; Bianchie 2007; Chalfie et al. 1985). 
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Figure 1.6. Schematic diagram of Caenorhabditis elegans touch neurons 

The touch neurons are a set of six mechanosensory neurons, consisting of a pair of PLMs 
(Left/Right) and the PVM in the posterior region, and a pair of ALMs (Left/Right) and 
the AVM in the anterior region. Upon hatching, in the L1 animal, the PLMs and ALMs 
extend axons anteriorly. The PLM terminates in a WT animal anterior to the vulva 
(depicted with a triangle) but posterior to the ALM cell bodies.  The ALMs extend 
anteriorly forming synapses in the nerve ring of the head.  The PVM and AVM are not 
present at hatching, but develop in the L1 animal, and send axons ventrally to the ventral 
column, and then anteriorly towards the head.  The PVM terminates just before the nerve 
ring, whereas the AVM synapses in the head.  
A: anterior; D: distal; P: posterior; V: ventral 
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RET inhibitors 

RET’s involvement in human cancers is well documented, with mutations of RET 

present in PTC (Grieco et al. 1990), MTC (Santoro et al. 1990; Mulligan et al. 1993), and 

NSCLC (Ju et al. 2012) and aberrant expression in pancreatic cancer among others (Ito et 

al. 2005; Mulligan 2014).  These cancers often feature mutations conferring a 

constitutively active RET kinase, leading to autophosphorylation of tyrosine residues to 

initiate signalling.  Drugs targeting RET are often small molecule kinase inhibitors. RTK 

inhibitors are frequently designed such that the ATP-binding pocket is targeted, 

preventing kinase activation.  However, this region is highly conserved amongst TKs, 

resulting in relatively non-selective inhibitors (Wu et al. 2008; Hantschel et al. 2012).  To 

date, there are no RET specific inhibitors, but several molecules initially designed to 

target other TKs have shown RET inhibitory ability (Reviewed in Mulligan 2014).  

Vandetanib, approved in 2011 by the FDA for treatment of metastatic MTC, is an 

orally administered aminoquinazoline compound (Wells et al. 2010).  It was initially 

developed as a vascular endothelial growth factor receptor (VEGFR) inhibitor, but has 

shown selectivity to RET, EGFR, and platelet-derived growth factor receptor (PDGFR) 

(Herbst et al. 2007).  Interestingly, vandetanib is most effective against MTC in patients 

exhibiting the RET M918T mutation, 54.5% response rate, versus a 30.9% response rate 

in patients testing negative for RET-M918T (Wells et al. 2012).  In these patients, a 

significant prolongation of progression free survival (PFS) was seen, 30.5 months 

compared to 19.3 months using placebo. 

Sorafenib is another multikinase inhibitor targeting RET, with off target 

selectivity for BRAF, VEGFR, and PDGFR (Plaza-Menacho et al. 2007).  It is currently 
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FDA approved for liver and kidney cancers, however preclinical data suggested sorafenib 

inhibits growth of RET-driven tumors by decreasing RET protein via lysosomal 

degradation (Plaza-Menacho et al. 2007).  Initial Phase II trials in patients with sporadic 

MTC suggest a response rate of 47% (seven of 15 patients) (Capdevila et al. 2012; Lam 

et al. 2010). Sorafenib treatment is coupled with more adverse effects than other TKI 

used to treat MTC, and has been suggested at lower doses due to toxicities (Krajewska & 

Jarzab 2014; Lam et al. 2010). 

Cabozantinib is another promising tyrosine kinase inhibitor (TKI) that targets 

MET, VEGFR, and RET, and was approved in 2012 for treatment of patients with 

progressive metastatic MTC (Reviewed in Hoy 2014).  It is currently under investigation 

in Phase III clinical trials for MTC with initial results indicating cabozantinib could 

increase progression free survival from 4-11.2 months (Elisei et al. 2013).  Cabozantinib 

is also under investigation in patients bearing the KIF5B-RET fusion in NSCLC (Drilon 

et al. 2013). 

The problem with current TKI therapies is the non-selective nature of TKIs that 

bind at the kinase ATP-binding pocket.  Thus, treating with these drugs may inhibit RET, 

but will also inhibit other TKs, resulting in unintended off target toxicities.  A novel 

therapeutic strategy is needed for RET driven tumors, potentially through a small 

molecule inhibitor binding to a less conserved domain, such as the substrate binding 

sequence.  The methodology for discovering such molecules is screening of large 

chemical libraries and testing their inhibitory potential on RET.  However, this practice is 

limited by the lack of an efficient animal model system to perform high throughput 

validation of selected targets with respect to RET. 
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Rational: 

Many fields in cancer biology can attribute ground-breaking research to the use of model 

organisms such as Drosophila, C. elegans, or zebrafish. Research encompassing the RET 

RTK has lagged behind other cancer associated RTKs, such as EGFR and MET, in part 

due to a lack of such model systems. Drosophila have only a RET51 equivalent protein. 

Although zebra fish encode both Ret9 and Ret51 protein forms, use of morpholinos to 

generate single isoform models are limited to the study of RET51.  Murine models are 

also flawed in that RET isoforms are co-expressed in most tissue, making dissection of 

individual isoform function difficult.  C. elegans do not contain a homologue of RET, 

although they do express homologues to many of the adapter and downstream proteins 

known to signal through human RET.  Thus, we hypothesize, C. elegans could be an 

attractive organism to generate monoisoformic RET9 and RET51 animals.  

Furthermore, we predict we can use the phenotypes of derived strains to interpret 

each isoforms activity, and differential signalling events that may contribute to 

cancer progression; thus, C. elegans will serve as a platform to study human RET 

isoforms.  The objective of this project is to develop a RET C. elegans model system that 

can be used to support and further our current understanding of RET and its’ isoforms. 

Objectives: 

AIM #1: Develop and characterize a RET expression model in C. elegans for analysis of 
individual RET isoform function. 
 
AIM #2: Elucidate key tyrosine docking sites and subsequent proteins responsible for 
differential isoform signaling. 
 
AIM #3: Develop the methodology to use C. elegans as a high throughput organismal 
model for RET research with a focus on drug testing. 
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Chapter 2: Materials and Methods 

Constructs 

pIC659 (mec-4 vector), odr-1::rfp, Gfrα. Intracellular (IC) RET expression constructs 

were generated previously (Gujral et al. 2006).  Briefly, fused cDNAs encoding a 

myristoylation signal and two FKBP dimerization-domains were fused to IC portion (aa 

658 to COOH terminus) of RET. IC RET constructs used: RET9, RET9 K758M, RET9 

M918T, RET9 M918T/Y1062F, RET51, RET51 K758M, RET51 M918T, RET51 

M918T/Y1062, RET51 M918T/Y1096F, RET51 M918T/Y1062F/Y1096F. GST-NCK-1 

(gift from Dr. Ian Chin-Sang, Queen’s University) and GST-SEM-5 and GST-SLI-1 

(gifts from Dr. Gino, University of Manchester) 

Experimental C. elegans Strains  

Wildtype (N2), zdIs5 [mec-4::gfp] (Clark & Chiu, 2003), muIs32 [mec-7::gfp] (Ackley 

et al. 2001), mec-4::gfp;him-5(e1490), mec-4::gfp, uIs69 [pCFJ90(myo-2p::mCherry) & 

unc-119p::sid-1] (Calixto et al. 2010) sid-1::mec-7, sid-1::mec-4, XMN237: dlk-

1(ju476)I;muIs32[Pmec-7::gfp]II, XMN50: muIs32[Pmec-7::gfp]II;mkk-4(ju91)X, 

XMN45: pmk-3(ok169)IV,  UP148: sem-5(cs15) X, (gifts from Dr. Brock Grill, The 

Scripps Research Institute, Jupiter, Florida) (see Table 1 for a comprehensive list of 

strains with associated phenotypes).  

Antibodies  

Anti-RET51 C20 (Santa	  Cruz	  Biotechnology,	  Santa	  Cruz,	  CA), Anti-RET9 C19 (Santa 

Cruz), Anti-γ-Tubulin (Sigma-‐Aldrich, Oakville Canada), HRP Conjugated anti-goat, 

HRP conjugated anti-mouse, Alexa 488 goat-anti rabbit, Alexa 594 anti-mouse, 4G10 

(EMD	  Millipore	  Massachusetts,	  U.S.A) anti-mouse, HRP conjugated anti-rabbit. 
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Culture Conditions  

All C. elegans strains were cultured according to Brenner (1974) with experiments 

performed at 20oC.  Briefly, animals were cultivated on 60mm petri dishes filled with 11 

mL of Nematode Growth Medium (NGM) (0.25% tryptone, 0.3% NaCl, 1.5% agar, 1mM 

CaCl2, 1mM MgSO4, 25mM KPO4 pH 6.0, 5 µg/mL cholesterol) seeded with 100µL 

OP50 E. coli. (Caenorhabditis elegans Genomics Center). 2-3 L4 animals expressing the 

odr-1::rfp transgenic marker were picked to fresh NGM plates before confluency was 

reached (5-6 days), or 50x50 mm chunks from confluent plates were removed and placed 

on fresh plates to amplify a population.  

Synchronized populations were developed through an egg preparation protocol.  Eggs 

were isolated by treating a population of mixed-staged animals with a 20% alkaline 

hypochlorite solution (8.25 mL H2O, 3.75 mL 1M NaOH, 3.0 mL bleach), lysing all 

worms, yet isolating the embryos.  The eggs were allowed to hatch overnight rotating in 

M9 (22mM KH2PO4 , 42mM Na2HPO4, 86mM NaCl, 1mM MgSO4, H2O to 1L) at 20oC.  

L1 animals were centrifuged at 3000 RPM and placed on fresh NGM plates to mature. 

Generation of RET transgenic worms 

Expression constructs containing human RET9 or RET51 intracellular domains (aa 658-C 

terminal) linked to a c-Src N-terminal myristoylation signal (MGSSKS) for membrane 

targeting have been previously described (Gujral et al. 2006; Hickey et al., 2009).  The 

human myr-RET IC sequence was inserted downstream of the C. elegans touch neuron 

specific mec-4 promoter in the L2528 cloning vector (Addgene, Massachusetts,	  U.S.A) 

(Mohamed & Chin-Sang 2006). Site specific RET mutants including a kinase dead 

mutant (K758M) in RET9 and RET51, oncogenic M918T, and tyrosine to phenylalanine 
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substitution mutant Y1062F in RET 9 and RET51, and Y1096F and Y1062/1096F in 

RET51 were generated from corresponding human expression constructs (Gujral et al. 

2006; Hickey et al. 2009), and inserted into the mec-4 cloning vector, as described above. 

