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Abstract 

The RET proto-oncogene encodes a receptor tyrosine kinase (RTK) that is widely 

expressed in neuroendocrine tissues and is essential for embryonic development of the kidney and 

enteric nervous system.  Mutations leading to constitutive activation of the RET protein underlie 

various tumours of endocrine tissues.  Conversely, loss-of-function mutations of RET lead to 

Hirschsprung disease, a congenital disorder characterized by a loss of enteric neurons throughout 

the colon and small intestine.   

Intracellular trafficking of RTKs through multiple cellular compartments has been shown 

to impact on downstream signalling.  To date, the intracellular trafficking of RET has not been 

investigated.  Here, we show that RET is rapidly internalized after activation and that trafficking 

to cytoplasmic endosomes plays an important role in downstream signalling.  

RET is alternatively spliced into multiple isoforms that are co-expressed in cells; 

therefore, we further investigated RET internalization in an isoform-specific context. This study 

revealed a number of differences between RET isoforms including differences in sub-cellular 

localization pre-activation, rate of internalization, and ability to recycle to the plasma membrane.  

Differential trafficking of RET isoforms alter their downstream signalling properties, providing an 

additional mechanism to explain the distinct contributions of RET isoforms to cellular processes. 

Finally, we investigated the impact of altered sub-cellular localization in the context of 

thyroid carcinoma.  Activation of RET has been implicated in a number of thyroid tumours that 

differ in their inherent oncogenicity.  We observed that altered subcellular localization of 

oncogenic forms of RET, RET/PTCs, enhance their oncogenicity.  Interestingly, RET/PTC 

tumours are indolent and rarely metastasize compared to other RET-mediated forms of cancer.  

Further investigation revealed that RET/PTC oncogenes are expressed off relatively weak 
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promoters, resulting in quantitatively less RET/PTC oncoprotein expression in these tumours 

compared to mutant RET expression in more aggressive cancers. 

Together, our results represent the first in-depth study of the trafficking properties of RET 

and indicate the importance of proper sub-cellular localization and trafficking in the maintenance 

of normal cell metabolism.  
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Chapter 1 
Introduction 

1.1 RET 

 RET (REarranged during Transfection) is a proto-oncogene that codes for a 

transmembrane protein belonging to the receptor tyrosine kinase family (1).  Receptor tyrosine 

kinases (RTKs) are glycoproteins which activate cell signaling pathways involved in cell 

proliferation, differentiation, and migration (reviewed in 2).  RTKs display structural similarities 

throughout the family, specifically in their conserved intracellular tyrosine kinase domains.  

Orthologues of human RET have been identified in a number of vertebrates including, mouse, rat, 

chicken, xenopus, pufferfish and zebrafish (3).  A possible orthologue of RET, D-ret, has also 

been identified in Drosophila melanogaster that shows high levels of expression throughout 

neural tissues (4).  Together, these observations suggest RET plays an important role in 

development for many higher eukaryotes.  RET is most highly expressed in neuroendocrine 

tissues that arise from the neural crest during development (5).  Specifically, RET expression is 

found in the kidney, enteric nervous system, parasympathetic neurons and in many cell types of 

the central nervous system during vertebrate development (5-8).  In the adult, RET remains 

expressed in many nervous tissues (7, 8), the C-cells of the thyroid gland, and spermatogonia (8-

10).  RET knockout mice can be carried to term; however, die shortly after birth, displaying renal 

agenesis and a lack of enteric innervation, reaffirming the importance of RET in the development 

of these structures (6).  In vitro, constitutively activated RET promotes neuronal cell survival and 

differentiation, neurite outgrowth, and colony formation in soft agar (11, 12).   
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1.2 RET Structure 

RET is comprised of extracellular and intracellular regions that are separated by a single 

transmembrane domain (Figure 1.1).  The extracellular domain is comprised of a series of four 

cadherin-like domains (CLD1-4) and a cysteine-rich region.  Calcium ion binding between CLD1 

and CLD2 is essential for proper processing of RET in the endoplasmic reticulum and to confer 

structural rigidity to this portion of the molecule (13, 14).  The cysteine-rich region consists of 28 

cysteine residues, 27 of which are conserved between species, and contribute to the tertiary 

structure of the extracellular domain through the establishment of intra-molecular disulphide 

bonds (15).  A single-pass transmembrane region anchors RET in the plasma membrane, and the 

cytoplasmic portion of the protein houses a tyrosine kinase domain.   A number of intracellular 

tyrosine residues have been identified that are autophosphorylated upon ligand binding to serve as 

docking sites for adaptor proteins involved in cell signaling (see section 1.6 and refs. 16, 17). 

1.3 Alternative Splicing of RET 

The RET gene is alternatively spliced at the 3’ end to produce three unique isoforms, 

RET51, RET43 and RET9, which differ in 51, 43 and 9 amino acids, respectively, at their COOH-

termini (18, 19).  In all tissues examined to date, these isoforms appear to be co-expressed; 

however, the RET9 transcript is expressed at levels three to four times greater than RET51, while 

RET43 is found in limited quantities in human kidney tissue (20).  Previously published findings 

suggest that RET9 and RET51 have unique functions in vivo.  These isoforms have been shown to 

induce unique autophosphorylation patterns on intracellular tyrosine residues (16), differentially 

bind SHC, CBL-c and SHANK3 (21-23), up and downregulate unique gene expression patterns 

(24), and possess different intrinsic abilities to cause cell transformation and differentiation (25-

28).  Ret knockout mice die shortly after birth displaying kidney dysplasia and a lack of enteric  
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Figure 1.1  RET structure 

Diagrammatic representation of the domain structure of RET.  All major domains are 
indicated including the cleavable signal peptide, Cadherin-like domains (CLD) 1-4, the 
cysteine rich region, the relative lengths of the RET9, 43 and 51 isoforms’ unique 
COOH-terminal tails, and the binding site of calcium ion (Ca2+). 
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neurons (6).  Mice expressing monoisoformic mouse/human hybrid Ret9 or Ret51, where human 

RET cDNA coding either the RET9 or RET51 tails was fused downstream of the last common 

exon of the murine Ret gene, show distinct phenotypes (29).  Ret9 mice were shown to be viable, 

whereas Ret51 mice showed kidney dysplasia and delayed development of the enteric nervous 

system (29, 30).  Conversely, Jain et al., have shown monoisoformic mice expressing human 

RET9 or RET51 to both be viable with no noticeable differences in kidney development (31).  Jain 

et al. further show that mutation of Y1015 in RET9 and RET51 mice produces genitourinary 

defects and death approximately 5 weeks after birth (31).  Y1015 is a docking site for PLCγ in 

both isoforms and appears to be essential for kidney development downstream of RET (31, 32).  

Mutation to Y1062 in RET9 mice also produced severe kidney dysplasia, whereas RET51 mice 

harbouring the Y1062 mutation were viable (31).  The Y1062 mutation in RET9, but not RET51, 

mice ablated signalling through AKT and ERK suggesting RET51 continues to activate these 

pathways via Y1096 sustaining kidney development (31).  These results indicate that redundancy 

exists between the RET9 and RET51 isoforms as well as the signalling pathways activated 

downstream of tyrosines 1062 and 1096 in RET51 (see section 1.6).   

1.4 Post-translational Modification of RET 

The RET protein has a predicted mass of 120kDa; however, detection of this form is only 

possible in the presence of tunicamycin, an inhibitor of N-linked glycosylation (33).  RET 

naturally exists in the cell in two forms, a 155kDa precursor and a 175kDa mature form.  The 

155kDa form is susceptible to endoglycosidase H digestion, whereas the 175kDa form is not (34).  

Initial N-glycosylation, which occurs rapidly in the endoplasmic reticulum (ER), comprises a 

chain of 2 N-acetylglucosamine, 9 mannose, and 3 glucose molecules that are attached to 

asparagine residues by oligosaccharyltransferase (35). Additional processing of the glyco-group 
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occurs in the Golgi apparatus, resulting in an N-linked glycosyl chain that is no longer susceptible 

to endoglycosidase H digestion (36).  The observation that 155kDa RET, but not the 175kDa form 

is susceptible to endoglycosidase H would suggest that 155kDa RET is an immature, partially 

glycosylated form that exists within the ER and Golgi apparatus.  Further glycosylation, or 

additional post-translational modifications of RET, must take place within the Golgi before export 

to the plasma membrane.  Analysis of biotinylated, cell surface proteins has indicated that only 

the 175kDa form of RET can be detected on the surface further implicating the glycosylation 

process as essential to RET trafficking and function (37, 38). 

1.5 RET Activation 

RET is activated through the formation of a tri-molecular complex consisting of a 

member of the soluble glial cell line-derived neurotrophic factor (GDNF) family, a glycosyl-

phosphatidylinositol (GPI)-anchored co-receptor of the GDNF family receptors α (GFRα) and 

RET (13, 39).  It is now known that GDNF, GFRα1 and RET interact in a 2:2:2 ratio (39, Figure 

1.2).  Although RET interacts directly with both GDNF and GFRα1 in complex, it has little to no 

affinity for GDNF independently, and binding of GDNF to GFRα1 is required to form high 

affinity interactions between GDNF/GFRα1 and RET (40, 41).   

Kjaer and Ibanez have partially mapped the interface between the RET extracellular 

domain and the GDNF/ GFRα1 complex and noted three regions of CLD1 that appear essential 

for the RET/GDNF/GFRα1 interaction (42).  The GDNF-GFRα1 complex has recently been 

crystallized, demonstrating the importance of a number of residues from GDNF and GFRα1 that 

mediate the GDNF/ GFRα1 interaction (39).  Further, an additional 8 residues at the GFRα1/RET 

interface have been proposed to mediate RET binding (39, Figure 1.2).  These 8 residues of  
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Figure 1.2  Activation of RET 

RET is activated through the assembly of a multimeric complex including itself, Glial Cell Line-
Derived neurotrophic factor (GDNF), and a member of the GDNF family ligands (GFRα1).  
Naturally occurring GDNF dimers bind two molecules of GFRα1, a lipid raft resident.  GFRα1 
recruits two RET monomers through interactions of Cadherin-like Domain 1 (CDL1) and the 
Cysteine Rich Region (CRR) of RET with residues 323 and 324 and a positively charged 
juxtamembrane region of GFRα1, respectively.  Once dimerized, RET autophosphorylates, binds 
adapter proteins, and activates downstream signalling pathways. 
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GFRα1 reside in two potential RET binding sites, a positively charged region near the membrane 

which may interact with the negatively charged cysteine rich region of RET while E323 and 

D324, which are located near the distal tip of GFRα1 most distant from the plasma membrane, 

may be important for interaction with CLD1. 

Like most RTKs, inactive RET appears to exist in equilibrium between monomers and 

dimers (43); however, unlike many RTKs, phosphorylation of residues in its activation loop does 

not alter is structure substantially and no evidence exists to suggest that changes in the spatial 

orientation of the activation loop play an important role in RET autoinhibtion or activation (43, 

44).  Rather, it appears that binding of ligand, removes some form of steric autoinhibition that 

prevents ligand-unbound dimers from becoming activated (39, 43, 44).   

Specialized signalling platforms termed ‘lipid rafts’ within the plasma membrane have 

also been suggested to play a role in RET activation (45, 46).  Lipid rafts are small, sphingolipid 

and cholesterol enriched sub-domains within the plasma membrane that act as signalling hubs for 

a number of membrane associated downstream signalling molecules (reviewed in 47).  GPI-link 

proteins are one family of molecules that are enriched in lipid rafts (48).  Since GFRα1 is a GPI 

linked protein, it has been suggested that the GDNF/GFRα1 complex is able to recruit RET into 

lipid rafts thereby enhancing its downstream signalling potential and interaction with other 

occupants of lipid rafts (Figure 1.2, ref. 45). 

1.6 RET Protein Interaction and Downstream Signaling 

RET9 and RET51 contain 16 and 18 intracellular tyrosine residues, respectively.  Several 

of these tyrosine residues are autophosphorylated and act as binding sites for a number of adaptor 

proteins (Figure 1.3).  To date, tyrosines 752, 761, 806, 809, 900, 905, 928, 981, 1015, 1062, 1090  



 

  8 

 

Figure 1.3  RET downstream signalling 

Upon activation via ligand binding RET becomes phosphorylated on a number of intracellular 
tyrosine residues.  These phosphorylated tyrosines act as docking sites for a number of adaptor 
proteins that mediate downstream signalling.  Outlined here are a number of important signalling 
pathways activated downstream of RET and their effects on cellular function. 
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and 1096 have been suggested to be phosphorylated or interact with adaptor proteins upon RET 

activation (17, 32, 49, 50).  As discussed above, Y1015 serves as a docking site for PLCγ and is 

essential for RET-mediated development of the genitourinary system (31).  Y1062 in RET9 and 

tyrosines 1062 and 1096 in RET51 act as binding sites for adaptors proteins required to activate 

downstream signalling through the PI3K/AKT and MAP Kinase pathways. Signalling 

downstream of tyrosines 1062 and 1096 is also required for kidney and enteric nervous system 

development (31, 51).  Activation of PI3K, and subsequent recruitment and activation of AKT, is 

primarily mediated by SHC binding to Y1062, followed by interactions with GRB2 and GAB1 

(52). Activation of PI3K downstream of RET is thought to promote cell survival (52).  

Alternatively, SHC and GRB2 can interact with SOS leading to RAS activation and signalling 

through ERK1/2 (52). The MAP kinase pathway, when activated by RET, affects mitogenesis, 

differentiation, and cell division (53, 54).  In addition, GRB2 can bind RET51 directly at Y1096 

and activate the PI3K/AKT and MAP Kinase pathways through a similar mechanism (52).  

Binding of SHC to Y1062 is primarily through its PTB domain, although it has been shown to 

interact with RET9 via its SH2 domain as well (55).  A number of other proteins have been shown 

to interact with RET via their PTB domains including Enigma, FRS2 and 3, Dok1,2,4 and 5, and 

IRS1, although the relevance of these interactions are still poorly understood (56-59).  Binding of 

GRB7 and GRB10 to Y905 of RET also modulate activation of the MAP kinase pathway (60, 61).  

More recently, RET has been shown to induce cell proliferation through activation of STAT3 

which can bind RET at tyrosines 752 and 928 (50), and promote neuronal survival by activating 

SRC bound at Y918 (62).  RET activation can also promote tumorigenisis by directly binding and 

phosphorylating β-Catenin; however, the exact site on RET where this interaction occurs has yet 

to be mapped (63-65).   
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1.7 RET and Disease 

RET has the ability to cause disease through both activating and inactivation mutations.  

Activating point mutations to key residues and chromosomal rearrangements of RET have been 

associated with sporadic carcinomas of the thyroid gland as well as the inheritable cancer 

syndrome Multiple Endocrine Neoplasia 2 (MEN2) (reviewed in 66, 67).  Inactivating mutations 

throughout RET lead to Hischsprung disease (HSCR), a congenital abnormality characterized by 

the loss of enteric innervation throughout the myenteric and submucosal plexuses of the GI tract 

(reviewed in 68, 69). 

1.7.1 RET and Hirschsprung Disease 

Hirschsprung disease is a congenital disorder that affects approximately 1 in 5000 live 

births (70).  HSCR is characterized by a lack or reduction in enteric ganglia throughout the distal 

end of the colon and is usually classified as either short or long-segment HSCR depending on the 

length of colon affected (70).  Loss of enteric ganglia results in tonic contraction of the colon 

leading to intestinal obstruction, a potentially lethal pathology if not treated rapidly (70).  

Approximately 50% of familial cases and 15-35% of sporadic cases of HSCR are associated with 

mutations in RET (71).   