Expression plasmids containing the various RET transgenes were injected (30ng/µL) 

conjointly with odr-1::rfp (10ng/µL), the Amphid wing “C” (AWC) head neuron red 

fluorescent protein (RFP) co-injection marker (Mohamed et al. 2012), into zdIs5 [mec-

4::gfp],  a strain expressing a green fluorescent protein (GFP) reporter in the 6 

mechanosensory touch neurons of the Bristol N2, WT strain (Mohamed & Chin-Sang 

2006). At least 10 independent injections were performed (Courtesy of Tony 

Papanicolaou, Dr. Chin-Sang Lab) for each construct using a Zeiss Axiovert microscope, 

with a Narashige Micromanipulator and injection system.  Injected worms were placed 

on individual NGM plates, where they self fertilize, producing progeny.  Progeny were 

assessed for the presence of RFP in the AWC neuron in the head, indicating the presence 

of the coinjected RET transgene. At least two individual lines for each strain were 

maintained, and their phenotypes analyzed.  For crosses, him-5::zdIs5 (a strain with a 

high frequency of males) was crossed to RET51 2B worms to create a strain with 

increased frequency of male RET51 2B animals.  Male RET51 2B animals were then 

crossed to hermaphrodites of various experimental strains.  A successful cross was 

identified in the F1 population through the selection of the RFP AWC neuron marker, 

and him-5 was back-crossed out over time. 
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Single Worm PCR 

PCR was used to validate the presence of RET transgenes for all C. elegans strains. A 

single animal per reaction was placed in 5µL 1xPCR buffer (1mM Tris, 50mM KCl, 

1.5mM MgCl2) plus 5µL of 20mg/mL proteinase K.  This was frozen in liquid nitrogen 

for 10min, then subjected to a lyse cycle, (65oC for 75min then 95oC for 15min) using a 

PTC-100 Programmable Thermal Controller. The resulting solution was made to 50µL 

with addition of 1.5µM primers (CRT4S and CRT4B) (Hyndman et al. 2013), 25uL 2x 

GO Taq Green Master Mix (Promega Wisconsin,	  U.S.A), and nuclease free water.  This 

was amplified by PCR for 30 cycles 1-95oC 1min, 2-55oC 1min, 3-72oC 1min, followed 

by a final 5min at 72oC. Products were separated by electrophoresis on a 2% agarose gel. 

Isolated RNA from HEK293 TET ON cells transfected with IC-RET9 (Hickey et al., 

2009) was used as a positive control for RET expression.  Negative control was parental 

zdIs5 strain. 

Phenotypic Analysis 

The PLM neuron in RET-expressing strains exhibited a premature termination phenotype, 

where the axon projection failed to extend to a WT position (between the vulva and ALM 

cell body) (Refer to Figure 1.6 for schematic of neurons).  We thus scored the PLM 

neuron premature termination frequency using distinct landmarks in the worm, PVM, 

Vulva, and ALMs.  A premature termination event was defined as a PLM neuron that 

failed to reach the Wild-type zone (6 cell bodies anterior of the vulva (~81µM) and 3 cell 

bodies posterior of the vulva (~40.5µM)) translating to the region between the ALMs and 

just posterior of the vulva.  A non-severe axon termination was defined as an axon that 

terminated between the PVM and vulva, while a severe premature termination event was 
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classified as a PLM that failed to extend past the PVM.  To score animals, unstarved L4 

and adult worms were washed from the plate with M9 buffer, centrifuged (3000 rpm), 

and washed a second time to remove contaminants. A drop of 3% agar was placed on a 

microscope slide and flattened with a second slide to a thickness of approximately 1mm, 

creating a transparent base to which live animals could adhere.  A 20µL drop of the 

washed and pelleted animals (corresponding to approximately 100 animals) was 

transferred to the agar pad.  3µL of 1M sodium azide was added to anesthetize the worms 

for ease of visualization.  Animals were scored on a Leitz Diaplan compound fluorescent 

microscope, initially identifying RET transgenic animals based on a RFP AWC neuron 

using 100x magnification.  The distinct termination location of the PLM neuron, which 

fluoresced due to GFP from the mec-4::gfp (zdIs5) reporter, was viewed at 400x 

magnification.  Images were captured using a Quorum WaveFX-X1 spinning disk 

confocal system (Quorum Technologies Inc., Guelph ON, Canada). 

Immunohistochemistry 

To visualize RET and pY expression, worms were permeabilized and fixed using the 

freeze-thaw method (Chin-Sang et al. 1999).  Briefly, WT-RET51, WT-RET9 and the 

respective kinase dead strains (containing the K758M mutation), were collected from 

unstarved plates with M9 and resuspended in 0.5mL H2O.  Important to note, worms 

stick to plastic, so to avoid loosing animals at critical stages a glass Pasteur pipette was 

used.  The animals were placed on ice and 0.5mL cold 2x witches brew (160mM KCl, 

40mM Na2EGTA, 10mM spermidine HCl, 30mM Na Pipes pH 7.4, 50% methanol) 

supplemented with 20% formaldehyde to 2%, was added.  The tubes were placed in 

liquid nitrogen to freeze rapidly, and then placed in a 70oC water bath until a small 



	   32	  

amount of ice remained.  This was then incubated at 4oC for 1hr.  The worms were 

washed with tris-triton buffer (10mM Tris (pH7.4), 100mM NaCl, 1mM EDTA, 1mM 

EGTA, 1% Triton X-100, 10% glycerol, 0.1% SDS), and incubated in 1mL 1% βME/tris-

triton for 90min at 37oC rotating.  Worms were washed in a 1x borate buffer (40x recipe:  

[1M H3BO3, 0.5M NaOH, pH 9.2]) and incubated in 1mL 10mM DTT/1x borate buffer 

for 15min at room temperature.  Animals were washed in 1mL borate buffer and 

permeabilized by incubating at room temperature for 15min with 0.3% H2O2/1x borate 

while rotating.  To block non-specific antibody binding, animals were incubated in 

PBST-B (1x PBS, 0.1% Bovine Serum Albumin (BSA), 0.5% Triton-X-100, 5mM 

sodium azide, 1mM EDTA) for 15min.  Primary antibodies to RET isoforms (C19 and 

C20) and pY (4G10) were diluted in PBST-A (PBST-B without 1% BSA) at 1:100 

dilution, and incubated with animals overnight at room temperature.  Worms were then 

washed in PBST-B and incubated for 90min at room temperature with fluorescently-

conjugated secondary antibodies: goat-anti rabbit (RET) or anti-mouse (pY) diluted in 

PBST-A to 1:250.  Animals were placed on microscope slides and visualized on the 

spinning disk confocal system, images were captured as described above. Metamorph 

software was used to analyze stained tissue.  Z-stacks were compiled to create a 3D 

rendering with focus on the PLM neuron in the tail of the animal. 

Mammalian Cell Culture and GST-pulldowns 

HEK293 cells were cultured in DMEM supplemented with 10% fetal bovine serum 

(Sigma Aldrich).  At 70% confluence, cells were transfected using Lipofectamine 2000 

(Invitrogen, Burlington, ON) according to manufacturer’s instructions with constructs for 

GFRα1 and full length RET isoforms, as indicated, using methods previously optimized 
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in our lab (Richardson et al. 2006; Hyndman et al. 2013). Cells were serum starved 

overnight, treated with 50ng/mL GDNF (Peprotech, Rocky Hill, NJ) for 5hr, then 

harvested for western blotting as previously described (Hickey et al. 2009).  GST-

pulldowns were performed using constructs encoding GST-tagged worm proteins with 

homology to human counterparts. These were expressed and harvested from BL21 cells.  

The bacteria were grown in 2YT, lysed via sonication and the lysate conjugated to 0.250g 

of pre-washed Glutathione Sepharose beads (GE Healthcare Life Sciences, Baie d’Urfe, 

QC).  GST proteins were eluted from beads using elution buffer (50mM Tris-HCL pH 8.8, 

150mM NaCl, 20mM Glutathione) and dialyzed against PBS.  Protein concentration was 

determined by comparing to BSA standard on SDS-PAGE gels.  2µg of purified GST-

tagged protein was conjugated to 10µL GST-Sepharose beads and incubated with 1mg 

whole cell lysates from RET-transfected HEK293 cells, as described above. Proteins 

were separated by SDS-PAGE and immunoblotted for visualization.  

Drug and Inhibitor Assays 

We evaluated the effectiveness of two clinical drugs used to treat RET-driven tumors, 

sorafenib and vandetanib, on our C. elegans-RET model.  Additionally, inhibitors to key 

protein pathways were also chosen and tested on our model. For drug and inhibitor 

studies, two L4 animals were transferred from a NGM agar plate to wells of a 24 well 

plate containing S Medium (1L S Basal [0.1M NaCl, 0.05M potassium phosphate pH6.0, 

5mg/mL cholesterol dissolved in EtOH], 10mL trace metals solution [5mM disodium 

EDTA, 2.5mM FeSO4�7H20, 1mM MnCl2�4H2O, 1mM ZnSO4�7H2O, 0.1mM 

CuSO4�5H20], 3mM CaCl2, 3mM MgSO4 and 10mM potassium citrate pH6.0).  Animals 

were grown for 6 days (~ 80 adults/well) at 20oC on a shaker at 150rpm. For drug assays, 
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sorafenib (LC laboratories Massachusetts,	  U.S.A) and vandetanib (LC laboratories), 

dissolved in DMSO, were used at 0.1µM or 1µM alongside a DMSO vehicle control. For 

pathway inhibitor studies, animals were cultured as above in 24 well plates and treated 

with either vehicle (0.4% ethanol), 60µM LY294002 (PI3K inhibitor)(Cell Signalling 

Technologies), 50µM U0126 (MEK/ERK inhibitor) (Cell Signalling Technologies), or 

60µM CPA7 (STAT3 inhibitor) (Littlefield et al. 2008). 48 hrs later, a second dose of 

half the original concentration was administered to the already existing medium. Animals 

were scored 6 days after the first treatment, (~ 80 adults/well) for PLM termination 

frequency. 

Statistics 

PLM neuron premature termination frequencies for experimental RET strains are 

represented as an average of two independently injected animal lines, with at least 100 

animals scored for each line. A Chi-square test was used to determine statistical 

significance between groups.  Drug and inhibitor assays were performed in triplicate, and 

subjected to an unpaired two-tailed student’s t-test. P values were considered significant 

at p<0.05. 
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Chapter 3: Results 

RET isoform expression in PLM touch neuron causes early axon termination 

cDNAs encoding the intracellular sequences of human RET isoforms, RET9 

(aa658-1072) and RET51 (aa658-1114), were fused to an N-terminal myristoylation 

signal for membrane targeting (Hickey et al. 2009; Hyndman et al. 2013) and expressed 

under the control of the C. elegans mechanosensory neuron-specific mec-4 promoter. 

These RET constructs were injected into the C. elegans strain zdIs5 (mec-4::gfp), 

concurrently with the selectable transformation marker odr-1::rfp, causing RFP 

expression in the AWC neuron of the head. When constructs are co-injected into the 

syncytial gonad arm of an L4 adult, the DNA forms large repetitive extrachromosomal 

arrays (Fire 1986; Kage-Nakadai et al. 2012), which are then taken up by developing 

oocytes.  Any animals expressing RFP in the AWC neuron of the head, should also 

contain the RET constructs that were co-injected.  Successful injections were confirmed 

by PCR for RET transcripts (Supplementary Figure S1) and RET protein expression 

was confirmed by immunohistochemistry (FIGURE 3.1). RET expression was observed 

in the 6 touch neurons of both RET9 and RET51 expressing animals. As expected, RET 

expression was not detected in any cell types other than the six touch neurons.  The 

detected RET expression overlapped phosphotyrosine expression, which was absent in 

the neurons of WT animals, indicative of constitutive RET activation (FIGURE 3.1 and 

Supplementary S2).  Our observations were similar to the expression of other RTKs (e.g. 

Vab-1, equivalent of the human Eph receptor), expressed transiently in C. elegans in a 

similar matter (Brisbin et al. 2009). A strain injected with constructs for the kinase dead 

RET mutant (K758M) was positive for RET expression but negative for phosphotyrosine 
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expression in the touch neurons (FIGURE 3.1). Together, these data confirmed the 

expression and activity of human RET9 and RET51 monoisoformic C. elegans.   
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Figure 3.1.  Monoisoformic C. elegans express active RET9 or RET51 isoforms 
Human RET9 and RET51 isoforms are expressed and phosphorylated in C. elegans, 
while a kinase dead form of RET (K758M) was expressed, but did not lead to increased 
levels of pY. WT animals (zdIs5), and RET expressing animals were fixed, permeabilized 
and immunostained for RET9 or RET51 (green) and phosphotyrosine (red). RET 
localizes to the mechanosensory neurons (PLMs are depicted). In RET9 and RET51 
animals, there is phosphotyrosine expression in the touch neurons, suggesting active 
phosphorylated proteins. WT animals (zdIs5) have low background pY staining of the 
intestinal tract, but lacked RET staining (as expected). Magnification=600x 
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Due to the localization of RET to the six touch neurons, we inspected the animals 

for phenotypic abnormalities of these RET-expressing neurons.  We initially identified a 

premature termination phenotype of the PLM neuron, and developed a scoring system to 

characterize and quantify this defect. The PLM neuron in RET-expressing strains 

exhibited a premature termination phenotype, where the axon projection failed to migrate 

to a WT position (between the vulva and ALM) (FIGURE 1.6).  We thus scored the 

PLM neuron premature termination frequency using the PVM, Vulva, and ALMs as 

distinct landmarks.  A premature termination event was defined as a PLM neuron that 

failed to reach the wild-type zone (six cell bodies anterior of the vulva (~81µM) and 3 

cell bodies posterior of the vulva (~40.5µM)) translating to the region between the ALMs 

and just posterior of the vulva (FIGURE 1.6).  We further subdivided “premature 

termination” as either non-severe or severe termination events. A non-severe axon 

termination was defined as a PLM neuron termination between the PVM and vulva, while 

a severe premature termination event was classified as a PLM that failed to migrate past 

the PVM.  We adapted this scoring system from similar methodology used in Mohamed 

& Chin-Sang (2006). 

The phenotype of RET9-expressing animals appeared near WT, with neuron cell 

bodies located in the correct locations, and axon projections meeting their designated 

targets.  A small percentage of animals (4%) had a slight PLM over- or under-extension 

phenotype, but the frequency of these phenotypes was not significantly different from the 

corresponding RET9 K758M KD animals.  Despite similar transgene expression levels, 

RET51-expressing animals had a significantly more penetrant axon termination 

phenotype than those expressing RET9 (FIGURE 3.2).  RET51 expression induced a 
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premature termination defect of the PLM mechanosensory neuron in a high percentage of 

animals (33%, p<0.001).  In RET51 animals, the PLM neuron appeared to stop abruptly, 

not reaching it’s designated target.  Additional axon guidance defects were observed in 

the PLM neuron of RET51 animals, including axon branching, and migration defects 

where the neuron did not follow the normal path, instead traversing over the dorsal-

ventral axis (Supplementary Figure S3A,B).  

The parental C. elegans strain into which constructs were injected, zdIs5 (mec-

4::gfp), was scored as a baseline for touch neuron defects. These animals had WT touch 

neuron morphology, as expected. RET9 K758M and RET51 K758M KD mutants were 

expected to have WT termination frequencies, considering kinase activity is rendered 

inactive by the K758M substitution (Plaza-Menacho et al. 2011). However, there was a 

low incidence of PLM premature termination defects.  We believe this phenotype is 

caused by RET interacting with another membrane bound receptor in a kinase 

independent fashion, as no phosphotyrosine activity was detected by IHC in RET K758M 

animals.  Also, the penetrance of terminations in RET9 K758M and RET51 K758M 

animals was not statistically different.  

RET9-expressing animals did not have a significantly different phenotype 

compared to the kinase dead mutant (K758M). However, RET51 animals were 

significantly different from controls. The PLM neuron of RET51 animals terminated 

prematurely in approximately 33% of animals (FIGURE 3.3), highly significant 

compared to RET51 K758M, RET9, and zdIs5 animals (p<0.0001).  The severity of 

premature axon terminations varied between strains, with some strains exhibiting much 

shorter axons than others.  Thus, we further binned our data, quantifying the frequency of 
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“severe” premature terminations, defined by a PLM neuron that failed to extend past the 

PVM.  RET51-expressing animals had a significantly higher frequency, 7%, of severe 

terminations compared to zdIs5 (p=0.0002), RET51 K758M (p=0.0004), and RET9 

animals (p=0.0005).  RET9 animals had virtually no severe termination events, and were 

not statistically different when compared to WT animals (p>0.05).  
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Figure 3.2.  RET51 animals have premature termination defects of the 
PLM neuron   
RET expression causes premature axon termination of the PLM neuron. TOP Panels: WT 
(zdIs5) animal, with GFP stably expressed in the six mechanosensory touch neurons 
driven by the mechanosensory neuron-specific promoter, mec-4.  The PLM terminates in 
a WT position, just anterior of the vulva. MIDDLE Panels: RET51-injected animal with a 
premature (non-severe) PLM axon defect terminating between the PVM and vulva.  Red 
fluorescence in the head, the result of the odr-1::rfp selectable marker, indicates a 
transgenic animal.  BOTTOM Panels: RET51-injected animal exhibiting a severe PLM 
axon termination defect where the PLM terminates before the PVM. Magnification=400x 
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Figure 3.3. RET51, but not RET9 animals exhibit a premature axon termination 
phenotype 
 RET51 transgenic animals have significantly more frequent and severe PLM premature 
terminations than the RET9 counterpart (p<0.0001).  Indicated constructs were 
independently injected, and at least two lines (lin) for each strain were maintained and 
scored.  The PLM phenotype was scored as over-extension (blue), WT (green), premature 
(light red), or severe premature termination (dark red).  The data within each column of 
the table is represented as the frequency of termination events at the given location.  The 
average of the two animal lines scored for each strain are shown in bold.  Asterisks 
represent significance compared to the parental strain, zdIs5 WT animals.   
*(p≤0.05), *** (p≤0.001). 
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RET M918T, Y1062F and Y1096F mutants show unique phenotypes 

To increase the penetrance of the PLM axon termination phenotype we selected 

the oncogenic RET M918T mutation that is known to be a driver of MTC (Gimm et al. 

1999).  This form of RET has increased ATP affinity, and a 10 fold increase in kinase 

activity, suggesting it would induce a more severe phenotype.  RET51 2B and RET9 2B 

expression constructs were generated, and injected into zdIs5 animals, as previously 

described.  The M918T mutant RET constructs induced a significant increase in the 

penetrance of the model, compared with previous WT-RET9 and WT-RET51 constructs. 

Premature termination events were more frequent and of greater severity.  20% of RET9 

2B animals exhibited a premature termination of the PLM neuron, 10% of which were 

deemed severe (FIGURE 3.4).  This was a significant increase from the WT-RET9 

precursor strain (p<0.0001).  Similarly, the phenotype of animals expressing RET51 2B 

was also significantly more penetrant, with 70% of animals having a premature 

termination of the PLM, 35% of which exhibited a severe premature termination 

(p<0.0001).  A small percentage of RET51 2B animals had defects of the ALM neuron, 

not previously observed in either WT-RET or RET9 2B strains (Supplementary Figure 

S3C).  In these cases, the ALM cell body had positional defects, along with premature 

axon projections. 
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Figure 3.4. RET M918T (2B) mutation significantly increases the penetrance of 
premature axon terminations  
Animals injected with a construct containing an oncogenic, M918T mutant of either 
RET9 or RET51 (RET9 2B or RET51 2B) had significantly more premature (Black) and 
severe (Grey) PLM axon terminations than the original WT-RET-expressing animals.  
Asterisks above bars represent significance compared to corresponding WT-RET strains. 
*** (p≤0.001) 
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Based on our findings, it appears RET51 induces a more frequent and severe 

termination phenotype than does RET9.  To distinguish the key phosphorylated tyrosine 

residues on RET required to initiate signalling and contribute to the RET51 2B-induced 

phenotype, we generated RET mutants in which critical tyrosine residues Y1062 and/or 

Y1096 were substituted with phenylalanine.  The mutant constructs were injected into the 

zdIs5 parental strain as previously described, generating RET51 2B Y1062F, RET51 2B 

Y1096F, and RET51 2B Y1062/1096F expressing transgenic animals.  Interestingly, 

introducing mutations at select RET tyrosine residues changed the frequency and severity 

of premature axon terminations.  Premature termination of the PLM neuron was detected 

in 56% of RET51 2B Y1062F animals (FIGURE 3.5A), a significant decrease when 

compared to the original RET51 2B strain (p=0.0006). Y1096F animals had the smallest 

significant decline in total premature terminations (p=0.017).  The largest relative 

decrease in premature termination frequency was seen when both Y1062F and Y1096F 

mutations were expressed concurrently in the animal.  The RET51 2B Y1062/1096F 

double mutant animal had an approximate 50% premature termination frequency, a 20% 

decrease (p<0.0001) relative to the RET51 2B parent, significantly different from 

Y1096F animals (P=0.029) but not Y1062F worms (p=0.21).  

In most cases, the tyrosine mutants significantly decreased the frequency of 

severe premature terminations (FIGURE 3.5B). This was most pronounced in double 

mutant animals, RET51 Y1062/1096F, where severe premature terminations only 

accounted for 16% of the total axon terminations, compared to an original 35% in RET51 

2B parents (p<0.0001).  RET51 2B Y1062F animals also had a lower frequency of severe 

terminations, 28% (p=0.04).  The Y1096F mutation induced a 5% increase in the 
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frequency of severe terminations, although this was not statistically significant.  Each of 

the tyrosine mutant strains was significantly different from the other with respect to the 

severity of terminations (p<0.001).  Interestingly, the severity of premature terminations 

of RET51 2B double mutant Y1062/1096F animals was very similar to the severity of the 

original RET9 2B mutant (p=0.05) (Supplementary Figure S5), indicating that the 

signals initiated through interactions at Y1062 and Y1096 of RET51 likely distinguish 

the isoform’s activity. 

When data for each mutant strain were represented as “rescuing” the initial RET 

51 2B associated phenotype, the double mutant (Y1062/1096F) had the greatest ability to 

rescue both total premature and severe termination events (28% and 55%, respectively 

FIGURE 3.5C).  The RET51 2B Y1062F mutation also rescued the RET51 2B 

phenotype, (total and severe terminations) by approximately 20%.  Although premature 

terminations were rescued by 15% in total in RET51 2B Y1096F animals, the relative 

frequency of severe terminations was increased by 12% compared to the original RET51 

2B animals. 

 We binned termination frequencies into 30µm segments along the length of the 

worm and plotted these as shown in Figure 3.5D to interpret the termination distribution 

patterns.  Axon terminations were found clustered in specific spatial regions of the worms.  

We identified three distinct areas where terminations clustered: halfway between the 

PLM and PVM, just anterior of PVM, and the WT region.  The area between the PLM 

and PVM we termed “checkpoint 1”, and just anterior of the PVM “checkpoint 2”.  

RET51 2B animals had an equal distribution of axon terminations at checkpoint 1 and 2.   

When key signalling sites were eliminated on RET (Y1062 and Y1096) we saw the 
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distribution change.  Y1062F and double mutants (Y1062/1096F) had a decreased 

distribution at checkpoint 1 compared to RET51 2B parental animals, while Y1096F 

animals are severely disrupted at this checkpoint corresponding to the pronounced peak.  