A number of deletions, truncations, and missense point mutations have been detected 

throughout RET in HSCR patients.  Although the underlying molecular mechanisms leading to 

HSCR are not fully understood, a number of mutations are known to reduce the activity of RET in 

vivo.  A sub-set of mutations found in the extracellular domain that result in improper folding of 

the molecule and retention/degradation of these mutants by the quality control machinery of the 

endoplasmic reticulum have been identified and divided into three classes (72).  
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Class I mutants affect N-linked glycosylation of RET and prevent its maturation and 

expression on the cell surface (72).  Class II mutations affect Ca2+ ion binding to the extracellular 

domain of RET between CLD1 and CLD2, a requirement for exit from the Golgi and cell surface 

expression (14).  Class III mutations are substitutions of cysteine residues in the extracellular 

domain that normally form important intramolecular disulphide bonds that determine the structure 

of the extracellular domain (see section 1.2).  Disruption of these disulphide bridges reduce the 

ability of RET to mature and localize to the membrane (see section 1.8.2).  

Point mutations in the intracellular coding region of RET also lead to RET inactivation 

through multiple mechanisms.  Mutations of tyrosine residues, and amino acids defining the PTB 

or SH2 consensus binding sequences around them, have been shown to inhibit binding of 

downstream signalling proteins, thereby blocking signalling downstream of RET (73).  

Inactivating mutations that decrease or abolish the intrinsic kinase activity of RET are also known 

to lead to HSCR (74).  The molecular mechanisms underlying the remaining mutations 

throughout the intracellular domain remain to determined; however, it is likely a number of these 

render RET inactive by mechanisms similar to those above or by altering the confirmation and/or 

function of the kinase domain. 

1.7.2 RET and Cancer 

RET mutations occur in nearly one third of all thyroid cancers, making genetic alterations 

in RET the most common event underlying thyroid oncogenesis (75).  Mutations to RET occur in 

both sporadic thyroid carcinoma and the inheritable cancer syndrome Multiple Endocrine 

Neoplasia Type 2 (MEN 2), a condition associated with multiple endocrine tumors including: 

medullary thyroid carcinoma, pheochromocytoma, and parathyroid hyperplasia.   
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Three distinct molecular mechanisms underlie the constitutive activation of RET in both 

sporadic tumors and MEN 2 (Figure 1.4).  First, a number of chromosomal rearrangements have 

been identified that fuse the region encoding the intracellular kinase domain of RET to the 5’ 

sequence of another unrelated gene, resulting in production of a chimeric oncoprotein (reviewed 

in 76).  Second, mutations within the kinase domain have been identified that alter downstream 

signalling promoting strong activation of growth signalling in the absence of ligand (43, 77).  

Third, mutation to extracellular cysteine residues also results in ligand independent constitutive 

activation, although at lower levels than what is seen in MEN 2B (77).  

The most prevalent mechanism of RET-mediated oncogenesis is the initiation of papillary 

thyroid carcinoma (PTC) through somatic chromosomal rearrangement (78).  To date, 12 

chimeric RET oncogenes have been described arising from both chromosomal inversions and 

reciprocal translocations (76).  These rearrangements appear to occur predominantly in the 

papillary cells of the thyroid and have been linked with exposure to ionizing radiation (79-81).  

The breakpoint occurs between RET exons 11 and 12 in each chimera (78).  Fusion of the 3’ half 

of RET to 5’ sequences from other genes, results in expression of these chimeric oncogenes being 

under the control of the 5’ gene’s promoter.  This produces an increase in RET expression in 

follicular cells of the thyroid, a cell type that otherwise poorly expresses RET (82).  All 5’ fusion 

genes identified to date encode a homodimerization domain in their NH2-terminal region which is 

able to mediate dimerization and constitutive activation of the RET kinase domain (76).  

Although this increases growth signalling and leads to oncogenesis, RET-PTC tumors are often 

indolent and rarely metastasize to other areas of the body (83). 

RET’s involvement in medullary thyroid carcinoma (a less frequent tumor arising from 

the C-cells of the thyroid), has been well characterized in the study of MEN 2 (84-86).  MEN 2 

patients are grouped into one of three sub-groups (MEN 2A, MEN 2B or Familial MTC (FMTC))  



 

  13 

 

Figure 1.4  Oncogenic mutations in RET 

A number of mutations have been identified in RET that lead to constitutive activation of the 
receptor.  Increased signalling downstream of RET has been shown to underlie a number of 
neuroendocrine tumours, notably papillary thyroid carcinoma (PTC) and medullary thyroid 
carcinoma (MTC).  Chromosomal rearrangements that fuse the kinase domain of RET to 
homodimerization domain containing proteins result in constitutive dimerization of RET and 
underlie a subset of PTCs.  Mutations to extracellular domain (ECD) cysteine residues allow the 
formation of intermolecular disulphide bridges that mediate dimerization and activation 
independent of ligand and underlie certain forms of MTC.  Finally, kinase domain (KD) 
mutations that reduce autoinhibition of, or increase ATP binding to, RET in its ligand unbound 
state promote downstream signalling and initiate MTC. The phenotypic severity of tumours 
resulting from these mutations are indicated.WT – wild type.   
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based on the severity of their phenotype (87).  MEN 2B is the most aggressive form of MEN 2 

and is defined by the early onset of aggressive MTC along with the frequent occurrence of 

pheochromocytoma and a number of developmental abnormalities including, mucosal and 

intestinal ganglioneuromas, myelinated corneal nerves, skeletal deformations, marfanoid habitus, 

and decreased fertility (86).  MEN 2A is the most common sub-type of MEN 2 and is also 

characterized by MTC and frequent pheochromocytoma and parathyroid hyperplasia; however, 

none of the developmental abnormalities associated with MEN 2B are seen and the median age of 

disease onset is higher (85).  FMTC is the least aggressive form of the disease and primarily 

presents with a late-onset, indolent MTC relative to MEN 2A and 2B tumours (84).   

Each MEN 2 sub-group shows remarkable geneotype-phenotype correlation.  Nearly 95% 

of all MEN 2B cases (as well as 50-70% of sporadic MTCs) harbour an M918T point mutation 

(86).  This mutation reduces autoinhibition of the RET kinase domain and increases ATP affinity 

by acquiring a more stable conformation when ATP is bound (43).  This results in a high level of 

continuous downstream signalling and may contribute to the more aggressive phenotype of 

patients with this mutation (24).  More than 85% of MEN 2A cases posses a mutation at C634 in 

the cysteine rich region of the extracellular domain of RET (85).  This mutation abrogates 

intramolecular disulphide bond formation, leaving free, surface-exposed, cysteine residues to 

form intermolecular bonds with other RET molecules harbouring a similar mutation (15).  This 

results in constitutive activation and signalling downstream of RET; however at lower levels than 

what is seen downstream of MEN 2B, as the mutation at C634 does not potentiate the catalytic 

activity of the kinase domain (24, 43).  Overall, this results in a less aggressive phenotype, 

relative to MEN 2B.  A number of mutations throughout both the extracellular domain and the 

kinase domain have been associated with FMTC.  For many of these, the exact molecular 

mechanism of RET activation remains unknown.  It is possible that intracellular domain 
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mutations alter the confirmation of RET enough to potentiate activation but not produce the 

increased affinity for ATP that is seen with the M918T mutation, this is consistent with the 

observation that FMTC mutations can cause colony formation in soft agar, although at lower 

levels relative to cells expressing MEN 2B mutants (27).  In addition, mutation of cysteine 

residues other than C634 in the extracellular domain associated with FMTC mediate dimerization 

through intermolecular disulphide bonds, but also introduce substantial conformational changes in 

the extracellular domain allowing them to be recognized by the proof-reading machinery of the 

endoplasmic reticulum and retained there (see section 1.8.2, refs. 84, 88).  

1.8 Trafficking of Plasma Membrane Receptors  

1.8.1 Targeting Nascent Peptides to the ER 

Intensive study of plasma membrane protein folding, post-translational modification, and 

intra-cellular trafficking over the past few decades has detailed many of the complex steps 

involved in these processes.  Unfortunately, little is known about how RET transitions through 

these pathways.  Like other proteins that are destined for the plasma membrane or secretion, RET 

contains a 24 amino acid N-terminal hydrophobic signal sequence (89).  Although translation of 

plasma membrane and secretory proteins begins on unbound, cytosolic ribosomes, translation of 

the hydrophobic signal sequence is immediately recognized by the signal recognition particle 

(SRP) that binds the ribosome and nascent peptide, slowing or halting translation until the SRP 

can bind its receptor (the signal recognition particle receptor, SRPR) on the surface of the rough 

endoplasmic reticulum (Figure 1.5, refs. 90-92).  The SRPR mediates release of the signal 

sequence from the SRP and binding of the ribosome to the translocon, an accumulation of 

transmembrane proteins that form a pore through which nascent peptides can be delivered to the 

ER lumen (91-93).  For single-pass transmembrane proteins, translation continues until the 
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Figure 1.5  ER targeting of membrane proteins 

Translation of proteins bound for the plasma membrane begins on cytoplasmic ribosomes.  Once 
translation of the N-terminal hydrophobic signal sequence (red line) has occurred and exited the 
ribosome it is quickly recognized and bound by the Signal Recognition Particle (SRP).  The SRP 
halts translation and translocates the ribosome to the surface of the rough endoplasmic reticulum 
(ER).  Once the SRP binds the SRP receptor (SRPR) translation resumes and the nascent peptide 
is fed through the translocon into the ER lumen.  Removal of the signal sequence and addition of 
N-linked glycosyl chains (green lines) occur co-translationally inside the ER lumen. 
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 compliment of hydrophobic residues comprising the transmembrane domain is reached.  This 

hydrophobic region is recognized by the components of the translocon and inserted into the ER 

membrane prior to translation of the remaining intracellular domain (94).  Certain post-

translational modifications of nascent peptides occur in conjunction with translation such as, 

cleavage of the N-terminal signal sequences and initial N-linked glycosylation (95-98).  This is 

likely why the 120kDa, nonglycosylated form of RET is rarely detected (see section 1.4). 

1.8.2 Chaperone Mediated Protein Folding  

Once translated, proteins fold into their native confirmations and become fully active.  

This process is now understood to require a number of proteins referred to as chaperones.  

Chaperone assisted folding occurs in both the ER and the cytoplasm, but different molecular 

machinery is required in each instance.  One question that remains unresolved is, what are the 

individual contributions of ER and cytoplasmic chaperones to the folding and maturation of 

transmembrane proteins?  See Figures 1.6 and 1.7.   

Within the ER, the initial steps of chaperone mediated protein folding are highly 

influenced by incomplete glycosylation, free cysteine residues, exposure of hydrophobic regions, 

and the aggregation of protein (99-102).  An incompletely folded protein displaying any of these 

characteristics will attract chaperone proteins that either function to withhold the protein in the 

ER, mediate correct folding, or in certain cases, direct a misfolded protein to the ER-associated 

degradation pathway (ERAD, reviewed in 103).  The major chaperone proteins of the ER include: 

the HSP70 family member BiP, the HSP40 family members ERdj1-7, Calnexin, Calreticulin, and 

the thio-disulphide oxidoreductases.  BiP, along with ERdj1-7, bind newly synthesized ER 

proteins and assist in their folding (104, 105).  Calnexin and Calreticulin are lectins that interact 

with monoglucosylated N-linked glycan chains (nascent N-linked glycans that have had two 

glucose molecules removed by Glucosidases I and II) and delay ER export until the final glucose  
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Figure 1.6  Chaperone-mediated protein folding in the ER 

A number of chaperone proteins are present in the ER to assist in the folding and post-
translational modification of secreted proteins, and the extracellular domains of transmembrane 
proteins.  BiP and the ERdjs1-7 are members of the heat shock protein 70 (HSP70) and HSP40 
families, respectively.  They dimerize to form a complex that mediates protein folding and 
protects hydrophobic regions of the nascent peptide from the polar environment of the ER lumen.  
Calnexin and calreticulin are lectins that monitor the progression of N-link glycosyl groups 
preventing the translocation of improperly glycosylated proteins to the Golgi.  ERp57 is a thio-
disulphide oxidoreductase that mediates disulphide bridge formation in folding proteins. 
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Figure 1.7  Chaperone mediated protein folding in the cytoplasm 

A number of cytoplasmic chaperone proteins are also present to assist in the folding of non-
membrane associated proteins.  HSC70 and the HDJs, members of the heat shock protein 70 (HSP 
70) and HSP 40 families, respectively, dimerize and mediate the folding of a number of nascent 
peptide chains in the cytoplasm.  Members of the HSP60 and 90 families perform specialized 
folding, and associate with a limited number of proteins.  
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molecule on the glycan chain is removed, releasing Calnexin and Calreticulin (106, 107).  The 

thio-disulphide oxidoreductases mediate the formation of disulphide bonds within maturing 

proteins.  One such thio-disulphide oxidoreductase, ERp57, is recruited to maturing proteins by 

Calnexin/Calreticulin in order to accomplish disulphide bond formation, an important step in 

establishing tertiary structure (108). Once a protein has been judged by the quality control 

machinery of the ER to be in its native confirmation, it is transferred to the Golgi where further 

processing of its glycosyl groups can occur before transport to the cell surface.   

The interplay of RET with the various enzymes present in the ER and Golgi has not been 

well characterized.  The Hirschsprung mutations G93S and R475W have been shown to result in 

increased binding of BiP relative to wildtype RET, leading to ER retention (42).  Unpaired 

cysteine residues that result from certain FMTC mutations and reduce the expression of RET at 

the cell surface, implicate thio-disulphide oxidoreductases in mediating disulphide bond 

formation of RET, and suggest the ER quality control machinery is able to identify unpaired 

cysteine residues in the extracellular domain (88).  Association with the various enzymes involved 

in glycosylation is suggested by RET’s sensitivity to tunicamycin and Endoglycosidase H, as 

outlined above in Section 1.4.   

The majority of chaperone-mediated protein folding in the cytoplasm is accomplished by 

members of the HSP70 and HSP40 families.  Nascent peptides translated on ribosomes in the 

cytoplasm are quickly bound by HSP70 and HSP40 complexes as they exit the ribosome (109, 

110).  Specifically, the constitutively expressed cytosolic HSP70 protein, HSC70, and the HSP40 

family members, HDJ1 and HDJ2, play important roles in this process (109, 110).  HSC70 

recognizes and binds to short hydrophobic stretches of the nascent peptide, promoting solubility 

of the peptide in the aqueous polar environment of the cytosol (100, 102).  HDJ1 and HDJ2 act as 

co-chaperones, increasing the hydrolysis of ATP to ADP by HSC70, stabilizing 
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HSP70/HSP40/nascent peptide interactions (111).  For many proteins, interaction with HSP70 

and HSP40 family members is sufficient to result in native folding.  For others, further interaction 

with HSP90 or HSP60 family members are required (112, 113).  Our lab has previously show that 

RET activation affects the expression of a number of constitutively expressed and stress-induced 

HSPs including members of the HSP40, HSP60, HSP70, and HSP90 families that promote protein 

maturation (114).  This suggests a link between RET and molecular chaperones, whether they 

assist in maturation of RET itself remains unknown. 