As the axon extends towards the mid body, a second cluster of terminations was 

identified, checkpoint 2, corresponding to the region proximal of the PVM. Y1062F 

animals have a similar distribution to the original parental RET51 2B animals at this 

checkpoint, however Y1096F animals have a low frequency of terminations at this 

checkpoint. The peak incidence of terminations in Y1062/1096F animals lies outside 

checkpoint 2, with a distribution that is shifted closer to the WT termination region. 

The RET9 M918T (RET9 2B) mutation induced a significant increase in 

premature terminations compared to the WT-RET9 construct (p<0.001) (Figure 3.4).  

Interestingly, a Y1062F mutation in the RET9 2B construct, the same mutation generated 

in RET51 2B Y1062F animals, further increased both total premature and severe 

termination events (Supplementary Figure S5).  This is distinct from the phenotypes 

observed in RET51 2B animals where Y1062F decreased axon termination of the PLM, 

suggesting that signalling downstream of RET9 via Y1062 is distinct from that of RET51. 
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Figure 3.5. Animals expressing RET tyrosine mutants display distinct phenotypes  
A) Single (Y1062F and Y1096F) and double (Y1062/Y1096F) RET tyrosine mutant 
animals were created to dissect the contributions of key tyrosines implicated in the 
RET51-mediated phenotype.  All three tyrosine mutant animals had decreased PLM 
premature axon termination frequencies.  Asterisks above each bar represent significant 
differences relative to the parental strain (RET51 2B) while asterisk above brackets 
represent significance between Y mutant animal strains. *(p≤0.05), ** (p≤.01), *** 
(p≤0.001).   B) Tyrosine mutant strains each had unique severities of premature 
terminations.  Both Y1062F and Y1062/1096F animals had reductions in the frequency 
of severe termination events, while Y1096F animals were not significantly different from 
the RET51 2B strain. C) Ability of single and double tyrosine mutations to rescue the 
RET51 2B premature axon termination (Black) and severe termination (grey) phenotypes.  
The relative decrease (rescue) or increase (enhancement) in phenotype relative to the 
RET51 2B phenotype prevalence is indicated. D) Termination frequencies were binned 
for 30µm sections along the length of the worm, and plotted for each RET51 2B strain to 
compare relative distribution patterns. Based on the overlapping distribution patterns of 
PLM termination frequencies of RET51 2B and tyrosine mutant strains, two “checkpoints” 
were identified. Checkpoint 1 and checkpoint 2 correlate to regions where termination 
frequencies were collectively higher for each strain. 
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Defining signalling pathways contributing to RET mediated phenotype 

 Using Wormbase (www.wormbase.org), an international database of C. elegans 

biology, protein information, and interactions, we confirmed that many of the signalling 

pathways acting downstream of RET in humans were also present and conserved in C. 

elegans (Figure 3.6).  As our data suggest that Y1062 and Y1096 play roles in the RET-

mediated axon termination phenotype, we wanted to identify proteins and pathways in C. 

elegans that could contribute to the phenotype through interactions at these tyrosine 

signalling hubs. Key proteins shown to interact with human RET through these sites are 

GRB2 (C. elegans SEM-5), c-CBL (SLI-1), and NCK (NCK-1) (Reviewed in Ibanez 

2013). 

 To determine whether worm homologues of these proteins interact with human 

RET9 or RET51 isoforms, we performed GST-pulldowns using purified GST-tagged C. 

elegans proteins.  Whole cell lysates collected from human HEK293 cells, transiently 

transfected with human full length RET9 or RET51 constructs were incubated with 

purified worm GST-SLI-1, GST-SEM-5, or GST-NCK-1 (FIGURE 3.7A) 

(Supplementary Figure S6). Our results suggest RET51, but not RET9, interacts 

robustly with all three proteins, consistent with RET isoforms having unique signalling 

pathways.  Interestingly, when RET tyrosine mutants constructs were used, we showed 

that GST-SLI-1 (corresponding to human c-CBL) interacts exclusively at Y1096 of 

RET51.  When this residue is mutated in either RET Y1096F or Y1062/1096F, SLI-1 

binding was abolished (FIGURE 3.7B). (NCK-1 GST-pulldowns were performed by Dr. 

Brandy Hyndman).  
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Figure 3.6 C. elegans encompass many of the same adapter proteins utilized by RET 
in human cells  
Schematic signalling diagram highlighting proteins that share homology between RET 
signalling in humans and RTK signalling in C. elegans.  On the left, the human 
intracellular domain of RET and its two isoforms.  Key tyrosine signalling hubs are 
indicated with a summarized schematic of pathways activated through these sites.  On the 
right is RET as it would appear in our C. elegans model with myristoylation sequence for 
membrane targeting.  In red are homologues of human proteins which are predicted to 
interact with RET, initiating downstream signalling cascades. 
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 After identifying key interactors of RET51—GRB2/SEM-5 and NCK/NCK-1—

we investigated RET’s involvement in downstream signals, primarily those of the MAPK 

pathway. In vivo analysis of signalling events contributing to the RET-mediated 

phenotype were studied by crossing LF animal strains to our RET51 2B animals.  C. 

elegans LF mutant strains sem-5(cs15) (homologue of GRB2), mkk-4(ju91) (a MAPKK 

with homology to human MKK4) and dlk-1(ju476) (a MAPKKK with homology to 

human Duel Leucine Zipper Kinase (DLK)) contain null alleles in a mec-7::gfp 

background, (Nakata et al. 2005; Bounoutas et al. 2011; Rocheleau et al. 2002).  Sem-

5(cs15) is a partial loss-of-function mutant, with a truncation at the second SH3-domain 

(Fleming et al. 2005).  All three proteins are expressed in neurons of C. elegans and have 

regulatory roles in the growth and development of neurons (Reviewed in Tedeschi and 

Bradke 2013; Fleming et al. 2005).  MKK-4 and DLK-1 are homologues of human 

proteins of the MAPK pathway, involved in the growth and differentiation of RET 

positive tumors (Reviewed in Nikiforov 2008).  C. elegans have a highly conserved 

MAPK pathway; DLK-1 is directly upstream of MKK-4, which activates downstream 

PMK-3/p38-MAPK (Nakata et al. 2005). 

 As we had shown that SEM-5/GRB2 interacts with the RET51 isoform in vitro in 

GST-pulldowns, we assessed the effects of SEM5 LF in vivo. RET51 2B males were 

crossed to hermaphrodites of dlk-1, mkk-4, and sem-5 mutant strains, and F1 progeny 

were screened for the presence of the RET co-injection marker odr-1::rfp, confirming a 

successful cross. 

 dlk-1 and mkk-4 mutants were previously reported (Tulgren et al. 2011) to have a 

PLM overextension phenotype of 18% and 12% respectively. We however did not 
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observe such a penetrant phenotype.  Our scoring of dlk-1 and mkk-4 mutant animals 

revealed a respective 4% and 5% over extension phenotype (Supplementary Table 1). A 

dlk-1 null mutant in a RET51 2B background partially suppressed the RET51 2B 

phenotype (p<0.0001), including both total premature and severe PLM termination events 

(FIGURE 3.7C).  A similar suppression was seen when the mkk-4 null allele was 

introduced into the RET51 2B background (p<0.0001), which was expected considering 

MKK-4 is directly downstream of DLK-1, acting in the same signal transduction pathway.  

Interestingly, even though SEM-5 showed an interaction in in vitro GST-pulldowns, the 

sem-5(cs15) in a RET51 2B background did not result in a significant change of the 

premature (p=0.54) or severe (p=0.22) phenotype, indicating SEM-5 activity does not 

modulate axon growth downstream of RET in our C. elegans model.   
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C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. RET9 and RET51 interact differentially with adapter proteins and 
downstream pathways 
A) Western blot probed with either anti-RET9 (C19) or anti-RET51 (C20) antibodies and 
for Anti-γ-Tubulin as a loading control. 5µg of GST protein was bound to glutathione 
sepharose beads and incubated with 1mg whole cell lysate (WCL) harvested from 
HEK293 cells. Cells transfected with pcDNA3.1 served as an empty vector control. C. 
elegans SEM-5 (Grb2) and SLI-1 (c-Cbl) GST-fusions were found to interact with 
RET51 but not RET9 isoforms.  B) Cell lysates from transfected cells expressing Y 
mutant constructs of the RET51 isoform Y1062F, Y1096F, and Y1062/1096F were 
incubated with GST-SLI-1.  GST-SLI-1 bound the RET51 Y1062F mutant, but not 
Y1096F or Y1062/1096F double mutants, indicating C. elegans SLI-1 (human Cbl 
homologue) interacts with RET51 through Y1096. C) dlk-1, mkk-4, and sem-5 null alleles 
were crossed into the RET51 2B background to screen for phenotype reversions of 
premature (black) and severe(grey) axon termination of the PLM.  Both DLK-1 and 
MKK-4 function in the same MAPK pathway, and in the RET51 2B background rescued 
the premature axon phenotype.  The Sem-5 mutant allele did not rescue the phenotype. 
Asterisks above each bar represent significant reversions compared to the parental 
RET51 2B strain. *** (p≤0.001). 
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Potential of the novel C. elegans RET model for drug and inhibitor testing  

The use of C. elegans for drug testing offers a cheap and high throughput 

alternative to traditional animal model systems (Fernandez et al. 2012). We wished to 

determine whether our C. elegans RET model could be used to test efficacy of various 

drugs that have been used to target RET function. Our model would provide an efficient 

readout, PLM termination frequency, that could be used to assess drug selectivity and 

potency.  We first tested this with the broad-spectrum kinase inhibitor sorafenib, which 

has been shown to efficiently inhibit RET kinase activity (Plaza-Menacho et al. 2007).  

RET expressing C. elegans were grown in liquid culture in 24-well plates, allowing for 

large-scale analysis and multiple replicates per treatment. Two L4 RET expressing C. 

elegans per well were placed in a 24-well plate in liquid medium and subjected to 

treatment with sorafenib.  Treatments of 0.1µM or 1µM, previously shown effective in C. 

elegans (Liu et al. 2011), were administered every 24hrs until the F1 population had 

hatched and matured to adults (approximately 5 days).  Animals were scored for PLM 

termination frequency.  At 0.1µM and 1µM, we saw a dose-dependent decrease in the 

frequency of premature PLM axon terminations (FIGURE 3.8A).  The RET-induced 

PLM premature termination phenotype was almost abolished at 1µM of sorafenib 

(p<0.0002), however higher concentrations tested (2-5µM) inhibited animal reproduction, 

resulting in few or no progeny.  Concentrations of 1µM sorafenib also appeared toxic to 

C. elegans.  Toxicities were observed in the PLM, exhibiting GFP aggregates/puncta and 

thinner axon projections, indicative of neurodegeneration (Wang et al. 2009), consistent 

with the broad kinase selectivity of sorafenib. 
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 To further test our model, we selected tyrosine kinase inhibitor vandetanib (1µM) 

(which has been FDA approved for treatment of MTC [Wells et al. 2012] and effectively 

inhibits RET), MEK inhibitor U0126 (50µM) (Reiner et al. 2008), and PI3K inhibitor 

LY294002 (60µM) (Babar et al. 1999) were also used, at the indicated concentrations. In 

initial tests, treating every 24 hrs resulted in severe toxicity in animals treated with the 

MEK and PI3K inhibitors.  Thus, we modified the treatment regime, treating animals 

initially with the designated dose, and 48 hrs later, a second treatment of half the original 

dose was administered in the medium.  Sorafenib remained the most effective at reducing 

PLM early terminations (p<0.0004), and the MEK inhibitor U0126 also had a modest 

ability to reduce termination events (p<0.044) (FIGURE 3.8B).  Interestingly, although 

not significant, U0126 also induced a slight but consistent over-extension phenotype of 

the PLM.  This is consistent with our data from the above dlk-1(ju476); RET51 2B and 

mkk-4(ju91);RET51 2B crosses where MAPK mutants in a RET background increased 

neuron length, thus suggesting the MAPK pathways play a role in the RET-induced PLM 

premature termination.   

Treatment with vandetanib was not as successful at reverting the RET mediated 

phenotype as that of sorafenib. We expected a larger decrease of PLM terminations when 

animals were treated with vandetanib, however a higher concentration than 1µM may be 

needed, consistent with other reports (Mulligan et al. data unpublished).  There was no 

validated treatment regime or dosage in the literature for the compounds above in relation 

to our study design.  Thus, we adopted a novel treatment and dosage regime that may 

need to be optimized further for future experiments. 

 



	   58	  

A)        
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. RET C. elegans model for drug and inhibitor testing 
A) Treatment of RET-expressing animals with broad kinase inhibitor Sorafenib resulted 
in a dose dependent decrease in PLM premature termination frequency.  RET-expressing 
animals were grown for 5 days in liquid medium and treated with Sorafenib (0.1µM or 
1µM) every 24 hrs. n≥85 for each treatment group B) RET51 2B animals were treated 
with either 1µM sorafenib or 1µM vandetanib (in DMSO) or 60µM LY294002 (PI3K 
inhibitor), or 50µM U0126 (MEK inhibitor) in EtOH, for 5 days followed by scoring for 
PLM premature axon terminations.  The treatment regime was an initial full dose of 
drug/inhibitor, followed 48hrs later by a second treatment of half the original dose.  
Animals treated with Sorafenib and U0126 were significantly different from the RET51 
2B animals treated with vehicle (0.4% DMSO or EtOH) with respect to premature 
termination events. Error bars represent SEM and asterisks above bars represent a 
statistically significant decline compared to vehicle control.  *(p≤0.05), *** (p≤0.001) 
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Chapter 4: Discussion 

 The practicality and effectiveness of the nematode Caenorhabditis elegans as a 

model system for molecular and developmental biology is well recognized.  First adopted 

by Nobel winning scientist Sydney Brenner in the 1960’s (Brenner 1974), C. elegans is 

an attractive organism to work with, providing an extensive molecular, and genetic tool-

kit that allows widespread manipulation of genes and cellular processes.  We report here 

the first use of C. elegans in the study of the human RET proto-oncogene, as a model to 

study its splice variants, various mutant constructs and small-molecule interactions.  

Through the utilization of C. elegans, we have modeled human RET9 and RET51 

isoforms, identifying RET51 as a substantially more active isoform and confirming this 

by generating animals harboring oncogenic RET mutations that induced a more penetrant 

phenotype.  We have used the C. elegans RET model to identify key tyrosine residues 

that may contribute to the oncogenicity of RET.  The MAPK signalling pathway 

downstream of RET51 was identified as contributing to the mutant phenotype, and we 

were able to rescue the phenotype using the kinase inhibitor sorafenib, a prospective 

therapeutic for RET-associated tumors.  Collectively, C. elegans have proved a fruitful 

model, allowing in vivo analysis of RET activity. 

Understanding the model 

 Animal models for biological research are imperative to successfully explore 

complex interactions not possible in traditional cell-based models.  Many animal models 

have been employed to further our understanding of RET.  Drosophila (Abrescia et al. 

2005), zebrafish (Lucini et al. 2011), mice (de Graaf et al. 2001; Jain et al. 2006), rats 

(Fujimoto et al. 2012), and chick (O’Donnell and Puri 2008), have endogenous RET and 
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have been used to study RET, both in relation to development and/or cancer.  The 

aforementioned model systems all express an endogenous copy of RET, homologous in 

structure and function to that of humans.  Using a model that endogenously expresses the 

gene of interest is advantageous for many studies, but when trying to dissect isoformic 

activity of individual RET isoforms which are co-expressed in all tissues (Myers et al. 

1995, Ivanchuck et al. 1997), problems arise in interpreting the model.  Mouse models 

have shown conflicting results (de Graaff et al. 2001; Jain et al. 2006) and remain to 

produce solidified evidence of isoform function, and zebrafish models have not allwed 

the production of individual splice variants (Lucini et al. 2011).  Thus, we chose a novel 

system, Caenorhabditis elegans, to analyze variances in RET9 and RET51 activity.  The 

organism can also act as a platform and the phenotype as feedback to study complex 

issues such as tyrosine signalling, adapter interactions, oncogenicity of various constructs 

and drug interactions.  This will aid, validate, and further our current in vitro and in vivo 

understanding of the roles RET and its individual isoforms play in disease. 

 C. elegans do not have a RET homologue, however they do express many of 

the adapter proteins and downstream signalling molecules important to RET signalling 

[eg: NCK (NCK-1), FRS2 (ROG-1), GRB2 (SEM-5), CBL (SLI-1), PI3K (AGE-1), p38 

MAPK (PMK-3) (www.wormbase.org)].  Exogenous expression of a human oncogene in 

C. elegans has been useful in study of the c-MET RTK. The human c-MET gene, and 

various mutants were expressed in the animal and the resulting phenotypes scored and 

contrasted (Siddiqui et al. 2008).  This served as a NSCLC model, providing 

confirmation of the oncogenicity of various c-MET mutants, despite C. elegans having no 
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internal respiratory system. The premise behind this study is similar to our RET C. 

elegans model. 

 Many of the RET-expressing tissues and organs in humans are also found in C. 

elegans: digestive tract, reproductive organs, and neurons (Tahira et al. 1988).  We 

expressed human RET isoforms in neural tissue, due to the involvement of RET in the 

development of cancer and developmental related neural processes: ganglioneuromatosis 

in patients with MEN2, perineural invasion in pancreatic cancer, and lack of enteric 

neurons in Hirschsprung disease (Reviewed in Mulligan 2014).  Additionally, previous 

studies had suggested that generation of a highly functional neuronal expression model 

using these methods was valuable (Mohamed & Chin-Sang 2006).  We inserted human 

intracellular RET9 and RET51 cDNA into a C. elegans mec-4-driven expression vector 

that drives localized expression to six touch mechanosensory neurons (Gujral et al. 2006; 

Mohamed & Chin-Sang 2006).  By injecting these constructs into zdIs5 animals (a GFP-

reporter strain, with GFP expression stably expressed in the six touch neurons) we could 

microscopically analyze the GFP fluorescent touch neurons of live animals for RET-

induced abnormalities.  Due to the ease of injection, and creating mutant strains, we 

could rapidly produce various RET and mutant RET strains to further our understanding, 

in vivo, of events contributing to RET-induced disease. 

RET51 but not RET9 induced premature termination of touch neuron projections 
  
 Unlike other model systems where RET isoforms are coexpressed, we report 

here successful generation of monoisoformic RET9 and RET51 C. elegans.  Interestingly, 

as the literature suggests (de Graaff et al. 2001), there are notable phenotypic differences 

between RET9- and RET51-expressing animals.  Although both isoforms were expressed 
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and active in their respective strains, RET51 animals exhibited approximately 35% 

premature termination frequency of the PLM axon while RET9 animals were comparable 

to WT.  We were able to increase the penetrance of the model further by generating 

oncogenic versions of each isoform harboring the M918T mutation, RET9 2B and 

RET51 2B, inducing constitutive RET activity (Gujral et al. 2006).  RET9 2B animals 

were no longer WT, and displayed a 20% premature axon termination, while the M918T 

mutation in RET51 induced a 70% termination frequency.   

 This is consistent with a large body of in vitro evidence that suggests RET51 is 

the more active RET isoform. RET51 has higher transforming potential in Rat1 fibroblast 

cells (Rossel et al. 1997), induces strong neurite outgrowth in PC12 cells (Pasini et al. 

1997) and is recycled back to the cell surface at greater quantities than RET9 (Richardson 

et al. 2012).  Evidence also suggests that RET51 is enriched in MEN2 tumors (Le Hir et 

al. 2000), and research ongoing in our lab is exploring thyroid, colon and breast tissue for 

differential isoform expression (unpublished data).  Our C. elegans-RET model raises the 

question of why RET induces premature axon termination while it increases neurite 

growth in cell and vertebrate models (Pasini et al. 1997; Takaku et al. 2013; Simpson et 

al. 2013; Kurotsuchi et al. 2010).  This difference could indicate either that in C. elegans 

RET is actively signalling, causing premature differentiation of the touch neurons, or that 

RET monopolizes and immobilizes pro-axon out-growth signals preventing their normal 

function. 

 Axon guidance receptors are localized to the advancing growth cone of 

developing neurons, and their actions can provide insight into mechanisms driving RET-

induced premature axon termination.  In a similar expression model, when the C. elegans 
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homologue of the human Eph receptor tyrosine kinase, VAB-1, is overexpressed in C. 

elegans touch neurons it causes a premature termination defect (Mohamed & Chin-Sang 

2006).  This was attributed to the activation of WSP-1/Wasp and UNC-34/Vasp through 

the adapter protein NCK-1/Nck, causing actin remodeling at the growth cone, resulting in 

axon termination (Mohamed & Chin-Sang 2006; Mohamed et al. 2012).  Thus, VAB-

1/Eph is considered to influence the repulsion of axons. Two other axon guidance 

receptors found on the growth cone of extending touch neurons are SAX-3/Robo and 

UNC-5/Unc5/DCC (Bernadskaya et al. 2012; Kulkarni, et al. 2013).  SAX-3 and its 

ligand SLT-1/Slit mediate axon guidance events, particularly ventral axon guidance, and 

axon growth (Li et al. 2008).  Overexpression of SAX-3 in the PLM neuron of C. elegans 

results in overextension of the PLM past the ALM, however, inhibition of SAX-3 causes 

the PLM to terminate prematurely, with a 40% frequency (Li et al. 2008).  A similar axon 

guidance cue, UNC-6/Netrin, binds to its cognate UNC-5/UNC5 and controls dorsal 

guidance and axon growth in C. elegans touch neurons (Ogura et al. 2012; Li et al. 2008).  

SLT-1 is secreted from dorsal cells, and causes repulsion of axons through SAX-3, while 

UNC-6 is secreted from ventral cells and repels axons through UNC-5 -mediated 

pathways (Hao et al. 2001; Reviewed in Killeen & Sybingco 2008).  Interestingly we 

observed that in RET-expressing C. elegans, many of the PLM axons that terminated 

prematurely also had dorsal-ventral guidance defects.  Often, the PLM axon projection 

deviated from the dorsal-ventral midline and collapsed towards ventral, but the collapse 

was never observed towards dorsal (Supplementary Figure S3A). This suggests either 

loss of UNC-5 signalling or hyperactive SAX-3 signalling.  Additionally, RET 

expressing animals had defects in the ALM, although these were not as penetrant as seen 
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with the PLM.  In RET51 animals, the ALM cell body failed to migrate to the correct 

location, with cell body displacements observed in an anterior position to the AVM 

(Supplementary Figure S3C).  LF or reduced function of SAX-3 also causes ALM cell 

body migration defects, as seen during development where the cell body often terminates 

anterior to the WT position (Hao et al. 2001; Watari-Goshima et al. 2007).  