1.8.3 Receptor Mediated Endocytosis 

Receptor mediated endocytosis is a process of internalization that occurs rapidly upon 

activation of a membrane receptor by ligand binding (Figure 1.8, refs. 115-118).  After ligand 

binding, activated receptors are recruited by accessory proteins to spontaneously formed clathrin 

coated pits, invaginations characterized by a clathrin lattice and an inward bend of the plasma 

membrane.  Clathrin-coated pits are then scised from the membrane by Dynamin 2 (DNM2), a 

protein that oligomerizes into rings around the neck of the pit and, through the coordinated 

GTPase activity of a number of DNM2 molecules, causes a sufficient conformational change in 

the oligomeric ring to detach the vesicle from the membrane (119, 120).  The newly formed 

clathrin-coated vesicle is uncoated, forming a sorting endosome that undergoes a number of 

fusion and fission events as it is transported further into the cytoplasm (121).  During this process, 

referred to as maturation, endosomes become more acidic and begin to express a different 

compliment of proteins (122).  Portions of sorting endosomes will bud off and be recycled back to 

the cell surface (see section 1.8.4).  Eventually, endosomes begin to internalize vesicles derived 

from their own membrane, resulting in small spherical structures known as the multi-vesicular 

body (MVB) (123).  MVBs mature to late endosomes, large polygonal shaped structures 

containing multiple internalized vesicles, and eventually fuse to lysosomes where degradation 
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Figure 1.8  Receptor mediated endocytosis 

Activated membrane receptors can be rapidly internalized by receptor mediated endocytosis.  
During this process, activated receptors are recruited to clathrin-coated pits which are scised from 
the plasma membrane by Dynamin 2 (DNM2) to form sorting endosomes.  Sorting endosomes 
quickly transition to one of several structures through multiple fusion events with each other and 
other vesicles.  Receptors can either be recycled back to the membrane through a rapid recycling 
pathway, or first targeted to the peri-nuclear endosomal recycling complex (ERC) before 
trafficking to the membrane.  Ubiquitination (U), targets receptors to the late endosome via 
associations with ubiquitin binding domain (UBD)-containing proteins such as HRS, and 
eventual degradation in the lysosome.  A number of the proteins involved in these processes are 
shown (orange).  In addition, commonly used markers of the individual structures are indicated 
(green). 
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of their contents occurs (124).  

1.8.4 RTK Trafficking Post-Activation: Internalization, Degradation, and Recycling 

Currently, Epidermal Growth Factor Receptor (EGFR) remains the paradigm for RTK 

internalization and trafficking post-activation.  Pioneering studies on this receptor led to the 

identification of a number of mechanisms that have since been confirmed for many other RTKs.  

Three major steps, internalization, recycling, and degradation, have been identified as possible 

outcomes for activated EGFR receptors.  Each of these steps appears to occur through unique 

mechanisms that provide a high level of control over downstream signalling.  The initial step of 

EGFR internalization requires the translocation of the receptor into clathrin-coated pits (125, 

126).  Ligand binding and phosphorylation of these receptors leads to a rapid recruitment of 

EGFR molecules into these structures; however, introduction of null-kinase domain mutations 

impairs internalization, suggesting phosphotyrosine-based sorting signals are responsible for this 

movement (127).  The adaptor protein AP2 had been suggested as a major player in this process 

as its mu domain has affinity for YXXθ sequences (where X is any amino acid and θ represents a 

bulky hydrophobic amino acid) while its alpha and beta subunits are known to bind clathrin (128).  

However, more recent investigations have found mutations to, or depletion of AP2, do not 

completely inhibit EGFR internalization (129, 130).  Mutations to a number of other proteins 

involved in clathrin-coated pit formation and invagination, such as Epsin, EPS15, Amphiphysin, 

and Endophilin can also inhibit EGFR internalization (131-134).  However, ubiquitination of 

EGFR is required to interact with each of these molecules and, in the absence of ubiquitination, 

EGFR is still internalized (135).  Finally, mutation to, or depletion of, the SH2/SH3 domain 

containing protein GRB2 has been shown to reduce the rate of EGFR internalization (136).  

GRB2 is known to interact with many members of the clathrin-coated pit machinery, including 
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AP2 (137), DNM2 (138), and the E3 ubiquitin ligase CBL (139) in addition to binding EGFR in a 

phospho-dependent manner (140).  As none of these mechanisms are able to completely abolish 

the internalization of EGFR when blocked, and have different effects on different receptors and in 

different cell lines, it is likely that all of them contribute in some way to the recruitment of 

individual receptors, clathrin pit formation, and the early steps of internalization. 

 Targeting of internalized receptors for degradation requires the attachment of an ubiquitin 

moiety to a free lysine side chain on the intracellular domain of a RTK.  For EGFR, and a number 

of other RTKs, this is mediated by the E3 ubiquitin ligase CBL (141).  CBL appears to 

ubiquitinate EGFR at multiple lysine residues forming docking sites for a number of proteins that 

contain ubiquitin interacting motifs (UIMs) (142-145).  Two of the most important UIM 

containing proteins involved in EGFR trafficking are EPS15 and HRS (143, 144).  As mentioned 

above, EPS15 appears to play a role in the early endocytosis of EGFR.  HRS is required to target 

ubiquitinylated receptors to MVBs and late endosomes, preventing their recycling to the 

membrane (146).  Downregulation of HRS expression by siRNA prevents degradation of EGFR 

(147), and HRS is phosphorylated downstream of a number of RTKs (148).  HRS interacts 

directly with TSG101, a member protein of the endosomal complex required for transport 

(ESCRT) (144, 149), which is able to direct formation of the inner vesicles of the MVB and 

recruit ubiquitinylated receptors to these sites ensuring their degradation and preventing recycling 

to the membrane (149). 

Investigations surrounding the mechanisms of plasma membrane receptor recycling have 

revealed individual roles for a number of endosomes that are similar in appearance.  Previously 

classified as early endosomes, the sorting endosome and the endocytic recycling compartment 

(ERC, Figure 1.8) are now recognized as separate structures with distinct roles.  Sorting 

endosomes have a life span of approximately 5 to 10 minutes during which they mediate multiple 
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fusion events with each other and new vesicles that have recently budded from the cell surface 

(150, 151).  After approximately 10 minutes, they translocate along microtubules deeper into the 

cell, acquiring acid hydrolayses and become more acidic (152, 153).  During the short life-span of 

the sorting endosome, small tubules of membrane are continually pinched off and quickly 

recycled back to the membrane in a RAB4 dependant manner (150).  The low pH environment of 

the sorting endosome (~pH 6) is able to dissociate some ligands from their receptors, resulting in 

the targeting of ligands to late endosomes while their receptors are rapidly recycled back to the 

surface (154, 155).  This mechanism of sorting appears to occur in the absence of any sequence 

specific recycling signals, post-translational modifications, or interaction with other molecules. 

The ERC is a collection of narrow tubular structures, each associated with microtubules 

of the cytoskeleton and often located peri-nuclearly (156, 157).  The exact mechanisms of entry to 

and exit from the ERC remain unknown, but entry appears to require some sort of targeting signal 

and the majority of this structure’s contents eventually recycle back to the surface (158).  

Recycling through the ERC is a slower process than sorting endosome budding, as transport 

through an additional structure (the ERC) and translocation deeper into the cell is required.  

Targeting of internalized receptors to the ERC has been suggested to occur through a number of 

poorly characterized mechanisms.  Clusters of acidic amino acids or leucine residues near the C-

terminal end of proteins have been shown to act as recycling motifs in certain molecules (159, 

160); however, the exact mechanism underlying this transport remains unclear.  AP2 assists in 

delivery of MHC Class I and β-Integrin to the ERC, promoting recycling of these molecules 

(161), and knockdown of AAK1, an AP2 effector that promotes AP2 binding to its cargo, impairs 

transferrin receptor recycling (162) suggesting a preferential targeting of AP2 interacting proteins 

to the ERC.   
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Return of receptors located within the ERC to the membrane is dependant on the small 

GTPase RAB11.  Like other RAB proteins, RAB11 forms complexes with a number of proteins 

to link intracellular vesicles to the microtubule network.  RAB11 has been shown to interact with 

the Kinesin II molecular motor via FIP5 forming a complex that mediates transport of ERC 

vesicles back to the plasma membrane (158).  Knockdown of EDH1, another RAB11 interacting 

protein, and Syndecan, a heparin sulfate proteoglycan known to interact with a number of 

membrane receptors, inhibit the recycling of transferrin receptor and FGFR, respectively (163-

165).  Once again, the mechanisms by which EDH1 and Syndecan mediate receptor recycling 

from the ERC are unknown.  

1.8.5 Post-activation trafficking of RET 

The internalization of EGFR (125), MET (166), VEGFR (167), PDGFR (168), TRKA 

(169), IR (170), and KIT (171) by receptor mediated endocytosis is well established; however, 

very few investigation have been performed regarding the trafficking of RET post-internalization.  

The rapid movement of RET into detergent-insoluble lipid rafts after activation has been 

previously documented (45, 172).  As well, it has been shown that 45% of all surface bound 

GDNF becomes internalized within 10 minutes of being added to RET expressing cells in culture 

(173).  These kinetics of internalization are similar to EGFR internalization, however this study 

did not investigate, or suggest, a mechanism for the internalization of RET.  The overall kinetics 

of RET degradation following RET activation have been investigated (22, 172), interaction with, 

and ubiquitination by, CBL has been shown (22), and proteasomal involvement has been 

implicated in its downregulation (172); however, none of these studies have directly observed the 

structures through which RET traffics prior to degradation. 
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1.9 Significance of Receptor Mediated Endocytosis 

Internalization through the clathrin-coated pit pathway was originally thought to be a 

mechanism to sequester and degrade active receptors, ensuring termination of their signals.  This 

process allows cells to discriminate between individual signals through the same receptor and 

prevents constitutive signaling from ligand-bound receptors (174).  More recently, it has been 

suggested that RTK internalization through the clathrin-coated pit pathway is required for 

complete activation of certain downstream signalling pathways (125, 175) and a number of RTK-

adaptor molecules have been found associated with endosomes including: GRB2, SHC, and ERK 

(176, 177).  This suggests that ligand-induced endocytosis can also act as a mechanism for 

localizing activated receptors to areas of the cytoplasm where they can stimulate signaling 

cascades discrete from those they activate at the cell membrane. EGFR, for example, cannot 

activate MAPK signaling until it has been internalized (125, 178).  Endosomal localization may 

represent a normal regulatory mechanism for RTK signaling, ensuring co-localization of RTKs 

and critical signaling pathway components to the same sub-cellular compartments. The biological 

significance of endosomal signaling is still not well understood, although several theories have 

been proposed (reviewed in 179).  The realization that RTK localization to endosomes is required 

for MAPK activation provides an important link between receptor downregulation and activation 

of this proliferative signaling cascade.  It has been suggested that this transient activation of 

MAPK represents an important mechanism of protection against oncogenesis, as cell proliferation 

due to MAPK signaling can only occur during the brief time that activated receptors spend in 

endosomes (179, 180).  Further, it is becoming increasingly clear that active receptors have access 

to a separate pool of binding partners once internalized that are not present at the cell surface, and 

that internalization can contribute to the magnitude and sustainability of RTK signals, providing 

both a spatial and temporal regulatory system (125, 180, 181).  Formation of multi-molecular 
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signalling complexes on the surface of endosomes may contribute to RTKs’ abilities to activate 

MAPK from endosomes.  Overall, intracellular trafficking of plasma membrane molecules 

remains a complex system to study.  Although we have begun to understand many of the 

underlying mechanisms that affect individual trafficking events, adding these up to form a ‘big 

picture’ will require additional studies. 
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Chapter 2 
Rationale, Hypotheses, and Objectives 

Sub-cellular localization and trafficking of membrane receptors underlies the normal 

metabolic functions of the cell.  Dysregulation of this process is increasingly being linked to 

diseases such as cancer (182).  Currently, little is known regarding intracellular trafficking, 

including secretory transport to the membrane, internalization, recycling, and degradation of RET.  

The effect of sub-cellular localization and trafficking of RET on intracellular signalling in normal 

and disease states is unknown.  A complete understanding of these mechanisms is required to 

design and implement treatments for various RET-related pathologies. 

2.1 RET Internalization and its Effects on Signalling 

2.1.1 Rationale 

The many downstream signalling cascades mediated by RET have been well described 

(66).  Despite this wealth of knowledge, an understanding of RET’s movement within the cell and 

the effects on downstream signalling of changes in subcellular localization, has yet to be 

investigated.  Other receptor tyrosine kinases are rapidly internalized into the cell after activation 

through a process known as receptor mediated endocytosis (RME) (125, 167, 175, 183).  

Originally described as an off switch, RME is now understood to play an important role in 

mediating downstream signalling from RTKs, particularly through the MAP Kinase pathway.  A 

study of RET internalization is needed to establish if RME of RET occurs and what impact it may 

have on downstream signalling. 
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2.1.2 Hypothesis 

We hypothesize that RET is internalized by RME after activation as has been noted for 

other RTKs.  We expect this internalization to happen rapidly and involve clathrin-coated pits and 

their associated machinery such as the clathrin-coated vesicle scission protein, DNM2.  Further, 

RME is likely required to fully activate the downstream signalling pathways of the RET receptor. 

2.1.3 Objectives 

• Investigate the ability of GDNF activation to elicit RET internalization 
 

• Assess the requirements of RET kinase activity and DNM2 GTPase function in this 
process 
 

• Visualize RET’s localization relative to vesicles of the RME pathway 
 

• Determine the effects of blocked internalization on downstream signalling through the 
PI3K/AKT and MAP Kinase signalling pathways. 

 

2.2 Developing a Method for Direct Visualization of Vesicle Maturation and 

Trafficking 

2.2.1 Rationale 

Internalization of membrane receptor proteins serves two important functions.  First, this 

acts as an ‘off’ switch delivering receptors to the degradative machinery of the cell and second, it 

has now been shown to play important roles in complete activation of downstream signalling 

cascades (184).  Traditionally, the presence of membrane receptor proteins within endocytic 

vesicles of the cytoplasm has been determined by conventional multi-coloured 

immunofluorescence.  This method lacks sensitivity, as it cannot differentiate between vesicular 

structures that have been formed since application of a ligand and preexisting structures, 

rendering calculations of vesicle occupation meaningless.   
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2.2.2 Hypothesis 

Cell impermeable, modified biotin molecules have been used in many biochemical 

methods to isolate and study membrane proteins.  The use of biotin to label cell surface proteins 

prior to application of a ligand followed by detection with fluorescently labeled streptavidin may 

allow for the direct visualization of plasma membrane-derived vesicles forming after receptor 

activation.  Colocalization between receptors, various RME markers, and biotin positive vesicles 

should allow for analysis of a sub-set of plasma membrane structures derived post-ligand 

addition.  Further, addition of the protein translation inhibitor cyclohexamide during 

internalization will prevent delivery of de novo synthesized receptors to the membrane allowing 

for direct visualization of receptor recycling. 

2.2.3 Objectives 

• Establish a protocol for biotinylation of cell surface proteins and tracking their 
internalization 
 

• Use this method to investigate RET trafficking to endosomes and lysosomes after 
activation by GDNF.  
 

• Determine whether this method can be utilized to visualize recycling of receptors to the 
plasma membrane after internalization. 
 

2.3 Differential Trafficking of RET Isoforms 

2.3.1 Rationale 

RET is alternatively spliced at its COOH-terminus to produce three isoforms, RET9, 

RET43 and RET51 (18, 19).  RET isoforms are co-expressed in all tissues investigated to date.  

The two most highly expressed isoforms of RET, RET9 and RET51, have been shown to differ in 

tyrosine autophosphorylation patterns (16), binding to downstream affecter proteins (21-23), 

induction of downstream gene expression (24), and ability to cause cell transformation and 
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differentiation (25-28).  Although the extracellular and kinase domains of RET9 and RET51 are 

identical and they have been shown to heterodimerize in vitro, heterodimers have not been 

detected in vivo (16, 22).  This would suggest that these isoforms are separated into individual 

sub-cellular compartments.  Studies to date have not directly observed differences in RET9 and 

RET51 isoform localization.  It is possible that unique trafficking patterns of individual isoforms 

plays a role in preventing the formation of heterodimers and modulates some of the relative 

differences seen in signalling downstream of RET9 and RET51. 

2.3.2 Hypothesis 

We hypothesize that RET9 and RET51 display different patterns of sub-cellular localization and 

trafficking in vivo that may help explain the inability of these molecules to form heterodimers.  

Further, these differences in subcellular localization may result in altered signalling from RET9 

and RET51 accounting for the number of differences noted above in the downstream signalling 

properties of individual isoforms. 