 In vertebrate systems, RET is considered a pro-neurite growth mediator, both 

in terms of development, where LF RET mutations cause lack of enteric neuron 

innervation in the distal colon, but also RET is pro-neurite growth in many cancers.  RET 

mediates axon guidance via neurotrophic growth factors that can induce concentration-

dependent growth patterns (Wiesenhofer et al. 2000; Simkin et al. 2013).  RET and its co-

receptor GFRα respond to these ligands and have been found localized to growth cones 

of cultured ganglia and sympathetic neurons of chicks (Paratcha et al. 2001).  When these 

neurons were stimulated with GDNF, axonal protrusions containing lamellipodia and 

fillopodia were observed.  Neuroblastoma cell lines have been shown to undergo neurite 

outgrowth when treated with GDNF, through a RET-DOK-6 interaction (Crowder et al. 

2004).  Similarly, a rat pheochromocytoma cell line (PC12) expressing a RET form 

harboring the M918T mutation showed that RET induction corresponded with extensive 

nerve growth factor-induced outgrowth of neurite-like processes (Powers et al. 2009; 

Rizzo et al. 1996).  Finally, in surgically resected pancreatic tumors, significantly more 

tumors were positive for GDNF than benign tumors, and the over expression of GDNF 

was correlated to intrapancreatic neural invasion (Zeng et al. 2008).  Together these 

examples highlight the pro-neurite growth mediated through RET and it’s ligands. 
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 It is intriguing to note that endogenously expressed RET in humans, rats, 

chicks and other models induces strong neurite outgrowth, yet when exogenously 

expressed in C. elegans produces the opposite phenotype, premature termination.  

However, the axon premature termination seen in our RET-C. elegans model 

phenocopies the LF/reduced SAX-3 and UNC-5 signalling in terms of PLM premature 

termination, dorsal-ventral guidance, and ALM cell body positioning.  This leads us to 

believe that by introducing active RET, which normally promotes neurite extension, 

growth signals that normally function through pro-growth receptors SAX-3 or UNC-5, 

are recruited to RET instead (FIGURE 4.1).  The decrease in SAX-3 and UNC-5 

signalling then leads to a premature termination phenotype.  It is interesting that RET9 

and RET51 expressing animals have different phenotypes, suggesting RET51 is more 

efficient at recruiting proteins away from other pro-growth receptors than is RET9. 
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Figure 4.1 Proposed model showing RET sequestering proteins normally associated 
with pro-axon growth receptors SAX-3 and UNC-5 
This schematic depicts an extending PLM neuron in the tail of C. elegans. On the left is 
the WT process, with the axon terminating anterior of the vulva. It shows a zoomed in 
region of the growth cone where pro-growth receptors SAX-3 and UNC-5 function to 
interpret their ligands SLT-1 and UNC-6 respectively. Upon ligand binding, adapter 
proteins are bound, and signalling events are initiated leading to the re-organization of 
cytoskeletal elements and extension of the growth cone along the dorsal-ventral axis 
towards the anterior mid-body.  On the right, is a proposed model of how RET could be 
disrupting the axon extension process. RET is localized to the touch neurons of animals, 
depicted is the anterior end of the extending PLM neuron encompassing the growth cone.  
Although SLT-1 and UNC-6 ligands may still bind to their cognate receptors SAX-3 and 
UNC-5, RET has sequestered proteins that normally function to initiate growth of the 
extending axon.  This severely disrupts normal signalling through SAX-3 and UNC-5 
leading to premature termination and collapse of the growth cone. 
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 To dissect potential signalling differences that could contribute to the 

differential RET9 and RET51 phenotype, we generated tyrosine to phenylalanine 

substitution mutants for the major RET signalling hubs that differ between the two 

isoforms, Y1062 and Y1096. We predicted that when mutated at these sites, RET51 

would no longer recruit proteins to that site, and these would then be free to interact with 

endogenous SAX-3 or UNC-5, rescuing the RET premature termination phenotype. 

Various RET constructs can be “plugged” into the C. elegans model, identifying key 

signalling sites and pathways distinguished by the change in characterized RET 

phenotype.  

 Using the premature termination phenotype as an indicator of RET signalling 

status, we identified Y1062 as a major signalling site on RET51.  When this site is 

mutated in RET51 2B Y1062F animals, the premature termination phenotype, and its 

severity were rescued by 20%.  Interestingly, Y1096, had less impact on signalling, with 

RET51 2B Y1096F animals exhibiting a marginal decrease in total premature 

terminations, and no rescue in the severity.  RET51 2B Y1096F animals could actually be 

considered to have a more penetrant phenotype than the original RET51 2B animals 

because severe termination events accounted for 67% of the total premature terminations, 

where as in RET51 2B animals, severe terminations represented about 50% of total 

terminations in RET51 2B animals.  As the frequency of severe termination events 

increased when Y1096 signaling was eliminated, this points to a regulatory role for 

Y1096 with respect to axon targeting.  Loss of both Y1062 and Y1096 resulted in the 

largest rescue of the RET51 2B-induced phenotype, particularly in the severity of 

terminations, which was rescued by 50%. 
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 These data from our C. elegans model support the literature on RET and 

signalling events contributing to axon guidance.  Several studies have highlighted the key 

role Y1062 plays in neurite outgrowth and differentiation (Grimm et al. 2001; Coulpier et 

al. 2002; Crowder et al. 2004; Degl’Innocenti et al. 2004), primarily facilitating these 

interactions through the DOK family members of adapter proteins.  When both Y1062 

and Y1096 signalling is abolished in MDCK kidney cells, GDNF-stimulated cell 

branching through RET51 was abrogated, yet single Y1062F and Y1096F mutations had 

little effect (Degl’Innocenti et al. 2004).  In our model, eliminating Y1062 and Y1096 

interactions resulted in a shift in the distribution of terminations to shift towards the 

center of the worm (WT) and rescue of the severity of premature terminations to levels 

comparable to RET9 2B animals.  This indicates that Y1062 and Y1096 are the key 

signalling sites contributing to the differential isoform phenotypes in multiple model 

systems.  However, since the phenotype was not entirely eliminated in the RET51 2B 

double mutant Y1062/1096F animals, there may be additional signalling occurring, 

perhaps through Y1090 (Fluge et al. 2001; Kawamoto et al. 2004), or the RET51 C-

terminal tail provides a selective conformational change in protein structure that 

promotes and facilitates adapter interactions (Knowles et al. 2006). 

 To identify key proteins and pathways that contribute to the differential 

RET51 and RET9 phenotypes, we selected proteins known to interact with RET in a 

human system, and tested whether the worm homologues of these proteins could interact 

with human RET.  We chose SEM-5/GRB2, SLI-1/CBL, and NCK-1/NCK as candidates.  

Human GRB2 interacts at Y1096, and recruits the E3 ubiquitin ligase CBL for RET 

ubiquitination (Hyndman et al. Submitted). In C. elegans SEM-5/GRB2 (Supp Fig. 7) is 
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also a prominent adapter protein, initiating signalling cascades downstream of RTKs, 

including LET-23/EGFR, and MAPK/MPK-1 associated pathways (Lo et al. 2010).  It 

also initiates endocytosis and recycling of membrane bound receptors through SLI-1/Cbl 

(Yoon et al. 2000), synonymous with human systems downstream of RET.   NCK is a 

scaffolding protein that interacts with RET at Y1062 though DOK1, linking RET to the 

JNK pathway (Shi et al. 2004). In C. elegans, NCK-1 regulates actin polymerization in 

the growth cone of neurons downstream of VAB-1/Eph (Mohamed et al. 2012).  We 

found that SEM-5/GRB2, SLI-1/CBL, and NCK-1/NCK interacted robustly with RET51 

but not RET9, suggesting potent signalling of RET51 through these pathways and lack 

thereof from RET9. This could be directly relatable to the observed phenotype of RET51 

animals, which exhibited a more penetrant premature termination phenotype than RET9 

animals.  In human cell-based assays, we recently showed that CBL binds to RET 

exclusively at Y1096 leading to ubiquitination (Hyndman et al. Submitted).  Here, we 

confirmed this interaction, showing that SLI-1/CBL interacted at RET Y1096 but not 

Y1062.  This may provide an explanation of why RET51 2B Y1096F animals had a more 

penetrant phenotype than RET51 2B animals. Y1096 appears to be a regulatory site on 

RET51, essential for the ubiquitination and downregulation of the activated protein.  In 

the absence of Y1096 activity, SLI-1/CBL does not interact with RET to facilitate 

ubiquitination, leaving a highly active receptor on the cell surface incapable of 

downregulation.  Similar predictions can be made for RET9 2B Y1062F animals. RET9 

does not interact with Cbl, however it does interact with E3 ubiquitin-ligase NEDD4 

indirectly, through interactions at Y1062 (Hyndman et al. Submitted).  RET9 2B Y1062F 
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animals also had a more penetrant phenotype than the RET9 2B parental animals, 

suggesting interactions at Y1062 of RET9 also have a regulatory role. 

 RET induces activation of MAPK pathways (Sherman & Howe 2013; Besset 

et al. 2000; Hayashi et al. 2000).  This is most often associated with the growth and 

differentiation of tumors, but MAPKs also function to regulate neural processes.  

Signalling through Y1062 of RET contributes to the survival and neurite outgrowth of 

pheochromocytoma PC12 cells and neuroblastoma cell lines through RAS/ERK, p38 

MAPK and JNK pathways (Besset et al. 2000; Hayashi et al. 2000; Kurokawa et al. 

2001).  C. elegans have a highly conserved MAPK cascade that regulates many crucial 

processes including neural development (Sundaram 2006). In C. elegans touch neurons, 

the dual leucine zipper kinase (DLK-1) regulates several aspects of neural development 

including axon growth and migration, and axon degeneration, activating MKK-4/MKK4, 

PMK-3/p38 MAPK, and JNK-1/JNK (Reviewed in Tedeschi & Bradke 2013).  

Specifically, DLK-1 regulates axon extension of the PLM and ALM neurons, and LF dlk-

1 leads to a 10-20% overextension phenotype (Tulgren et al. 2011; Marcette et al. 2014).   

Furthermore, SLT-1/Slits through SAX-3, facilitates the activation of p38 MAPK/PMK-3 

which regulates axon growth (Piper et al. 2006).  Strong activation of this pathway leads 

to collapse of the growth cone, however, if this interaction is blocked, the opposite 

phenotype, axon extension is observed (Piper et al. 2006).  In our model, we crossed 

RET51 2B animals to dlk-1 and downstream mkk-4 mutants and observed a suppressed 

axon termination phenotype, suggesting RET51 2B could be actively signalling through 

PMK-3/p38 MAPK, leading to growth cone collapse.  Although we identified an in vitro 

interaction between RET51 and SEM-5/GRB2, the sem-5(cs15) allele expressed in the 
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RET51 2B background was only a partial LF mutant (stop codon located at the end of the 

protein disrupting the second SH3 domain) (Rocheleau et al. 2002). Since we observed 

no suppression of the RET51 2B phenotype, SEM-5 may not play a significant role in 

RET-induced axon extension.  Alternatively, other redundant worm proteins may be able 

to functionally replace SEM-5.  

Drug Testing 

 The pharmaceutical industry is a multibillion-dollar industry, and it continues 

to grow as our knowledge and understanding of disease and treatment expands.  Despite 

the large amounts of time and money involved in drug development, the FDA reports 

95% of cancer drugs fail during clinical trials (Hutchinson et al. 2011).  A problem with 

our current model for drug development is that insufficient pre-clinical testing/modeling 

is done before advancing to murine or human based testing models.  C. elegans offer a 

cheap and high-through-put alternative that could supplement or precede the use of 

murine models in validation of potential drug leads. 

 Considering the initial success of our C. elegans-RET model, we were 

interested to know if it could be applied to drug testing.  This model provides a novel 

system because RET is exogenously expressed.  This means a successful RET-specific 

inhibitor would alleviate the RET-induced premature termination phenotype, restoring 

worms to a WT neuronal morphology.  Due to the translucent nature of C. elegans, off-

site toxicities of the drug can be observed under the microscope in live animals.  We 

tested tyrosine kinase inhibitors sorafenib (Plaza-Menacho et al. 2007) and vandetanib 

(Carlomagno et al. 2002), along with PI3K (LY294002) and MEK (U0126) inhibitors in 

our model.  We found sorafenib, and to a lesser extent U0126, to effectively inhibit the 
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RET-mediated phenotype.  It is important to note that sorfenib was the only treatment 

that underwent rigorous testing to achieve an effective dose.  Dosage for the remaining 

treatments were chosen based on literature from cell-based models, or C. elegans animal 

models when available.  

 Both vandetanib and sorafenib are classified as non-specific multikinase 

inhibitors, however only vandetanib is approved for the treatment of advanced or 

metastatic MTC (Wells et al. 2012).  In addition, sorafenib is currently used to treat liver 

and kidney cancers, irrespective of RET status, and is in clinical trials for treatment of 

various RET-driven thyroid tumors (Peng et al. 2014).  Despite reports that sorafenib 

yielded only a 9.5% response rate in MTC patients (Lam et al. 2010), we found the drug 

to be more effective than the currently approved vandetanib at reverting the RET 

phenotype when used at comparable concentrations.  However, sorafenib has a stronger 

inhibitory potential for RET (IC50=40nM) than vandetanib (IC50=130nM) indicating 

vandetanib may have to be used at higher concentrations to achieve RET inhibition 

(Reviewed in Borrello et al. 2013) (Supp Fig. S8).  Using sorafenib at a concentration of 

1µM was associated with neurotoxicity of the touch neurons in our model.  Neurons had 

pronounced GFP-puncta (aggregates) and exhibited decreased GFP fluorescence along 

the length of the axon, indicators of neurodegeneration (Tseng et al. 2013).  This is not 

surprising, considering sorafenib exhibits broad kinase specificity, and has been shown to 

inhibit not only RET but BRAF (Hirschi et al. 2014),VEGFR (Peng et al. 2014), 

p38MAPK (Noel et al. 2008), PDGFR (Zhou et al. 2012), and KIT (Singeltary et al. 

2014). As we earlier showed that p38MAPK is implicated in the RET-mediated 

phenotype, sorafenib may be effective by inhibiting RET and downstream 
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p38MAPK/PMK-3.  Coinciding with this theory, the MEK inhibitor U0126 partially 

alleviated the premature termination RET phenotype.  This was coupled with a small over 

extension phenotype of the PLM neuron, consistent with phenotypes of some MAPK 

mutant animals (Piper et al. 2006).  Ultimately, our C. elegans model has been 

demonstrated to be effective, identifying sorafenib and further indicating the MAPK 

pathway may be contributing to the premature termination phenotype.  Our data suggest 

C. elegans are a good model system in which to conduct high-throughput analyses.  We 

demonstrated, using a fluorescent cell sorter, that we could enrich the population of RET 

transgenic worms based on the presence of fluorescent co-injection markers 

(Supplementary Data).  Briefly, a mixed population of RET and non-RET L1 stage 

worms were sorted through a Fluorescently Activated Cell Sorter (FACS) gated for RFP 

expression (indicative of RET expression due to the RFP co-injection marker). Sorted 

worms were viable, and 80% enriched for RET positive worms.  Studies show this 

population could be run through the sorter a second time to enrich populations close to 

95% (Fernandez et al. 2012).  The sorted population, enriched for RET expressing 

animals, could be further aliquoted to 24, 36, or 96 well plates for large scale drug testing. 

Such a procedure saves tremendous amounts of time picking worms individually from a 

mixed population of animals under the microscope.  Under such conditions, 

contamination of the liquid media becomes a risk factor, and high temperatures under the 

light microscope disrupt controlled conditions.  The application of our RET model for 

high-throughput drug studies is exciting, and has the potential to be used to screen large 

libraries or applied to other receptor studies. 
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Chapter 5: Conclusion 

 Our initial characterization of Caenorhabditis elegans as a model system to 

study human RET isoforms was successfully used to characterize RET signaling.   We 

were able to express individual RET isoforms that were active and phosphorylated in the 

six touch neurons of animals.  We showed that the RET51 isoform was more active than 

RET9, inducing a premature termination phenotype in C. elegans expressing the RET51 

isoform but not in RET9 expressing animals.  The goal of this study was to use the 

animals as a platform to study various aspects of isoformic activity, and use the 

premature termination phenotype as functional readout.  Oncogenic M918T RET mutants 

had a significantly more penetrant phenotype, and we identified Y1062 as main 

signalling hub. Y1096 of RET51 appeared to play a regulatory role, and blocking 

signalling through this site further exacerbated the phenotype.  The RET-induced 

phenotype displayed striking similarities to mutant SAX-3/Robo and UNC-5/UNC5 

signalling at the growth cone. Specifically, RET animals had neuronal defects consisting 

of premature PLM termination, growth cone collapse, neurons crossing of the dorsal 

ventral mid-line, ALM cell body displacements and terminations.  SAX-3 and UNC-5 are 

receptors that promote axon growth, and RET is also considered pro-axon growth as well. 

Thus, we hypothesize RET may be sequestering signalling molecules normally 

interacting with SAX-3 or UNC-5 and prevents those adapters from transducing growth 

signals.  Alternatively, or in addition, RET may actively transduce its own signals 

through similar pathways. Since RET is robustly phosphorylated in this worm model, 

RET tyrosine residues can serve as binding sites for SH2- and PTB-domain containing 

proteins.  We showed that human RET51 but not RET9 interacts with various worm 
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proteins, SEM-5/GRB2, NCK-1/NCK, and SLI-1/CBL and may contribute to a mutant 

phenotype through signalling via MAPK pathways.  C. elegans are renowned for their 

use in drug development and testing.  Animals treated with the tyrosine kinase inhibitor 

sorafenib had reduced RET mediated premature termination phenotype, but drug 

treatment was associated with toxicities.  Collectively, C. elegans provide an easy to use, 

cheap, and highly manipulatable model system that can be used to model RET, and its’ 

isoforms to validate and further our understanding of RETs involvement in development 

and cancer. 
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Chapter 6: Appendix 

Supplementary Methods and Results 

RET Protein Detection via Western Blotting and Immunoprecipitation 

To detect RET protein from live animals, two plates of worms were washed with M9, 

equating to approximately a 75-100µL pellet. Protein was extracted by resuspending 

pellets in PLC lysing Buffer (10mM NaF, 50mM Hepes, 150mM NaCl, 10% glycerol, 

1% triton X-100, 1.5mM MgCl2, 2mM EGTA, 1mM Na3VO4, 1mM PMSF, 10µg/mL 

Leupeptin, 10µg/mL Aprotinin, **Triton-X-100 was added after sonication due to soap 

and bubbling) and subjecting samples to 4, 4s blasts on a sonicator at power level 16 with 

30sec between each blast.  Samples were centrifuged at 11000rpms in the cold room for 

10min.  The supernatant was collected and a protein assay performed to determine 

protein concentration.  Lysate from HEK293 cells transfected with RET expression 

constructs were used as a control (see Methods for full description).  Approximately 25µg 

of protein was loaded into wells of a thick 8% polyacrylamide gel and subjected to SDS-

PAGE.  Results from these gels were inconclusive as there was strong background in all 

lanes, even negative control N2 animals.  To minimize background noise, an 

immunoprecipitation for RET was performed.  Protein was harvested as described above, 

and 1000µg of protein lysate was pre-cleared by incubating with 25µL of protein A/G 

sepharose (Santa Cruz Biotech) to remove non-specific binding.  The supernatant was 

collected and incubated with 2µg of C20, RET polyclonal antibody for 2hrs.  40µL of 

A/G sepharose slurry was added and incubated with lysate overnight, rotating at 4oC.  

The supernatant was removed, and beads washed with PLC buffer.  Samples were 

prepared and separated by SDS-PAGE, and transferred to a nitrocellulose membrane for 
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immunodetection.  Whole cell lysates were probed for actin as a loading control 

(Supplementary Figure S4). 

 Despite worm lysates being immunoprecipitated for RET, we were unable to 

effectively visualize RET from animal lysates.  It appears that the RET antibody used 

cross reacts with a non-specific protein in worm lysates at about 185kD.  We know this is 

not RET because the band is robustly detected in the parental N2 wild-type C. elegans 

animals.  In IPs from the RET51 2B animals, we did detect a protein that could be RET, 

as it matches up with the positive control RET TET51 from transfected HEK293 cells. 

Despite attempts to replicate this and refine methods, the results of our IP analyses were 

generally inconclusive.  We attribute our inability to detect RET in worm protein lysates 

due to the low levels of expression in the worms.  Of the 959 cells in the adult 

hermaphrodite, only a subset of 6 cells (mechanosensory touch neurons) express RET.  

Furthermore, animals were harvested from plates of mixed genotypes, and only 

approximately 45% of animals were RET-positive.  This further reduced the 

concentration of RET in our protein lysates.  

Flow Cytometry Sorting of live animals 

C. elegans were flow sorted on a Beckman Coulter Fluorescently Activated Cell 

Sorter (FACS) following the protocol outlined by Fernandez et al (2012). Briefly, L4 

RET51 2B and WT N2 animals were each picked onto fresh NGM agar plates and 

cultivated for 5 days until confluent with gravid adults and unhatched eggs. Eggs were 

isolated by treating the mixed-staged animals with a 20% alkaline hypochlorite solution 

(8.25mL H2O, 3.75mL 1M NaOH, 3.0mL bleach), effectively lysing all worms, yet 

sparing the embryos.  The eggs were allowed to hatch overnight rotating in M9 buffer. 
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The synchronized L1 worms were filtered through a 40µm nylon cell micro-sieve 

(BioDesign Inc) to remove debris, then resuspended in M9 to 200-300 L1s per uL.  Gates 

distinguishing the RFP-positive (RET51 2B) animals, detecting the RFP AWC neuron in 

the head, and RFP-negative (N2) were established.  L1s were sorted through the FACS 

fluidics system at 20.3 KHT, a drive of 71.8 pct and a delay of 23.5 sec.  Following 

sorting, sorted pools of worms were scored for the presence of the RFP AWC head 

neuron, indicative of RET transgenic animals.  This RFP-positive pool fraction could 

have been sorted a second time to further enrich the population of RET51 animals, as in 

Fernandez et al. 2012.  

 Despite concerns that the animals would be too large and clog up the flow, the 

animals exited the flow sorting relatively unharmed.  After sorting, worms were placed 

on a glass slide and viewed under a Leitz Diaplan compound fluorescent microscope.  All 

animals were viable and moving.  Approximately 45% of the original population of 

worms were positive for the RFP coinjection marker, signalling RET expression.  