2.3.3 Objectives 

• Investigate the sub-cellular distribution of RET9 and RET51 pre-activation 

• Investigate the intracellular trafficking patterns of RET9 and RET51 post-activation 

• Determine any effects that isoforms specific trafficking may have on signalling 

2.4 Role of Sub-cellular Localization and Transcript Levels of RET-related PTCs 

2.4.1 Rationale 

Mutations that lead to constitutive activation of RET have been associated with both 

papillary and medullary thyroid cancer (PTC and MTC, respectively).  RET-related PTCs are 

generally indolent, and rarely metastasize beyond the thyroid (83), while RET-related MTCs can 
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be highly aggressive (185).  The oncogenic forms of RET found in PTCs arise through 

chromosomal rearrangements that produce a soluble, cytoplasmic oncoprotein; whereas, RET-

related MTCs arise after single amino acid substitutions within a membrane bound receptor.  As 

described in Chapters 3 and 5, altered sub-cellular localization of RET can impact on downstream 

signalling.  Therefore, altered localization of RET/PTCs to the cytoplasm may effect signalling 

through these oncoproteins relative to membrane bound RET, influencing progression of PTC.  In 

addition, our lab has previously suggested that increased activation of RET correlates with 

increasingly aggressive RET-related cancer syndromes (43) and relatively greater up or down 

regulation of RET target genes (24).  Whether a similar mechanism plays a role in RET-related 

PTC has yet to be investigated. 

2.4.2 Hypothesis 

Altering RET’s sub-cellular localization impacts directly on downstream signalling; 

therefore, we hypothesize that cytoplasmically localized RET/PTC oncoproteins will have altered 

downstream signalling profiles relative to membrane localized RET.  We also expect that the loss 

of membrane interaction will increase the stability of RET/PTCs within the cell, as these 

oncoproteins will no longer be degraded by RME.  Further, we believe a mechanism exists that 

reduces either the kinase activity of RET/PTC proteins, or limits their expression in PTC tumours, 

explaining the indolence of these carcinomas, relative to MTCs. 

2.4.3 Objectives 

• Develop a membrane localized PTC construct through the addition of an N-terminal 
myristoylation signal and an inducible dimerization domain. 
 

• Investigate differences in kinase activity, downstream signalling patterns, proliferation, 
and transformation between RET/PTCs and the membrane-localized construct. 
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• Determine the stability of RET/PTCs in the cell and their ability to avoid lysosomal 
degradation 
 

• Determine the effects of ‘foreign’ promoters on the expression of RET/PTCs relative to 
RET expression from its endogenous promoter in MTCs.  
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Chapter 3 
RET ligand induced internalization and its consequences for 

downstream signalling 
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3.1 Abstract 

RET is a receptor tyrosine kinase (RTK) with roles in cell growth, differentiation 

and survival. Ligand-induced activation of RET results in stimulation of multiple signal 

transduction pathways, including the MAP kinase/ERK and PI3 kinase/AKT pathways. 

However, the mechanisms governing receptor internalization and signal downregulation 

have not been explored. As other RTKs are internalized through the clathrin-coated pit 

pathway in a ligand-dependant manner, we have investigated whether RET is internalized 

through a similar process. Using a highly sensitive fluorescence resonance energy transfer 

(FRET)-based assay, we have shown that RET is internalized from the plasma membrane in 

a ligand-dependant manner that requires RET kinase activity as well as the GTPase activity 

of the clathrin-coated vesicle scission protein Dynamin 2. Further, we have demonstrated 

that RET colocalizes with RAB5a, a marker of clathrin-coated vesicles and early endosomes, 

after internalization. Finally, we demonstrated that RET internalization is required for 

complete activation of ERK1/2, but not for activation of AKT signaling. Our data suggest 

that ligand-induced internalization of RET not only plays an overall role in downregulation 

and termination of signaling, but also functions to traffic RET to subcellular locations where 

it can fully activate certain downstream signaling pathways. 
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3.2 Article 

The RET proto-oncogene encodes a transmembrane glycoprotein belonging to the 

receptor tyrosine kinase (RTK) family. RET has been shown to activate cell signaling pathways 

involved in proliferation, differentiation and migration (Kodama et al., 2005). RET is comprised 

of an extracellular region which binds its ligands, a transmembrane region and a cytoplasmic 

kinase domain that is responsible for autophosphorylating intracellular tyrosine residues that 

interact with adaptor proteins involved in downstream cell signaling. RET expression is essential 

for embryogenesis of the enteric nervous system and for kidney morphogenesis (Schuchardt et al., 

1994). 

Activation of RET is unique among RTKs as it requires a multiprotein complex instead of 

the customary direct receptor/ligand interaction. The RET activation complex comprises a soluble 

ligand of the glial cell line-derived neurotrophic factor (GDNF) family, a glycosyl-

phosphatidylinositol membrane-anchored co-receptor of the GDNF family receptors alpha 

(GFRα) proteins, and RET itself (Airaksinen and Saarma, 2002). RET's downstream targets 

include the RAS/ERK Kinase, PI3 Kinase/AKT p38MAP kinase, PLC-γ, JNK, STAT, ERK5 and 

SRC signaling pathways (Santoro et al., 2004; Arighi et al., 2005; Kodama et al., 2005). 

Autophosphorylation of tyrosine 1062, in the C-terminal tail, results in a phosphodependent-

docking site for a number of SH2 or PTB domain containing proteins. Among these, are adaptor 

proteins such as SHC and FRS2, which can complex with GRB2, SOS and membrane-associated 

RAS to activate the MAPK pathway; or GRB2 and GAB1 which can activate PI3 Kinase and 

AKT (Besset et al., 2000; Hayashi et al., 2000; Maeda et al., 2004). Activation of MAPK 

downstream of RET can contribute to cell proliferation or differentiation, whereas activation of 

AKT by RET has been implicated in cell survival, as well as proliferation (Kodama et al., 2005). 
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It is not currently clear how the specific pathway triggered by ligand binding is determined but 

one potential mechanism is cellular localization. 

Following ligand-mediated activation, many RTKs are internalized through the clathrin-

coated pit pathway (Grimes et al., 1996; Torrisi et al., 1999; Wiedlocha and Sorensen, 2004). 

Internalization through this pathway is thought to serve two purposes. First, it sequesters and 

degrades active receptors, ensuring termination of their signals, thereby allowing cells to 

discriminate between individual signals and prevent constitutive signaling from ligand-bound 

receptors (Kirchhausen, 2002). Second, there is evidence that RTK internalization through the 

clathrin-coated pit pathway is required for complete activation of certain downstream pathways, 

such as the MAPK pathway (Vieira et al., 1996; Ceresa et al., 1998). 

To date, the mechanisms of RET internalization and downregulation, and their impact on 

RET signaling, have not been explored. Here we demonstrate that RET is internalized in a ligand-

dependant manner, and that this process determines the nature and cellular location of RET 

downstream signals. 

In preliminary experiments using the neuroblastoma cell line SH-SY5Y transiently 

transfected with GFRα1, we detected RET phosphorylation within 5–10 min of GDNF 

stimulation, with maximal phosphorylation of RET reached by 15 min (Figure 3.1a). 

Interestingly, however, time course studies showed ligand-dependent loss of both total and 

phosphorylated RET from cell lysates, detected within 15–30 min of GDNF addition, 

immediately following peak phosphorylation when cells were lysed in a buffer containing 1% 

Igepal (NP-40), a weak, non-ionic detergent (Figure 3.1a). This loss of RET was most apparent in 

the 175 kDa (upper) RET band, which is thought to be the mature, glycosylated, membrane-

bound form. Interestingly, the 155 kDa (lower) band also shows a corresponding but less rapid  
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Figure 3.1  RET is internalized in a ligand-dependent manner. 

(a) SH-SY5Y neuroblastoma cells were transiently transfected with GFRα1 using DIMRIE C 
(Invitrogen, Burlington, ON, Canada), treated with retinoic acid for 24 h, serum-starved 
overnight, then stimulated with 50 ng/ml GDNF (PeproTech Canada Inc., Ottawa, ON, Canada) 
for the indicated times. Proteins were harvested in Igepal lysing buffer, as previously described 
(Myers and Mulligan, 2004), separated by SDS–PAGE, transferred to nitrocellulose 
membrane (Bio Rad, Mississaugua, ON, Canada) and probed for either RET (H300, Santa Cruz 
Biotechnologies, Santa Cruz, CA, USA), phospho-RET (Phospho-Ret (Tyr905), Cell Signaling 
Technology, Beverly, MA, USA) or γ-tubulin (Clone GTU-88, Sigma, Oakville, ON, Canada). 
(b, c, d) HEK 293 cells were transiently co-transfected with GFRa1 and (b) WT-RET-ECFP and 
WT-DNM2-EYFP, (c) K758M-RET-ECFP and WT-DNM2-EYFP or (d) WT-RET-ECFP and 
K44A-DNM2-EYFP, 48 h before FRET analysis using Lipofectamine 2000 (Invitrogen). FRET 
was measured using the FRET-sensitized emission wizard of the Leica Confocal Spectrum 
Express 03 software package in conjunction with a Leica TCS SP2 inverted confocal microscope. 
‘Pixel intensity’ refers to the signal intensity measured after excitation of ECFP with a 468-nm 
laser line and signal detection in the spectrum. Background fluorescence and chromophore bleed-
through into the FRET channel were automatically corrected for by the Leica software using cells 
expressing only WT-RET-ECFP or WT-DNM2-EYFP. Each data point shows a mean of three 
ROIs selected at the cell membrane.  Representative data from one of three duplicate experiments 
are shown. 
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loss from the membrane. This is consistent with the process of maturation, membrane 

localization, receptor activation and recycling occurring more rapidly in response to ligand 

stimulation than does the de novo replacement of the immature 155 kDa RET protein. We were 

not able to observe this loss of RET when using a lysing buffer containing 1% Triton X-100, a 

stronger non-ionic detergent (data not shown). Analysis of the insoluble pellet showed that as 

RET was lost from the soluble fraction after activation, it became enriched in the insoluble pellet 

where we would expect to find endosomes. As this loss of RET from cell lysates was too rapid to 

be attributed to lysosomal degradation of the protein, we theorized that activated, phosphorylated 

RET was being sequestered into clathrin-coated vesicles or early endosomes that were not fully 

solubilized by weak non-ionic detergent, and were excluded from our cell lysates. We therefore 

investigated whether depletion of RET might be attributed to internalization and endosomal 

localization of activated RET complexes. 

The prominent route of ligand-dependant internalization of RTKs is through the clathrin-

coated pit pathway, which functions by tethering activated receptors into cell surface pits 

identified by an intricate clathrin framework that forms on the inner leaflet of the plasma 

membrane (Le Roy and Wrana, 2005). The membrane associated GTP-binding protein, dynamin 

2 (DNM2), then self-assembles into alpha-helical oligomers around the neck of a clathrin-coated 

pit and, through its intrinsic GTPase activity, pinches off a vesicle that contains the activated 

receptor (Praefcke and McMahon, 2004). We have developed a highly sensitive, fluorescence 

resonance energy transfer (FRET)-based assay to investigate RET dissociation from the 

membrane through this pathway. FRET is a technique used to measure the spatial distance 

between two fluorophores, the donor and the acceptor. Overlap of the emission spectra of the 

donor with the excitation spectra of the acceptor allows energy to be transferred from the donor to 

the acceptor when the donor is excited and both fluorophores are in close proximity to each other. 
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An increase in energy release by the acceptor indicates that the fluorophores have moved closer 

together (van Rheenen et al., 2004). We have generated expression constructs for RET tagged 

with the Enhanced Cyan Fluorescent Protein (WT-RET-ECFP) at the C-terminus and for DNM2 

tagged with an Enhanced Yellow Fluorescent Protein (WT-DNM2-EYFP) at the C-terminus. 

HEK 293 cells co-transfected with these expression constructs, and GFRalpha1, were treated with 

GDNF for 0, 5, 15 or 60 mins, fixed, and FRET was measured at multiple regions of interest 

(ROIs) selected on the cell membrane. 

We detected minimal FRET in the absence of GDNF stimulation but a rapid increase in 

membrane-associated FRET after ligand treatment. FRET was maximal at 15 min after GDNF 

addition (Figure 3.1b), corresponding with maximal phosphorylation of RET (Figure 3.1a), and 

returned to basal levels by 60 min. No FRET was detected at ROIs selected deeper in the 

cytoplasm, nor in samples transfected with a single fluorophore construct (WT-RET-ECFP or 

WT-DNM2-EYFP) at any time point (data not shown). When a RET-ECFP construct containing a 

kinase dead RET mutant (K758M) was co-transfected with the WT-DNM2-EYFP, we did not 

detect any substantial levels of FRET, before or after ligand addition (Figure 3.1c), suggesting 

that RET kinase activity is required for localization to clathrin-coated pits on the cell membrane. 

When WT-RET-ECFP and a GTPase-dead K44A-DNM2-EYFP mutant were co-expressed, we 

found that FRET was detected earlier and persisted longer on the cell surface (Figure 3.1d). The 

GTPase activity of DNM2 is not essential for oligomerization of the protein but is required for 

scission of the clathrin-coated vesicle from the membrane (Vallis et al., 1999; Marks et al., 2001). 

Thus, as predicted, we saw increased membrane FRET as phosphorylated RET accumulated in 

pits that could not be internalized due to the inability of the K44A-DNM2-EYFP mutant, which 

was oligomerized around the neck of the clathrin-coated pit, to pinch off the vesicle from the 

membrane. Because vesicles cannot be pinched off the membrane, RET and DNM2 are retained 
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in close proximity, resulting in an extended duration of FRET. Thus, our data suggest that RET is 

internalized through the clathrin-coated pit pathway by a mechanism that is dependent on GDNF 

binding, the kinase activity of RET, and the GTPase activity of DNM2. Our ability to detect 

FRET between RET and DNM2 suggests a close spatial proximity between these proteins in the 

cell. In fact, the ability to detect FRET between two proteins often suggests an in vivo interaction 

between them. Although our data does not confirm a direct interaction between RET and DNM2 

here, it is interesting to note that a number of proteins such as NCK, SRC, GRB2, PI3 kinase and 

PLCγ have been shown to interact with both RET and DNM2; specifically, NCK, SRC and GRB2 

have been shown to bind RET through their SH2 domains and DNM2 through their SH3 domains 

(Gout et al., 1993; Seedorf et al., 1994; Wigge et al., 1997; Foster-Barber and Bishop, 1998; 

Wunderlich et al., 1999; Okamoto et al., 2001; Schuetz et al., 2004; Kodama et al., 2005). These 

data suggest that these proteins could act as adaptors to mediate an indirect interaction between 

RET and DNM2 that could assist in localizing activated RET into clathrin-coated pits or vice 

versa. However, RET proteins containing Y981F, Y1015F or Y1062F mutations, which affect the 

major known binding sites of the above-mentioned proteins, were still internalized into 

endosomes (data not shown). These data would imply that an indirect interaction between DNM2 

and RET through any one of these proteins is not exclusively required for internalization. 

Whether multiple adaptor proteins docked at these sites work in concert to assist in localizing 

RET to Dynamin containing clathrin-coated pits in the membrane remains to be investigated. 