Following flow sorting, gated for RFP-expression, approximately 80% of the collected 

animals were positive for RFP.  This is an exciting result; indicating our ability to enrich 

the population of RET-expressing animals which is attractive for high-throughput studies, 

particularly drug studies.  Current methods employed for our drug studies involved 

individually picking animals and transferring them to a 24-well plate.  A 24-well plate is 

the limit in plate size for current methods, as high temperatures from the light microscope 

and the potential for contamination preclude the use of more wells.  If RET expressing 

animals could be enriched, experiments could be set up such that animals are pipetted 

into each well instead of picked. 
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Neuronal RNA interference 

SID-1 (systemic RNA interference defective-1) encodes a protein expressed in the 

cellular membrane of all non-neuronal cells of C. elegans and acts as a channel to shuttle 

dsRNA from cell to cell (Winston et al. 2002).  Neurons are resistant to the systemic flow 

of dsRNA due to a lack of this membrane channel.  We were interested in achieving 

RNAi specifically in the mechanosensory neurons, knocking down proteins in these 

neurons and observing the phenotypic effect in RET-expressing animals.  Thus, a 

neuronal RNAi sensitive strain quEx470 [mec-4::sid-1] with a [pCF]90(myo-

2p::mCherry) head selectable marker (gift from Dr. Ian Chin-Sang), was crossed to the 

mec-4 or mec-7 GFP-expressing reporter strains—mec-4::gfp;quEx470 and mec-

7::gfp;quEx470.  From here forth the strain quEx470 will be termed sid-1 for simplicity.  

The neuronal dsRNA sensitive GFP-reporter strain was then crossed to RET 2B and RET 

Y mutant strains (ie: mec-7::gfp;sid-1;RET51 2B, mec-7::gfp;sid-1;RET51Y1096F, mec-

7::gfp;sid-1;RET51Y1062F, mec-7::gfp;sid-1;RET51Y1062/1096F, mec-7::gfp;sid-

1;RET9 2B).  100uL of bacteria (HT115) expressing dsRNA to the gene of interest—

SEM-5, VAV-1, CSK-1 (5’ end), CSK-1 (3’ end), ABL-1, and ROG-1 (gifts from Dr. 

Michael Stern, University of Central Florida), RET and GFP—were seeded onto plates.  

For RNAi experiments, C. elegans were grown on NGM agar plates supplemented with 

IPTG, ampicillin, and peptone to activate dsRNA expression. Animals were scored after 

two generations of growth to ensure transmission of RNAi. 

Originally, the mec-4::sid-1 neuronal dsRNA sensitive strain was crossed to mec-

4::gfp animals for visualization of mechanosensory neurons and sequentially to our RET 

mutant strains.  mec-4::gfp;sid-1;RET51 2B animals were treated with bacteria 
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expressing dsRNA to GFP as a positive control.  Theoretically, this should knock down 

GFP and inhibit the fluorescence observed in the mechanosensory neurons.  Despite 

many attempts and re-crossing all the above strains, no decrease in GFP-fluorescence was 

observed, nor any knock-down when RET mutants were treated with SEM-5, VAV-1, 

CSK-1 (5’ end), CSK-1 (3’ end), ABL-1, ROG-1, or RET.  We hypothesized this could 

be due to overloading the mec-4 promoter, as it was driving GFP, RET, and SID-1 

expression.  Although this had no detrimental effect on mec-4::gfp;RET strains, the 

additional cross to mec-4::sid-1 may have interfered.  Thus, we decided to use a mec-

7::gfp strain, it has the same GFP expression pattern in the mechanosensory neurons, but 

driven by a different promoter.  This was crossed to sid-1 and then to RET mutants as 

described above, resulting in the mec-4 promoter driving only RET and SID-1 expression.  

Unfortunately, despite the change in methods, no knockdown was observed with any of 

the dsRNA expressing bacteria.  This arm of the project was terminated.  
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Supplementary Figures 
 
1) 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure S1. RET51 and RET9 are present in transgenic lines 
Single worm PCR (outlined in methods) was performed whereby single worms from RET 
strains expressing the odr-1::rfp transgenic marker were picked, lysed, and amplified 
with primers for the indicated RET form. Negative control was the parental strain, zdIs5, 
into which constructs were injected.  A positive control, lysate from intracellular (IC) 
RET-transfected HEK293 cells was used. As expected, RET transcript was present in all 
lanes, but the parental zdIs5. 
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2) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Supplementary Figure S2. Full worm RET/4G10 colocalization  
Human RET isoforms are expressed and phosphorylated in C. elegans. RET expressing 
animals were fixed, permeabilized and immunostained for RET9 or RET51 (green) 
(Depicted is a RET51 animal) and phosphotyrosine (red). RET localizes to the 
mechanosensory neurons. In RET animals, there is phosphotyrosine expression in the 
touch neurons, suggesting active phosphorylated proteins. As expected, RET and pY 
staining was not localized to just the PLM as depicted in Figure 2A.  White circles 
around the PLM, PVM and AVM show colocalization (yellow) of RET (green) and pY 
(red) staining. 
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3) A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B) 
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C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure S3. Additional touch neuron defects   
A) The PLM of RET51 2B animals exhibits severe morphological defects.  Some of the 
defects are depicted above, and include premature termination, migration defects (often 
crossing the dorsal-ventral midline towards dorsal) and axon branching.  B) Whole worm 
confocal image again depicting defects of the PLM. Magnification=400x 
C) A small percentage of RET51 2B animals had defects of the ALM.  In the top animal, 
the ALM terminates prematurely, yet also exhibits a cell body migration defect.  In WT 
animals during development, the ALM migrates posteriorly to its final position (posterior 
to the AVM) and then sends an axon projection anteriorly.  In the top RET expressing 
animal, the ALM failed to migrate to a WT position. In this case it is anterior to the AVM.  
The bottom animal is a WT animal displaying a properly migrated ALM cell body 
(posterior to AVM) and an axon projection that migrates anteriorly to the head. 
Magnification=400x 
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Supplementary Figure S4.  Immunoprecipitation of RET from C. elegans lysate 
  
Western Blot of human RET forms isolated from transgenic RET animals. Transgenic C. 
elegans (CE) were harvested and lysed, and the resulting protein lysate incubated with 
A/G sepharose beads conjugated with RET (C20) antibody. HEK293 cells transfected 
with either empty vector (pcDNA) or RET51 were used as controls.  N2 animals are WT, 
with no transfected RET.  Whole cell lysates (WCL) are shown on the right. 
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Supplementary Figure S5. Y1062F mutation of RET9 increases the penetrance of 
PLM terminations 
  Unlike RET51 animals where a Y1062F mutation decreases the penetrance of PLM 
terminations, this mutation in RET9 significantly increases the frequency of terminations.  
Asterisks above bars represent a significant difference from RET9 2B animals. *** 
(p≤0.001) 
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Supplementary Figure S6. RET51 interacts with C. elegans NCK-1 
5ug of GST or GST::NCK was bound to Glutathione speharose beads prior to incubation 
with 1mg whole cell lysate (WCL) harvested from HEK293 cells transiently transfected 
with full length RET 51 or empty vector. Bead-protein complexes were washed 3X with 
1X lysis buffer, resuspended in sample buffer. Samples were analyzed by SDS-PAGE 
and immunoblotting for RET 51. This experiment was performed by Dr. Brandy 
Hyndman. 
 
 
 
 
 
 

 
 
Supplementary Figure S7. Human Grb2 and C. elegans SEM-5 share homology 
 
Human adapter protein GRB2 contains 2 SH3 domains and a single SH2 domain.  It has 
been shown to interact with RET at Y1062 and Y1096.  C. elegans have a homolog, 
SEM-5, that shares similar domain structure: 2 SH3 domains and a single SH2 domain.  
The two proteins share 58% identity.  
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Supplementary Figure S8. Molecular inhibitors used in drug studies 
A) Sorafenib is a broad kinase inhibitor, targeting RET (IC50=50nM), VEGFR, PDGFR, 
BRAF. It has a half-life of 25-48hrs.  B) Vandetanib is a broad kinase inhibitor targeting 
RET (IC50=100nM), VEGFR, EGFR.  It has a half-life of 19 days.  C) LY294002 is a 
PI3K inhibitor (IC50=0.5 μM).  It has a half-life of 24hrs. D) U0126 is a MEK inhibitor 
(IC50=72nM). It has a half life of 2hrs. 
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Table 1. List of Acquired and Experimental Strains Utilized in Experiments 
 

Strain Total PLM 
Term. Freq. 

Severe PLM 
Term. Freq N= Additional Notes 

N2    WT strain 

zdIs5 0.6% 0% 188 mec-4::gfp, acted as parental 
strain for injections 

muIs32  
 

 
mec-7::gfp, used for RNAi 
experiments and in MAPK 

mutant crosses 

him-5  
 

 Increased frequency of 
males. Used for crosses 

sid-1  
 

 Neuronal RNAi sensitive 

RET9 K758M lin2 8.2 
0% 

209  

RET9 K758M lin3 8.0% 0% 124  

*RET9 K758M* 8.1% 0% 222 Kinase Dead 

RET51 K758M lin2 6.5% 0% 127  

RET51 K758M lin3 11.0% 2.0% 118  

*RET51 K758M* 8.8% 1.0% 245 Kinase Dead 

RET9 lin2 5.0% 2.0% 167  

RET9 lin4 3.0% 1.0% 134  

*RET9* 4.0% 1.5% 301 Close to WT 

RET51 lin3 31.0% 7.0% 170  

RET51 lin5 34.0% 7.0% 166  

*RET51* 32.5% 7.0% 336  

RET9 2B lin1 16.0% 4.0% 122  

RET9 2B lin3 25.0% 17% 166  

*RET9 2B* 20.5% 10.5% 288  

RET51 2B lin1 69.0% 32.0% 183  

RET51 2B lin5 72.0% 40.0% 135 Used this strain for 
drug/inhibitor studies 

*RET51 2B* 70.5% 36.0% 318 

Severe PLM premature 
termination, ALM 

premature termination and 
cell body displacement 

*RET9 2B Y1062F* 39.9% 25.3% 112  
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RET51 2B Y1062F lin2 55.7% 36.9% 119  

RET51 2B Y1062F lin3 57% 18.9% 112  

*RET51 2B Y1062F* 56.4% 27.9% 231  

RET51 2B Y1096F lin1 70.1% 47.3% 104  

RET51 2B Y1096F lin3 50.5% 33.5% 111  

*RET51 2B Y1096F* 60.3% 40.4% 215  

RET51 2B Y1062/1096F lin1 48.1% 12.2% 135  

RET51 2B Y1062/1096F lin4 52.9% 20.2% 132  

*RET51 2B Y1062/1096F* 50.5% 16.2% 267  

XMN237: dlk-1(ju476);muIs32 0% 0% 50 WT; slight PLM 
overextension (4%) 

dlk-1(ju476);RET51 2B 24.0% 3.4% 58 No overextension 

XMN50: mkk-4(ju91);muIs32 0% 0 59 WT; slight PLM 
overextension (5.1%) 

 mkk-4(ju91);RET51 2B 28.1% 16.2% 93 No overextension 

UP148: sem-5(cs15)    

Partial LF allele, truncated 
at second SH3 domain. 

Phenotype: Multi-vulva, 
strain grows slow 

sem-5(cs15);zdIs5 5.5% 0 54 WT; slight PLM premature 
termination 

sem-5(cs15);RET51 2B 76.4% 49.0% 77  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 