Upon GDNF stimulation, during FRET analysis, we detected an increase in RET 

containing vesicle-like structures near the plasma membrane (data not shown), which coincided 

with peak RET phosphorylation and RET/DNM2 colocalization. Studies of other RTKs indicate 

that, after internalization through clathrin-coated pits, receptors are trafficked through early and 

late endosomes where they are either recycled back to the membrane or targeted to the lysosome 
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for degradation (Le Roy and Wrana, 2005). To determine whether RET is also trafficked through 

this mechanism, and whether these punctate RET-containing vesicles represented early 

endosomes, we investigated the colocalization of RET with an early endosome marker. RAB5a, a 

small GTPase protein, has a direct interaction with clathrin-coated vesicles and early endosomes 

(Bucci et al., 1992; Nielsen et al., 1999). We transiently expressed an EGFP-tagged RAB5a in 

HEK 293 cells stably expressing an artificially inducible WT-RET construct, similar to that 

described by Freche et al. (2005), and compared localization of RAB5a-EGFP and RET by 

confocal microscopy after no ligand treatment or after 15 or 30 mins of stimulation with artificial 

ligand. Strong immunofluorescence staining for RET was detected on the cell membrane up to 15 

mins post-ligand addition but was lost by 30 mins (Figure 3.2), consistent with the dissociation of 

RET from the membrane after ligand addition seen previously (Figure 3.1b). By 30 mins after 

ligand addition, strong colocalization of RAB5a and RET was seen in multiple punctate vesicles 

located away from the membrane in the cytoplasm (Figure 3.2). This strong colocalization of 

RAB5a-EGFP and RET by 30 min post-ligand addition suggests that the loss of RET from cell 

lysate fractions, described above, is due to sequestering in endosomes that are poorly solubilized 

by weak detergents. 

Ligand-induced endocytosis can also act as a mechanism for localizing activated 

receptors to areas of the cytoplasm where they can stimulate signaling cascades discrete from 

those they activate at the cell membrane. Epidermal Growth Factor Receptor, for example, cannot 

activate MAPK signaling until it has been internalized (Vieira et al., 1996; Kranenburg et al., 

1999). To investigate whether RET activates different pathways from endosomes than from the 

cell membrane, we generated polyclonal, pooled, SH-SY5Y cell lines stably overexpressing 

GFRα1 and either WT-DNM2-EYFP or the K44A-DNM2-EYFP mutant and screened them for 

active ERK1/2 and AKT in the presence or absence of GDNF. We detected a significant reduction 
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Figure 3.2  RET colocalizes with Rab 5a a marker of clathrin-coated pits and early 
endosomes. 

HEK 293 cells stably expressing the intracellular domain of RET localized to the plasma 
membrane via a myristoylation signal under control of the ARGENT Regulated 
Homodimerization Kit (ARIAD, Cambridge, MA, USA) were transiently transfected with 
RAB5a-EGFP using Lipofectamine 2000 48 h before confocal analysis. RET dimerization was 
induced using the AP20187 artificial dimerizer (ARIAD, Cambridge, MA, USA) for times 
indicated. Cells were then fixed in 2% paraformaldehyde, permeablized with 0.1% Triton X-100 
and blocked in 1% BSA/1% goat serum before immunofluorescent staining with a-RET (C19, 
Santa Cruz) primary and a-rabbit Alexa 633-conjugated secondary (Invitrogen) antibodies. 
Images were acquired using the 488 (column 1) and 633nm (column 2) laser lines. Column 3 
shows a merge of the images in columns 1 and 2. 
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 in ERK1/2 phosphorylation in the K44A-DNM2-EYFP cell line in comparison with the WT-

DNM2-EYFP cells or wild-type, untransfected SH-SY5Y cells (Figure 3.3). No difference in 

relative phosphorylation of AKT was observed between the WT-DNM2-EYFP and K44A-

DNM2-EYFP cell lines. These results suggest that internalization of RET is required for maximal 

activation of the MAPK signaling pathway. AKT can be activated by membrane-localized RET; 

however, we cannot rule out the possibility of continued activation of AKT by RET once it is 

internalized (Figure 3.4). 

Our data show that RET is internalized through a clathrin-coated pit mechanism after 

activation, similar to other RTKs. RET is then targeted to early endosomes as a precursor step to 

either recycling or degradation. However, endosomal localization clearly also represents a normal 

regulatory mechanism for RET signaling, ensuring colocalization of RET and critical signaling 

pathway components to the same subcellular compartments. The biological significance of 

endosomal signaling is still not well understood, although several theories have been proposed 

(reviewed in Le Roy and Wrana, 2005). The realization that RTK localization to endosomes is 

required for MAPK activation provides an important link between receptor downregulation and 

activation of this proliferative signaling cascade. It has been suggested that this transient 

activation of MAPK represents an important mechanism of protection against oncogenesis, as cell 

proliferation due to MAPK signaling can only occur during the brief time that activated receptors 

spend in endosomes. This creates an effective ON/OFF switch to protect against aberrant pro-

proliferative signaling through this pathway. Further, it is becoming increasingly clear that active 

receptors have access to a separate pool of binding partners once internalized that are not present 

at the cell surface and that internalization can contribute to the magnitude and sustainability of 

RTK signals, providing both a spatial and temporal regulatory system (Vieira et al., 1996; 

Zaccolo and Pozzan, 2000; Wiley and Burke, 2001) (Figure 4). For example, an endosomally  
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Figure 3.3  RET internalization is required for activation of Erk1/2, but not Akt 

Cell lysates were harvested from wild-type SH-SY5Ycells and polyclonal SH-SY5Y cell lines 
overexpressing GFRα1 and either WT-DNM2-EYFP or K44A-DNM2-EYFP with (+) or without 
(-) 25 mins of stimulation with GDNF (50 ng/ml).  Proteins were separated by SDS–PAGE and 
immunoblotted for RET (H300), Erk1/2, pErk1/2 (Santa Cruz), pAkt or Akt (Cell Signaling 
Technologies). 
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Figure 3.4  Model of RET internalization and downstream signaling pathways. 

Upon ligand binding, RET becomes phosphorylated, binds adaptor proteins that are localized near 
the plasma membrane, and is tethered into clathrin-coated pits. RET containing clathrin-coated 
pits are scised from the membrane by DNM2 and trafficked through early endosomes deeper into 
the cytoplasm. Once internalized, early endosomes present the C-terminal signaling tail of RET to 
cytoplasmic pools of MEK1/2 and Erk1/2, allowing for complete activation of the MAPK 
signaling pathway. Akt displays membrane localization through its plextrinhomology domain, 
therefore internalization does not appear to be required for its activation. However, continued Akt 
signaling from the cytoplasm may occur as well. Solid lines represent movement of the RET 
signaling complex throughout the cell, dashed lines represent propagation of downstream signals. 
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localized adaptor protein, p14, recruits the MP1 scaffold protein allowing specific endosome-

associated MAPK signaling (Teis et al., 2002). Formation of this or a similar complex may 

contribute to RET's ability to activate MAPK from endosomes. We also know that AKT and RAS 

contain membrane localization domains that would ensure they are located in close proximity to 

membrane-bound RET (Joneson and Bar-Sagi, 1997; Bellacosa et al., 1998). However, MEK1/2 

and ERK1/2 do not contain membrane localization domains (Schaeffer et al., 1998; Tanoue et al., 

2000), suggesting that the RET signaling complex must be internalized into the cytoplasm to 

effectively activate a substantial pool of MEK and ERK molecules. 

Our studies clearly demonstrate an efficient and rapid internalization of activated RET. 

Further, this internalization is required for full activation of MAPK. We have demonstrated that 

RET, like other RTKs, can signal from endosomes, supporting the theory that this is a biologically 

significant event which impacts on the proliferative ability of a cell. Our data provide the first 

insights into the events regulating RET trafficking from membrane to endosome and their 

potential signaling implications. 
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4.1 Abstract 

Internalization and intracellular trafficking of membrane proteins are now 

recognized as essential mechanisms that contribute to a number of cellular processes.  

Current methods lack the ability to specifically label the plasma membrane of a live cell, 

follow internalization of labeled membrane molecules, and conclusively differentiate newly 

formed membrane-derived vesicles from pre-existing endocytic or secretory structures in 

the cytoplasm.  Here, we detail a visualization method for surface biotinylation of plasma 

membrane-derived vesicles that allows us to follow their progress from membrane to cytosol 

at specific time points.  Using the transmembrane receptor RET as a model, we demonstrate 

how this method can be applied to identify plasma membrane-derived vesicle maturation, 

determine RET’s presence within these structures, and monitor RET’s recycling to the cell 

surface.  This method improves on static and less discriminatory methods, providing a tool 

for analysis of real-time vesicle trafficking that is applicable to many systems. 
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4.2 Introduction 

The demand for sensitive methods to study endocytosis has been one of the driving forces 

behind many recent advances in cell- and tissue-based imaging technology.  Internalization of 

membrane proteins is no longer viewed as simply an ‘off’ switch that targets active molecules to 

the lysosome, but is recognized as an intrinsic element of cellular signalling and other processes 

[reviewed in 1].  The canonical mechanism of Receptor Mediated Endocytosis (RME), whereby 

activated transmembrane receptors are internalized through clathrin-coated pits, sorted to early, 

late, and recycling endosomes, and eventually delivered to the lysosome or back to the cell 

membrane [reviewed in 2], occurs within the cell in four dimensions and is ideally investigated by 

direct microscopic visualization. 

Traditionally, plasma membrane protein internalization and trafficking has been 

visualized by colocalization of the protein of interest with known markers of specific endosomal 

structures.  Colocalization is determined either by multi-colour immunofluorescent staining of 

fixed samples, or using fluorescent fusion proteins in live cells.  Although these methods yield 

indirect evidence of a protein’s sub-cellular localization, they are unable to visualize newly 

formed membrane vesicles as they are internalized from the membrane and trafficked to their 

final destination within the cell.  

Biotinylated cell surface molecules have been shown to accumulate over time in 

cytoplasmic vesicles that have been inferred, but not proven, to be components of the endocytic 

pathway [3].  As well, poor resolution during the imaging of this process requires the user to 

allow internalization to occur over a relatively long period of time to ensure the accumulation of a 

large number of internalized vesicles.  This, in turn, prevents an appreciation of the rapidity with 

which the internalization process takes place and a lack of continuity between experiments as the 
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chosen time points can vary widely.  Here, we utilize biotinylation of cell surface molecules as a 

label for visualization of plasma membrane-derived vesicles as they traffic from the membrane to 

the cytoplasm.  Triple fluorophore staining (biotinylated vesicle, protein of interest, and 

endosomal marker) allows the internalization and maturation of plasma membrane-derived 

vesicles to be studied by determining both the nature of the vesicle and the presence of a protein 

of interest within it.  Further, this method eliminates the inclusion of secretory vesicles, or 

vesicles formed during fusion events between the secretory and endocytic pathways, from the 

final analyses, as these do not contain a biotin label.   

4.3 Methods and Results 

Trafficking of the transmembrane receptor tyrosine kinase RET post-activation was used 

as a model to demonstrate the effectiveness of this method.  We have previously shown RET to be 

internalized by RME after activation by its ligand and co-receptor GDNF and GFRα, respectively 

[4, 5].  HELA cells, plated on glass coverslips coated with 0.2 % gelatin, were transiently 

transfected with expression constructs for RET and GFRα1 [6].  Twenty-four hours after 

transfection, cells were serum starved for two hours and incubated with 100 µg/mL of the 

translation inhibitor cyclohexamide (CHX) for 30 minutes.  Cells were biotinylated at 4°C (to 

inhibit endocytosis), as previously described [7], using 1 mM EZ Link NHS-SS-Biotin (Fisher, 

Nepean, ON, Canada).  Serum-free growth medium, supplemented with 100 µg/mL CHX and 100 

ng/mL GDNF (Peprotech, Rocky Hill, NJ, USA), was added, and cells were returned to a 37°C 

incubator.  Cells were incubated for the indicated amounts of time, fixed, permeabilized, and 

blocked, as previously described [8].  Cells were incubated with Alexa 594 conjugated 

Streptavidin to detect biotin-labelled molecules (1:200 dilution in 3% BSA; Invitrogen, 

Burlington, ON, Canada) and Hoechst 33342 nuclear stain (1:1000 dilution; Invitrogen) for 45 

minutes.  Coverslips were mounted in MOWIOL (EMD, Gibbstown, NJ, USA) and images 
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captured using a Leica TCS-SP2 inverted confocal microscope.  Figure 4.1A displays data 

captured at 0, 5, 15, 30, and 60 minutes after biotinylation, showing an accumulation of 

intracellular vesicles of increasing intensity over time.   

Sub-diffraction microscopy has suggested that traditional co-localization studies may 

over-estimate the spatial proximity of two fluorophores due to the optical diffraction introduced 

by widefield and confocal microscopes [9].  Therefore, to reduce error introduced by optical 

diffraction, we used a small pinhole size of 1 airy disc (equivalent to 91 µm), a high numerical 

aperture 100x Plan-Apo objective that produces minimal spherical aberration, and performed 

deconvolution on raw data images using the ‘Iterative Deconvolve 3D’ plug-in (Dr. Robert 

Dougherty, OptiNav, Redmond, WA, USA) for the freeware imaging program, Image J [10].  

Theoretical Point Spread Functions (PSFs) were determined using the ‘Diffraction PSF 3D’ plug-

in for Image J (Dr. Robert Dougherty, OptiNav) and the settings outlined in Table 4.1.  

Deconvolved images are shown next to the raw images in Figure 4.1A.  For all remaining figures, 

only deconvolved images are shown. 

As strong membrane staining has the potential to interfere with the identification of 

vesicles near the cell surface and small vesicles containing limited fluorescence, a modified 

procedure was used to increase internalization and improve resolution of biotinylated vesicles.  

First, to increase the number of vesicles, 10% fetal bovine serum (Sigma, Oakville, ON, Canada) 

was added to cultures during the internalization step.  Second, because EZ Link NHS-SS-Biotin 

contains a thio-cleavable disulphide bond, residual surface biotin can be removed by washing 

cells twice for 15 minutes at 4°C with MeSNa buffer (100 mM NaCl, 50 mM Tris-HCl pH 8.6, 1 

mM MgCl2, 0.1 mM CaCl2, and 50 mM MeSNa (Sigma)) after internalization and prior to 

fixation. Figure 4.1B shows that addition of 10% fetal bovine serum induced more rapid  
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Figure 4.1  Internalization of cell surface proteins 

(A) HELA cells, transiently transfected with RET and GFRα1 constructs were serum starved for 
two hours, incubated with CHX for 30 minutes, surface biotinylated, then incubated at 37°C for 
0, 5, 15, 30 or 60 minutes.  After fixation, cells were stained with Alexa 594 labeled streptavidin 
to detect biotin-labeled molecules (red) and Hoechst nuclear counterstain (blue).  Images on the 
left are raw data captured by confocal microscopy.  Images in the middle column have been 
deconvolved.  Images in the Zoom column are enlargements of the white boxes in the 
corresponding Deconvolved image.  (B) HELA cells were processed as in A.  Where indicated 
(+MeSNa), remaining surface biotin was stripped using the MeSNa reducing agent after 
internalization, before fixation.  All images in B were deconvolved. Scale bars, 7 µm in Zoom 
images; 20 µm in all other panels. 
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Table 4.1  Data used to define theoretical point spread functions for deconvolution 

 Hoechst 33342 Alexa 488 Alexa 546 Alexa 594 

Index of 

refraction of 

media 

1.5 1.5 1.5 1.5 

Numerical 

Aperture 
1.4 1.4 1.4 1.4 

Emission 

Wavelength (nm) 
461 519 573 618 

Spherical 

Aberration 
0 0 0 0 

Image pixel 

spacing 

(nm/pixel) 

75 75 75 75 

Number of z 

slices 
1 1 1 1 
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internalization, as vesicles were visible after only five minutes, and removal of surface biotin 

made the vesicles present easier to resolve.  The addition of FBS during the internalization step 

appears to be beneficial if non-specific membrane internalization is the goal.  However, in our 

system, serum-free medium was essential to ensure internalization was specifically due to GDNF, 

not any other soluble factors present in FBS. 

In figure 4.2A, immunofluorescent staining was used to identify colocalization of RET, 

and two markers of endocytic structures with which RET has previously been shown to 

colocalize, EEA1 (early endosomes, [4]) and LAMP2 (lysosomes, [5]).  After permeabilization 

and blocking, cells were incubated with primary antibodies to RET (Santa Cruz Biotechnologies, 

Santa-Cruz, CA, USA), and either EEA1 (BD Biosciences, Mississauga, ON, Canada) or LAMP2 

(Santa-Cruz) diluted 1:100 in 3% BSA, for 45 minutes.  Cells were washed 3x with PBS and 

further incubated with anti-goat Alexa 488 (RET) and anti-mouse Alexa 546 (EEA1 or LAMP2) 

conjugated antibodies (1:200 dilution in 3% BSA; Invitrogen) along with Alexa 594 streptavidin, 

as indicated above.  After deconvolution, co-localization of RET and EEA1 or LAMP2 was 

clearly visible in some, but not all, biotin positive vesicles as confirmed by pixel intensity plots 

(Figure 4.2A). 

The addition of CHX to the medium before and during internalization inhibits de novo 

synthesis of membrane proteins, which allows easy assessment of membrane protein recycling via 

this methodology.  In Figure 4.2B, cells were biotinylated and surface proteins allowed to 

internalize, as described above.  Surface biotin was not stripped and fixed cells were stained for 

RET and biotin and counterstained with Hoechst.  Strong colocalization of RET with membrane 

bound biotin can be seen in the 0 and 30 minute time points, but is absent at 15 minutes (Figure 

4.2B).  This is the first observation suggesting RET is quickly internalized, but is partially 

recycled back to the cell surface as has been shown with other receptor tyrosine kinases [11-13]. 
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Figure 4.2  Assessing colocalization of RET with biotin positive vesicles and markers of 
endocytic vesicles. 

(A) HELA cells were processed as in Figure 1A.  Along with fluorescent streptavidin staining to 
detect biotin-labeled molecules (red), cells were immunostained for RET (green) and either the 
early endosome marker EEA1 or the lysosomal marker LAMP2 (blue).  Merge represents a 
composite image of all three channels, the Zoom column displays an enlargement of the boxed 
area in Merge.  Pixel intensity plots for all three channels along the lines in the Merge image are 
displayed. *, indicates vesicles in which all three fluorophores colocalize.  (B) HELA cells were 
processed as in Figure 1A and stained for biotin (red), RET (green), and counterstained with 
Hoechst (blue).  Pixel intensity plots for all three channels along the lines in the Merge image are 
displayed.  Fluorescent signal originating from the plasma membrane is indicated.  Scale bars, 7 
µm in Zoom images, 20 µm in all other panels. 
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The presence of CHX in culture ensures the return of RET to the cell surface is not due to de novo 

synthesis of RET molecules.  This method represents a quick and easy procedure to measure 

receptor recycling in comparison to traditional, more complicated recycling assays requiring 

multiple stripping steps in conjunction with western blotting [14]. 

4.4 Summary and Applications 

Together, the methods presented here allow the user to acquire an accurate representation 

of the RME and recycling processes by removing confounding contributions from the complex 

and promiscuous network of interacting intracellular vesicles.  These methods are of potential use 

for studying all forms of internalization, not just RME, as the high-resolution images attained here 

will assist in the study of synaptic release and uptake, viral fusion and budding, and mechanisms 

of non-clathrin mediated endocytosis; processes that occur on a scale of hundreds of nanometers. 

Intracellular trafficking occurs in four dimensions and the ability to visualize internalization in a 

live cell-based system using this methodology and the applicable reconstruction software is 

exciting.  The use of streptavidin conjugated non-protein photoswitchable fluorophores to track 

the internalization of sub-sets of the membrane, or certain vesicles in particular relative to others, 

in real-time is another exciting potential application.  Ultimately, future studies using these 

methods and variations and improvements thereof, will provide an unmatched level of 

visualization, and exciting insights into intracellular trafficking. 
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5.1 Summary 

RET encodes a receptor tyrosine kinase essential for development of the enteric 

nervous system that is alternatively spliced into multiple isoforms. RET9 and RET51, the 

most highly expressed isoforms, display unique levels of autophosphorylation on 

intracellular tyrosine residues, differential interaction with adaptor proteins, induction of 

distinct gene expression patterns, and the ability to induce different levels of cell 

transformation. Here, we present a comprehensive study of the subcellular localization and 

trafficking of RET isoforms in enteric neurons. We observe that immature RET9 

accumulates in the Golgi, resulting in relatively higher expression of RET51 on the plasma 

membrane. In addition, we show that RET9 is targeted directly to the lysosome after 

activation while a portion of RET51 recycles back to the membrane. Together, these 

observations help to explain some of the functional differences seen between these two 

isoforms. Precise subcellular localization and intracellular trafficking of proteins have 

emerged as key determinants of cellular homeostasis, while mislocalization of proteins is 

now recognized as the molecular mechanism behind many pathologies. Our study reinforces 

the importance of RET trafficking in modulating correct downstream signalling from this 

receptor. 

 

 

Running Title: Differential trafficking of RET isoforms 
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5.2 Introduction 

The RET gene encodes a receptor tyrosine kinase (RTK) that is widely expressed 

throughout neuroendocrine tissues (reviewed in Arighi et al., 2005). RET knockout mice are 

carried to term, but die shortly after birth displaying a lack of enteric innervation and kidney 

dysplasia (Schuchardt et al., 1994). 

Activation of RET occurs through the formation of a multimeric signalling complex 

consisting of RET’s soluble ligand glial cell line-derived neurotrophic factor (GDNF), and a 

membrane bound co‐receptor, GDNF family receptor alpha 1 (GFRα1) (reviewed in Airaksinen 

and Saarma, 2002). After ligand binding, RET initiates a number of downstream signalling 

cascades involved in cell growth, differentiation, proliferation and migration, most notably: the 

PI3 Kinase/AKT, ERK/MAP‐Kinase, SRC, Beta‐Catenin and STAT3 pathways (Besset et al., 

2000; Encinas et al., 2004; Gujral et al., 2008; Schuringa et al., 2001). A number of loss‐of 

function mutations have been identified throughout the RET gene which lead to Hirschsprung 

disease (HSCR), a congenital disorder characterized by a loss of enteric neurons in the distal 

portions of the colon and small intestine (reviewed in Amiel and Lyonnet, 2001; Burzynski et al., 

2009). 

The RET gene is alternatively spliced at the 3’ end to produce multiple protein isoforms. 

RET9 and RET51, are the most highly expressed and differ in 9 and 51 COOH‐terminal amino 

acids, respectively (Tahira et al., 1990). In all tissues examined to date, these isoforms appear to 

be co‐expressed; however, the RET9 transcript is expressed at levels three to four times greater 

than RET51 in human kidney tissue (Ivanchuk et al., 1998). RET9 and RET51 have previously 

been shown to have unique functions in vivo. Despite identical extracellular domains, RET9 and 

RET51 heterodimers have not been detected (Scott et al., 2005; Tsui‐Pierchala et al., 2002). Each 
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isoform induces unique autophosphorylation patterns on intracellular tyrosine residues and can 

assemble distinct adaptor complexes (Tsui‐Pierchala et al., 2002). Specifically, RET9 and RET51 

are known to differentially bind GRB2, SHC, c‐CBL and SHANK3 (Lorenzo et al., 1997; Schuetz 

et al., 2004; Scott et al., 2005). Gene expression profiling has revealed that RET9 or RET51 

activity induces overlapping, but distinct, gene expression patterns (Hickey et al., 2009; Myers 

and Mulligan, 2004). In cell based assays, RET51 possesses an increased intrinsic ability to 

transform cells and induce neurite outgrowth (Iwashita et al., 1999; Le Hir et al., 2000; Pasini et 

al., 1997; Rossel et al., 1997). 

Conflicting evidence exists regarding the role of individual RET isoforms in 

development. Mice that expressed monoisoformic mouse/human hybrid Ret9 or Ret51 genes, 

where human cDNA coding sequence for the RET9 or RET51 tails was fused to the murine Ret 

gene downstream of the transmembrane domain in both isoforms, showed distinct phenotypes (de 

Graaff et al., 2001). Ret9 mice were shown to be viable, whereas Ret51 mice showed kidney 

dysplasia and delayed development of the enteric nervous system (Barlow et al., 2003; de Graaff 

et al., 2001). Conversely, Jain et al., have shown monoisoformic mice engineered by replacement 

of the murine Ret locus with human RET9 or RET51 cDNA are both viable with no noticeable 

differences in kidney development (Jain et al., 2006).  Unfortunately, neither method is ideal as 

the effect of a human/mouse hybrid gene is unknown, while replacement of the entire murine 

gene with human RET cDNA results in the loss of at least one important intronic regulatory 

region (Emison et al., 2005). The primary signalling hub in all RET isoforms is tyrosine 

1062(Asai et al., 1996; De Vita et al., 2000; Hayashi et al., 2000). Mutations that interfere with 

adaptor protein binding at Y1062 lead to Hirschsprung disease (Geneste et al., 1999), and 

mutation of this residue in transgenic mice results in severe kidney dysplasia (Jain et al., 2006). 

Interestingly, Jain et al. (2006) also investigated the role of an additional signalling hub that has 



 

  66 

been identified in RET51 at Y1096 (Besset et al., 2000; Jain et al., 2006). They found the Y1062 

mutation in RET9, but not RET51, mice ablated signalling through AKT and ERK, suggesting 

RET51 continues to activate these pathways via Y1096, sustaining kidney development (Jain et 

al., 2006). These results indicate that redundancy exists between the RET9 and RET51 isoforms 

as well as the signalling pathways activated downstream of tyrosines 1062 and 1096 in RET51 

but also highlights their key differences. Overall, this is consistent with RET9 and RET51’s 

ability to influence both similar and distinct gene expression patterns downstream of their 

activation (Hickey et al., 2009; Myers and Mulligan, 2004). 

Exocytic trafficking of membrane receptors is complex and requires interactions with a 

host of proteins that target nascent peptides to the ER, ensure their proper folding, mediate 

post‐translational modifications, and escort them to the plasma membrane (reviewed in Cross et 

al., 2009). RET9 and RET51 are rapidly glycosylated within the endoplasmic reticulum (ER) to 

produce a 155kDa immature glycoprotein (Takahashi et al., 1991). Further processing occurs 

within the secretory pathway resulting in expression of a fully glycosylated, mature, 175kDa RET 

molecule on the plasma membrane (van Weering et al., 1998). In addition, RET requires calcium 

binding for exit from the Golgi (van Weering et al., 1998); however, little else is known about this 

process. 

When RTKs bind their ligands at the plasma membrane and become activated, they are 

quickly recognized by the endocytic machinery of the cell, internalized, and targeted to 

intracellular structures for degradation or recycling back to the plasma membrane (reviewed in 

Maxfield and McGraw, 2004; Sorkin and von Zastrow, 2009). Previously, we have shown that 

RET activation leads to rapid internalization and trafficking of the molecule to early endosomes 

(Richardson et al., 2006). Consistent with these findings, others and we have shown that the E3 

ubiquitin ligase c‐CBL can interact with RET, promoting ubiquitination and targeting of the 
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receptor for degradation (Richardson et al., 2009; Scott et al., 2005). A role for the proteasome in 

RET degradation has also been suggested, although direct visualization of RET’s interaction with 

this structure has not been published (Pierchala et al., 2006). 

Exo‐ and endocytosis are critical mediators of RTK subcellular localization. Mechanisms 

that retain or facilitate export of an RTK into or from a given subcellular compartment can impact 

on downstream signalling; therefore, differences in RET isoform subcellular localization or 

intracellular trafficking could explain the many functional differences observed downstream of 

RET9 and RET51 activation. 

Here, we present a comprehensive study of RET9 and RET51 subcellular localization and 

intracellular trafficking. We show that prior to stimulation by GDNF immature RET9 

accumulates in the Golgi, while RET51 is efficiently matured and exported to the plasma 

membrane. Post‐activation, both isoforms are targeted to the lysosome for degradation; however, 

RET9 appears to be targeted directly and efficiently, while a portion of RET51 is recycled back to 

the membrane, making it available for continued signalling. Our data suggest RET9 and RET51 

possess distinct subcellular localizations and trafficking properties that promote isoformspecific 

downstream signalling. 

5.3 Results 

RET51 matures more efficiently than RET9 

Four cell‐based model systems were used throughout this study to investigate RET 

trafficking and sub‐cellular distribution. Because RET isoforms are co-expressed in vivo, HELA 

cells transiently transfected with GFRα1 and RET9 or RET51 (Figure 5.1A) and E293 cells stably 

expressing GFRα1 and either RET isoform were used to analyze the individual contributions of 

RET9 and RET51 to intracellular signalling. HELA cells transiently expressing RET were well  
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Figure 5.1  RET9 accumulates as immature protein. 

(A) Diagrammatic representation of RET9 and RET51. Amino acid sequences from the last 
common tyrosine residue (Y1062) to the end of each molecule are presented.  EC – Extracellular 
Domain, TM – Transmembrane Domain, KD – Kinase Domain.  (B) Cell lysates from E293 cells 
stably expressing RET9 or RET51 were separated by SDS-PAGE and immunoblotted with pan-
RET, isoform specific RET9 or RET51, and anti-γ-Tubulin antibodies.  Equal volumes of cell 
lysate from retinoic acid treated (24hrs) SH-SY5Y neuroblastoma cells, or 4 day old rat pup GI 
co-cultures that coexpress RET9 and RET51 were separated by SDS-PAGE and immunoblotted 
with RET9 and RET51 isoform-specific antibodies.  n1-n3 represent GI co-cultures established 
from three individual rat pups.  (C) qRT-PCR was used to determine the approximate copy 
number of RET9 and RET51 transcript in total RNA samples harvested from the indicated cells.  
A two-tailed, unpaired Student’s t-test was used to determine statistical significance.  * - p<0.01 
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suited for direct visualization of intracellular trafficking by confocal microscopy due to their flat 

morphology and increased levels of RET expression that enhanced the resolution of images 

obtained under the microscope. Retinoic acid stimulation of SH‐SY5Y neuroblastoma cells 

upregulates expression of all RET isoforms providing a system in which to study RET expression 

from its endogenous promoter, at higher levels relative to primary tissues. Finally, a co‐culture 

model consisting of primary myenteric neurons, smooth muscle cells, and glia harvested from 

4‐day‐old rats provided an endogenous system to which data from all other cell based models 

could be compared. Because RET9 and RET51 are co-expressed in SH‐SY5Y cells and primary 

rat GI co‐cultures, a number of isoform specific antibodies were tested before choosing two that 

did not show any cross‐reaction between RET9 and RET51 (Figure 5.1B; Appendix II, Table S1). 

In initial investigations, a marked difference was noted in the relative distribution of the 

mature and immature forms of RET9 and RET51 by western blotting. Immunoblotting of 

mono‐isoformic RET expressing E293 cells with pan‐ or isoform specific antibodies found mature 

and immature RET51 were expressed in nearly equivalent levels; however, RET9 appeared 

predominantly in the immature form (Figure 5.1B). Using isoform specific antibodies, we 

observed a similar pattern in SH‐SY5Y cells, and an even more striking distribution in primary rat 

GI co-cultures where immature Ret51 was nearly undetectable, but equivalent amounts of Ret9 

were found in both immature and mature forms (Figure 5.1B). This isoform specific banding 

pattern was most prominent in primary neurons that had the lowest overall RET expression 

(Figure 5.1C), and least obvious in cells stably overexpressing RET. Therefore, to determine if the 

intracellular concentration of RET influenced the cell’s ability to process it to its mature form, we 

performed a series of transfections in which we titrated the amount of RET9 or RET51 plasmid 

DNA from 50 to 1000ng into E293 cells. Our data showed that DNA concentration did not affect 

the maturation of either protein isoform (data not shown), suggesting that this is a complex 
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process involving factors other than the intracellular concentration of RET  

Previously, we have shown that RET9 transcript is expressed at higher levels than RET51 

in human kidney tissue (Ivanchuk et al., 1998). Higher expression of RET9 relative to RET51 

would result in a greater delivery of this isoform to the ER for processing. If translation of RET9 

occurs faster than processing in the ER and Golgi, accumulation of immature RET9 protein could 

occur in the ER and Golgi, explaining our observations in Figure 5.1B. We used qRT‐PCR to 

confirm that RET9 transcripts are expressed at higher levels relative to RET51 in the SH‐SY5Y 

cell line, and primary rat GI co‐cultures (Figure 5.1C). As predicted, since transcript levels in 

E293 cell lines stably expressing mono‐isoformic RET9 or RET51 cDNA are determined by the 

number of sites at which the constructs integrate into the genome, and the transcriptional activity 

at these sites, and do not require mRNA processing by the spliceosome, equivalent levels of 

RET9 and RET51 transcript were detected in these cell lines (Figure 5.1C). Interestingly, despite 

similar transcript levels, a greater proportion of RET9 protein was still found in its immature form 

and a greater amount of total RET51 protein was observed relative to RET9 in the E293 stable 

cell lines (Figure 5.1B). This suggests that the accumulation of immature RET9 is not due to 

higher levels of RET9 transcript relative to RET51, but an intrinsic ability of the cell to process 

RET51 more efficiently. 

Ret9 accumulates in the TransGolgi Network of primary ENS neurons 

Direct visualization of fluorescently labeled neurons in primary rat GI co-cultures was 

used to confirm our previous observation that relatively more immature RET9 is present in the 

cell than RET51. As expected, both Ret9 and Ret51 were expressed in Hu antigen D (HuD, 

ELAV4) positive neurons, but not the smooth muscle or glia of our GI co‐culture model (Figure 

5.2A). Despite low expression of Ret in these neurons (Figure 5.1C) that made differentiation of  
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Figure 5.2 Ret9 accumulates in the Golgi apparatus of primary rat enteric neurons 
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Figure 5.2  Ret9 accumulates in the Golgi apparatus of primary rat enteric neurons 

(A-D) Enteric neurons, glia, and smooth muscles cells lining the small intestine were isolated 
from four day old rat pups and plated on collagen-coated glass coverslips, grown for 60 hours in 
5% FBS, serum-starved overnight, fixed and stained for the neuronal marker HuD (A-B, red), the 
ER marker Calnexin (C, red), or TGN38 (D, red) and for Ret9 or Ret51 (green).  Nuclei were 
counterstained with Hoechst 33342 (magenta).  Ovals in B highlight areas devoid of HuD 
staining.  The Merge column is a hybrid image of the Ret, HuD/Calnexin/TGN38, and Hoechst 
channels.  The Zoom column is an enlargement of the boxed area in the Merged image. Scale 
bars: in A, 40µm, in Merge B-D, 10µm, in Zoom B-D, 3µm.  (E) Plot profiles of pixel intensities 
in the Calnexin/TGN38 (red), Ret9/Ret51 (green), and HuD (blue) channels along the lines 
indicated in the HuD images of C and D are presented.  (F) Primary rat GI co-cultures were 
established, grown and serum starved as in A at either 30 or 37°C.  Cells were harvested, 
separated by SDS-PAGE and probed for Ret9, Ret51 or γ-Tubulin (TUB). 
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discrete subcellular localizations difficult, we observed a region of Ret9 peri‐nuclear 

accumulation that was not found in cells stained for Ret51 (Figure 5.2B). This area enriched for 

Ret9 staining overlayed with areas weak in HuD staining. HuD is a neuron‐specific mRNA 

binding protein that is not present in the Golgi (Cosma et al., 1998), which is the site of RET 

maturation from 155 to 175kDa (Cosma et al., 1998), suggesting immature Ret9 accumulates in 

this structure. Additional investigation found the peri‐nuclear Ret9 staining did not colocalize 

with Calnexin, a marker of the ER, but did overlap with TGN38, a commonly used marker of the 

trans‐Golgi network in rat cells (Figure 5.2C‐E; Ponnambalam et al., 1996). Therefore, these 

results confirm that the greater accumulation of immature RET9 relative to RET51 (Figure 5.1B) 

is localized to the Golgi (Figure 5.2D,E). 

A number of chaperone proteins reside within the ER, Golgi, and cytoplasm that assist in 

protein folding, mediate post‐translational modifications, or delay export of misfolded and 

incorrectly modified proteins within the secretory pathway until these errors are corrected. A 

relatively poor ability to fold into a native conformation or isoform‐specific interaction with one 

or more of these chaperones could also contribute to the accumulation of immature RET9 within 

the Golgi. In order to determine if inefficient protein folding influences the maturation of RET9, 

we grew primary rat GI co‐cultures at 30°C. Growth at reduced temperatures has been shown to 

improve protein folding and maturation of a number of mutants of RET and other proteins that are 

retained in the ER and Golgi (Kjaer and Ibanez, 2003; Park et al., 2009). Growth at 30°C did not 

affect the ratio of immature to mature Ret9 or Ret51; however, more Ret51 protein did appear to 

be expressed at this temperature (Figure 5.2F). The inability of decreased temperature to enhance 

Ret9 maturation would suggest that differences in the intrinsic ability of Ret9 and Ret51 to fold to 

their native confirmation and be correctly posttranslationally modified, is not responsible for 

Ret9’s slower maturation relative to Ret51. Interestingly, upregulation of Ret51 protein levels, 
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activation of which is known to promote neuronal cell survival (Tsui‐Pierchala et al., 2002), 

appeared to occur in enteric neurons exposed to cooler temperature (Figure 5.2F). This may be a 

stress response developed by neurons exposed to decreases in temperature. Overall, these results 

support our earlier hypothesis that the cell has a greater intrinsic ability to mature RET51 relative 

to RET9. 

RET51 is enriched on the cell surface and internalizes more rapidly relative to RET9 

The 155kDa immature form of RET is not detected at the plasma membrane in vivo (van 

Weering et al., 1998). Based on our observation that a greater portion of RET51 existed in the 

mature 175kDa form, relative to RET9 (Figure 5.1B), we investigated whether this correlated 

with a greater presence of RET51 on the cell surface. In agreement with the previous observations 

(Figure 5.1B), biotinylation of cell surface RET in serum starved SH‐SY5Y cells suggested a 

greater percentage of total RET51 is present on the cell surface relative to the percentage of total 

RET9 found in the plasma membrane (Figure 5.3A). This confirmed that the more efficient 

maturation of RET51 resulted in a greater percentage of this isoform being present at the cell 

membrane. Interestingly, only small portions of RET9 and RET51 were found to be on the cell 

surface (less than 25%, Figure 5.3A), which is in agreement with our immunofluorescence data in 

which strong RET staining was noted throughout the cytoplasm (Figure 5.2A‐E). Further, 

activation of RET by GDNF resulted in a loss of both RET9 and RET51 from the cell membrane; 

however, a greater proportion of surface bound RET51 was lost relative to surface bound RET9 

(Figure 5.3A). This suggested a more rapid and efficient internalization of RET51 within 20 

minutes of GDNF addition. 

We next used a modified biotinylation procedure to determine whether RET51 was 

internalized more rapidly than RET9. Using SH‐SY5Y cells, we biotinylated cell surface proteins  
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Figure 5.3  RET51 internalizes more rapidly than RET9 
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Figure 5.3  RET51 internalizes more rapidly than RET9 

(A) SH-SY5Y cells were serum-starved overnight, incubated with or without 100ng/mL GDNF 
for 20 minutes, surface biotinylated, and lysed.  Cell lysates and biotinylated proteins were 
recovered on streptavidin beads (Surface RET Strep PD) and then separated by SDS-PAGE and 
immunoblotted for RET9 or RET51. Densitometry was used to determine the percentage of RET9 
or RET51 present at the cell surface relative to total cellular RET protein before and after GDNF 
addition, as described in Experimental Procedures.  Surface RET – biotinylated RET recovered 
via pull-down on streptavidin beads.  (B) SH-SY5Y cells were serum-starved overnight and 
surface biotinylated.  After biotinylation, cells were returned to 37°C in the presence of 100ng/mL 
GDNF for the indicated times before the remaining cell surface biotin was stripped with MESNA 
buffer, and cells were lysed.  Cell lysates and biotinylated proteins were separated by SDS-PAGE, 
and immunoblotted for RET9 or RET51 as in (A).  TP – total protein control, sample was 
maintained at 4°C to inhibit internalization and was not stripped with MESNA buffer.  M – 
MESNA stripping control, sample was maintained at 4°C to inhibit internalization, and 
subsequently stripped with MESNA buffer.  Internalized RET – biotinylated RET recovered via 
pull-down on streptavidin beads.  (C-E) HELA cells, transiently transfected with GFRα1 and 
RET9 or RET51, were serum starved for 2 hours, incubated with cyclohexamide for 30 minutes 
and surface biotinylated.  Cells were returned to 37°C in the presence of 100ng/mL GDNF for the 
indicated times before fixation and staining for RET, biotin, and EEA1 (C,D) or LAMP2 (E).  
The percentage of biotin labeled endosomes (C) or lysosomes (E) occupied by RET9 or RET51 
for each time point was calculated as described in Experimental Procedures and plotted.  (D) 
Mean distance of RET containing endosomes formed after addition of GDNF from the plasma 
membrane was determined as described in Experimental Procedures and plotted.  For D-F, data 
are expressed as means ± standard error.  Minimal background colocalization at 0 minutes, is 
likely due small amounts of internalization at 4°C, low levels of non‐specific immunostaining, 
and the diffraction of light through the microscope. A two-tailed, unpaired Student’s t-test was 
used to determine statistical significance. * - p<0.005 to RET9 0 minutes.  ** - p<0.005 to RET51 
0 minutes.  *** - p<0.005 between indicated samples. 
 



 

  77 

at 4°C before returning the cells to a 37°C incubator in media supplemented with GDNF. The 

cells were allowed to internalize cell surface proteins for various amounts of time, cooled again to 

4°C, and all remaining cell surface biotin was stripped. The amount of biotinylated RET 

remaining in each sample, indicative of internalized protein, was determined by streptavidin 

pull‐down and western blotting. Figure 5.3B shows that both RET isoforms were internalized 

upon incubation with GDNF, with internalization of RET51 detected sooner, at 5 minutes, 

whereas RET9 internalization was not detected until 15 minutes of incubation with GDNF. 

Interestingly, at later time points, RET9 appeared to accumulate to a much higher degree within 

the cell relative to RET51. One of two mechanisms may be responsible for this difference in the 

relative amounts of internalized protein at later timepoints. First, RET51 may be internalized 

rapidly and delivered to the lysosome for degradation sooner than RET9. If RET9’s progression 

through the endocytic pathway is also slower relative to RET51, as was observed for its 

internalization, we might predict that it would accumulate in endosomal structures in the 

cytoplasm. Alternatively, if RET51 undergoes recycling back to the plasma membrane, any biotin 

molecules bound to it would be removed during the MeSNa stripping process, in effect reducing 

the amount of biotinylated RET51 seen to accumulate in the cell. 

A novel method combining confocal microscopy, surface biotinylation, and 

immunofluorescence, was used to observe RET9 and RET51 trafficking from the membrane, 

through endosomes, to lysosomes in HELA cells (Richardson and Mulligan, 2009). Using this 

method we were able to restrict our analysis to a specific subset of intracellular vesicles that had 

been formed by plasma membrane invagination post‐addition of GDNF and quantify the 

movement of RET9 and RET51 relative to each other in these structures. Cyclohexamide (CHX) 

was also included in the culture media 30 minutes prior to, and during, internalization to prevent 

the delivery of de novo RET protein to the plasma membrane.  Consistent with Figure 5.3B, 
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colocalization of RET9 and cell surface biotin was not detected in HELA cells transiently 

expressing this isoform prior to GDNF addition (Appendix II, Figures S1,S2). RET51; however, 

showed high levels of colocalization with surface biotin, further indicating a greater accumulation 

of this isoform at the cell surface relative to RET9 (Appendix II, Figures S3,S4). Although plasma 

membrane localized RET9 was below the detection level of this assay prior to GDNF addition, its 

presence in endosomes and lysosomes was detected at later time points, suggesting sufficient 

levels existed on the membrane to be internalized and concentrated into endosomes and 

lysosomes (Figure 5.3C,F; Appendix II, Figures S1,S2). This is also consistent with our ability to 

detect RET9 on the surface in biotinylation assays (Figure 5.3A). As suggested by Figure 5.3B, 

we observed a more rapid internalization of RET51 relative to RET9. Within 5 minutes of GDNF 

addition, RET51 was localized to significantly more EEA1 positive endosomes than before 

GDNF addition (p<0.005, Figure 5.3C). In comparison, RET9 required 30 minutes of GDNF 

treatment to occupy a significantly greater percentage of endosomes than before GDNF addition 

(P<0.005, Figure 5.3C). At both 15 and 60 minutes after GDNF addition RET51 occupied a 

significantly greater number of endosomes then did RET9 (p<0.005, Figure 5.3C). However this 

was not seen at 30 minutes where RET51 was present in significantly fewer endosomes than at 15 

or 60 minutes after addition of GDNF (p<0.005, Figure 5.3C). The distance of each RET positive 

endosome from the plasma membrane was measured to determine how far these endosomes had 

trafficked from the plasma membrane at various time points. Once again, endosomes containing 

RET51 were found significantly further from the plasma membrane by 5 minutes while RET9 

positive endosomes required 30 minutes, relative to the 0 minute time point (p<0.005, Figure 

5.3D). Further, RET9 endosomes increased their distance from the membrane throughout the 

entire 60 minute timecourse; however, the mean distance of RET51 endosomes from the 

membrane was relatively unchanged after 15 minutes (Figure 5.3D). Analysis of RET isoform 
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trafficking to lysosomes again indicated that RET51 arrives in these structures sooner than RET9. 

RET51’s presence was significantly increased in LAMP2 positive lysosomes 30 minutes after 

GDNF addition, while RET9 required 60 minutes, relative to the 0 minute time points for each 

isoform (p<0.005, Figure 5.3E). Again, RET9’s colocalization with lysosomes gradually 

increased throughout the entire timecourse, whereas RET51 appeared to plateau by 15 minutes 

(Figure 5.3E). Together, direct visualization of RET9 and RET51 trafficking provides support for 

both models of isoform‐specific internalization outlined above. RET51 was internalized to 

endosomes more rapidly, these endosomes translocated deeper into the cytoplasm, and RET51 

colocalized with lysosomes sooner than RET9. These observations imply that RET51 reaches the 

lysosome more quickly and is possibly degraded more rapidly. This would fit with previous 

observations by Scott et al. (2005) who hypothesized that indirect binding of the E3 ubiquitin 

ligase c‐CBL at two sites (Y1062 and Y1096) in RET51 mediated greater ubiquitination and more 

rapid degradation than for RET9 where c‐CBL only binds at one site (Y1062). However, the 

significant decrease in the percentage of endosomes occupied by RET51 after 30 minutes of 

GDNF treatment (Figure 5.3C) could suggest a transient exit of RET51 from EEA1 positive 

endosomes consistent with recycling back to the plasma membrane, fitting the second model of 

RET51 internalization and recycling. 

RET51 is recycled to the plasma membrane after internalization 

In order to assess whether RET51 is able to recycle to the membrane we first directly 

visualized this process in HeLa cells transiently expressing RET9 or RET51. As discussed above 

and seen in Appendix II, Figures S3‐S4, RET51 can be visualized colocalized to surface biotin at 

the plasma membrane in serum‐starved, unstimulated cells. Using this same methodology, we 

incubated cells expressing RET9 or 51 with GDNF for 0, 15 or 30 minutes and assessed the 

colocalization between RET and cell surface biotin. As before, CHX was included in the culture 
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media to prevent accumulation of newly synthesized RET at the membrane. Colocalization 

between RET9 and biotin at the cell surface was not detected at any timepoint (Figure 5.4A; 

Appendix II, Figures S1,S2). Consistent with Appendix II, Figures S3 and S4; RET51 showed a 

strong colocalization with cell surface biotin prior to GDNF addition (Figure 5.4A). As predicted, 

this colocalization was lost after 15 minutes of GDNF stimulation, but was reconstituted by the 30 

minute timepoint (Figure 5.4A). This direct observation of RET51’s ability to recycle back to the 

plasma membrane indicates our previous observations that biotinylated RET51 does not 

accumulate in the cell (Figure 5.3B), and the reduction of RET51 colocalization with EEA1 

positive endosomes 30 minutes after GDNF stimulation (Figure 5.3C), are due to RET51 

recycling, and not simply its more rapid internalization and trafficking to lysosomes. 

We further confirmed RET51’s ability to recycle by analyzing its stability relative to 

RET9, with or without GDNF stimulation. Previously, we have used cyclohexamide (CHX) as an 

inhibitor of translation to determine protein stability (Richardson et al., 2009); however, the 

presence of a large amount of immature, intracellular RET9 protein, relative to RET51 would 

render this method uninformative as maturation of the immature RET9 pool followed by delivery 

to the plasma membrane would artificially extend the life of this protein relative to RET51. 

Therefore, we used brefeldin A, an inhibitor of Golgi function to block RET maturation 

(Runeberg‐Roos et al., 2007). We were then able to directly assess the stability of mature, plasma 

membrane localized RET9 and RET51. Addition of brefeldin A, with or without GDNF, to 

primary rat GI co‐cultures that had been serum starved overnight resulted in an increase in both 

immature Ret9 and Ret51 over time, indicating that brefeldin A successfully blocked maturation 

of RET, resulting in accumulation of the newly translated immature form (Figure 5.4B). In the  
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Figure 5.4 RET51 recycles to the plasma membrane 
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Figure 5.4  RET51 recycles to the plasma membrane 

(A) HELA cells, transiently transfected with GFRα1 and RET9 or RET51, were treated 
as in Figure 3C-E.  Plot profiles (right) along the indicated lines in ‘Merge’ were 
determined for the RET (green), Biotin (red) and Hoechst (blue) channels and overlayed 
on a single graph.  m – membrane, c –cytoplasm, n – nucleus, * - identifies points of RET 
colocalization with biotin label at the cell surface.  Bar = 20µm  (B) Rat pup GI co-
cultures were established as in Figure 1B.  Cells were serum starved for 12 hours and 
treated with or without 100ng/mL GDNF and 5µg/mL Brefeldin A for the indicated 
times.  Cells were lysed, separated by SDS-PAGE and immunoblotted for RET9 or 
RET51.  (C) E293 cells, stably expressing GFRα1 and RET9 or RET51 were treated as in 
B, and immunoblotted with a pan-RET antibody.  
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absence of GDNF, the mature band of Ret9 decreased in intensity over time, eventually becoming 

undetectable by 8 hours (Figure 5.4B). The mature band of Ret51 retained a constant intensity 

throughout the 8 hour time course indicating greater stability of this isoform relative to Ret9. 

(Figure 5.4B). In the presence of GDNF, the mature forms of Ret9 and Ret51 both showed an 

increased rate of degradation with mature Ret9 no longer detectable at 2.5 hours and mature 

Ret51 lost by 4 hours (Figure 5.4B). A similar experiment was repeated in E293 cells stably 

expressing mono‐isoformic RET9 or RET51 using a pan‐RET antibody that allowed direct 

comparision of RET9 and RET51 protein levels (Figure 5.4C). Again, we saw that RET51 was 

more stable than RET9, suggesting that RET51, but not RET9, is able to recycle in primary 

enteric neurons thereby extending its lifespan (Figure 5.4B,C). Interestingly, Pierchala et al. 

(2006) and Scott et al. (2005) have performed similar experiments to assess the stability of RET9 

and RET51 in the presence of CHX. In both primary sympathetic neurons and monoisoformic 

stable cell lines their data suggested that RET9 was more stable in the presence of CHX. As 

discussed above, these opposing results are likely due to maturation of the large pool of immature 

RET9 in the Golgi (Figures 5.1B, 5.2D,E) and the time required for it to mature and traffic to the 

membrane as opposed to a relatively increased efficiency in the degradation of RET51. 

Differential RET isoform trafficking affects downstream signalling 

Increased recycling of EGFR has been shown to increase the duration of signalling 

downstream of this RTK (Alwan et al., 2003). RET51 has been shown to have a greater 

transforming potential in cell‐based assays (Iwashita et al., 1999; Le Hir et al., 2000; Pasini et al., 

1997; Rossel et al., 1997). Previously, this has been attributed to signalling cascade activation 

through RET51’s additional SH2‐domain consensus binding sequence at Y1096 that has been 

shown to recruit GRB2 and activate the PI3K/AKT and MAP Kinase downstream signalling 

pathways (Alberti et al., 1998; Besset et al., 2000). To determine whether recycling of RET51 
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influences downstream signalling and also contributes to the enhanced transforming activity of 

this isoform, we monitored the duration of signalling through three well characterized 

RET‐associated signalling molecules in E293 cells stably expressing RET9 or RET51. AKT, ERK 

and STAT3 were selected due to their differential trafficking downstream of RTK activation. 

AKT is rapidly recruited to the plasma membrane and phosphorylated after RTK activation of 

PI3K, but quickly dissociates from newly formed endocytic vesicles as they lose PI(4,5)P2 and 

PI(3,4,5)P3 and become enriched in PI(3)P (Zoncu et al., 2009). ERK1/2 appear to be recruited 

to, and activated on, endosomes after RTKs have been internalized to the cytoplasm (Richardson 

et al., 2006; Vieira et al., 1996), while STAT3 is activated by RTKs at the plasma membrane but 

requires endosomal transport to deliver it to the nucleus (Bild et al., 2002; Kermorgant and 

Parker, 2008). Due to different levels of RET expression and background phosphorylation of 

AKT, ERK1/2, and STAT3 in each cell line, densitometry was used to produce activation profiles 

of each signalling molecule relative to the 0 minute time point in each cell line, allowing direct 

comparison of RET9 and RET51 signalling through these pathways (Figure 5.5). RET9 and 

RET51 rapidly upregulated phosphorylation of membrane localized AKT by 5 minutes 

post‐GDNF addition. AKT remained phosphorylated for a longer duration downstream of RET9 

relative to RET51 (Figure 5.5), consistent with the slower internalization of this isoform and its 

longer residency in or near the plasma membrane (Figure 5.3). Phosphorylation of ERK occurred 

more rapidly downstream of RET51 and was sustained for a longer period of time relative to 

RET9 (Figure 5.5). Again, this is consistent with RET51’s more rapid internalization where it has 

access to cytoplasmic pools of ERK (Figure 5.3; Richardson et al., 2006). Further, the longer 

duration of signalling may be due to repeated recycling and greater stability of RET51 allowing 

individual molecules to repeatedly activate this pathway. Interestingly, little difference was seen 

in signalling through STAT3 downstream of RET9 or  
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Figure 5.5  Differential trafficking of RET isoforms affects downstream signalling 

(A) E293 cells stably expressing GFRα1 and RET9 or RET51 were serum starved for 12 
hours, stimulated with 100ng/mL GDNF for the indicated times, lysed, separated by 
SDS-PAGE, and immunoblotted for pan-RET, phospho-STAT3, phospho-AKT, 
phospho-ERK1/2, and γ-Tubulin (TUB).  (B) Mean pixel intensity was determined for 
each time point in all three phospho-specific blots, normalized to their respective RET9 
or RET51 0 time point and plotted. 
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RET51. Again, this was expected as STAT3 has been shown to be activated at the membrane and 

subsequent trafficking, although necessary for nuclear delivery, does not affect its 

phosphorylation status (Bild et al., 2002; Kermorgant and Parker, 2008). Therefore, membrane 

localized RET9 and RET51 are able to bind and phosphorylate STAT3; however, the more rapid 

internalization of RET51 relative to RET9 does not affect the phosphorylation status of STAT3. 

Together our data confirm the important role of subcellular localization and trafficking in RET 

downstream signalling. The rapid internalization of RET51 and its ability to recycle to the 

membrane appear to play important roles in defining isoform specific signalling properties 

downstream of RET9 and RET51. 

5.4 Discussion 

Until recently, mechanisms of protein trafficking were thought to play passive roles in 

cellular signalling and metabolism. We now know that the processes of exocytosis and 

endocytosis can impact the function of trans‐membrane receptors by focusing their signalling 

potential in both space and time (reviewed in Cross et al., 2009; Gould and Lippincott‐Schwartz, 

2009; Sorkin and Von Zastrow, 2002). Here, we have shown that the two most abundant isoforms 

of RET, RET9 and RET51, display distinct sub‐cellular localizations and trafficking properties in 

both model cell systems and primary rat enteric neurons. These unique properties contribute to 

some of the previously described differences in RET isoform downstream signalling, and their 

individual roles in development. 

Inefficient maturation of RET9 results in distinct subcellular localizations of RET isoforms 

The current study and our previously published data establish that although all isoforms 

of RET appear to be co‐expressed, the RET9 transcript is expressed at higher levels relative to 

RET51 (Ivanchuk et al., 1997). Here, we show high levels of RET9 transcript correlate with the 
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accumulation of immature RET9 protein in the Golgi apparatus (Figures 5.1B, 5.2). Relative to 

RET51, which is rapidly processed to its mature form, RET9 is present in relatively lower 

quantities in the plasma membrane, suggesting its accumulation in the Golgi results in a limited 

expression of this isoform as a mature, plasma membrane localized, functional receptor (Figures 

5.3A, 5.4A). However, it should be noted, that only a limited proportion of both RET9 and 

RET51 (27 and 39 percent, respectively, in serum‐starved SH‐SY5Y cells) were localized on the 

plasma membrane (Figure 5.3A). Direct visualization revealed that the majority of both of these 

molecules were found intracellularly (Figures 5.2A‐E, 5.4A; Appendix II, Figures S1‐S4). Others 

have noted the inability to detect RET9 and RET51 heterodimers in vivo, despite their identical 

extracellular ligand binding domains (Scott et al., 2005; Tsui‐Pierchala et al., 2002). Previously, it 

was hypothesized that this was due to targeting of RET9 and RET51 to individual lipid 

subdomains of the plasma membrane (Scott et al., 2005; Tsui‐Pierchala et al., 2002). Our results 

suggest that the limited amounts of these receptors located at the cell surface, the relatively 

greater concentration of RET51 in the plasma membrane, and the rapid isoform‐specific sorting of 

internalized RET51 to the recycling pathway would make the detection of any heterodimers that 

do exist very difficult in vivo. 

Isoform specific trafficking 

We have previously reported that RET is rapidly internalized from the plasma membrane 

after activation, and observed constitutively active membrane-bound RET proteins in various 

structures of the endocytic pathway (Richardson et al., 2009; Richardson et al., 2006). 

Observation of this process in an isoform‐specific context has now revealed two key difference 

between RET9 and RET51 intracellular trafficking, the rapid internalization of RET51 relative to 

RET9 (Figure 5.3), and the ability of RET51 to recycle to the membrane after internalization 

while RET9 is targeted to the lysosome (Figure 5.4). 
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Scott et al. have previously suggested that the presence of two indirect binding sites for 

the E3 ubiquitin ligase c‐CBL on RET51 (Y1062, Y1096) compared to only one on RET9 

(Y1062), increased ubiquitination of this isoform expediting its progress through the endocytic 

pathway (Scott et al., 2005). CBL‐mediated ubiquitination has been implicated in the facilitation 

of EGFR internalization (Carbone et al., 1997), suggesting that an increased CBL/RET51 

interaction could assist in the more rapid internalization of this isoform relative to RET9. Another 

protein known to interact at both Y1062 and Y1096 of RET51, GRB2, also plays a role in 

membrane protein internalization (Jiang et al., 2003; Wang and Moran, 1996). siRNA depletion 

of GRB2, or overexpression of GRB2 dominant negative mutants has been shown to diminish 

internalization of EGFR (Jiang et al., 2003). Jiang et al. suggest loss of GRB2 reduces CBL 

binding to EGFR, as, like RET, it interacts with the receptor indirectly through GRB2 (Jiang et 

al., 2003). However, it has also been postulated that GRB2 recruits receptors to clathrin-coated 

pits through its interaction with Dynamin 2 (Wang and Moran, 1996). This provides an additional 

mechanism to explain RET51s more rapid internalization relative to RET9, observed here. 

The mechanisms underlying the recycling of plasma membrane proteins are poorly 

understood. Originally, it was postulated that membrane proteins were continuously, and rapidly, 

recycled to the cell surface in the absence of ubiquitination, which directs sorting to the lysosome 

(Dunn et al., 1989; Katzmann et al., 2002; Mayor et al., 1993). More recently, a number of 

targeting motifs have been identified within membrane proteins that direct their recycling back to 

the plasma membrane (Johnson et al., 2001; Paasche et al., 2005; Wang et al., 2004). Motif‐based 

receptor recycling appears to be a lengthier process, as endocytosed receptors must first pass 

through the sorting endosome before their recycling motifs are recognized by proteins that 

mediate endocytic recycling compartment (ERC) targeting (Johnson et al., 2001). Our results 

indicate that RET51 requires nearly 30 minutes to recycle back and accumulate in detectable 
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levels at the plasma membrane. As this is consistent with a slow recycling process, we predict that 

the RET51 tail contains a recycling motif that mediates its return to the plasma membrane via the 

ERC. The tail region of RET51 does not contain any dileucine or acidic residue clusters which 

have been previously identified as recycling motifs (Johnson et al., 2001; Wang et al., 2004); 

however, amino acids 1093‐1095, DSV, are similar to the DKV recycling sequence required for 

slow recycling of MT1‐MMP (Wang et al., 2004), suggesting this region might help target RET51 

to the ERC. 

Lysosome versus Proteasome 

Interestingly, Piercala et al. (2006) have previously suggested that the proteasome may 

play a role in RET degradation based on their data showing that proteasomal and lysosomal 

inhibitors had equal ability to prevent RET9 degradation, while proteasomal inhibitors were better 

at preventing RET51 degradation then lysosomal inhibitors. Others have shown that proteasome 

inhibitors can also block receptor mediated endocytosis, inhibiting the degradation of membrane 

receptors by the lysosome (Alwan et al., 2003; van Kerkhof et al., 2001). When placed in the 

context of our results, as internalized RET9 is targeted directly to the lysosome, inhibition of 

either lysosomal enzymes or endocytosis (via proteasome inhibition), is likely to have equal 

ability to increase the stability of RET9. However, because a portion of RET51 undergoes 

multiple cycles of internalization and recycling, it is much more sensitive to inhibition of 

endocytosis via proteasome inhibitors than inhibition of lysomal enzymes. Overall, our results 

suggest the major route of RET downregulation, similar to other RTKs, is via the lysosome. 

Recycling enhances signalling downstream of RET51 

Although redundancy does exist in RET9 and RET51 signalling, a number of differences 

also exist, as evidenced by the ability of each isoform to assemble adaptor protein complexes and 
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regulate downstream gene expression patterns that are similar, yet distinct (Hickey et al., 2009; 

Tsui‐Pierchala et al., 2002). One of the most striking differences observed between RET9 and 

RET51 is their relative abilities to transform cells. Repeatedly, RET51 has been shown to be more 

effective at inducing anchorage independent growth of cells in soft agar (Iwashita et al., 1999; Le 

Hir et al., 2000; Pasini et al., 1997; Rossel et al., 1997). Here, we show that RET51’s increased 

expression at the plasma membrane and ability to recycle prolongs signalling downstream of this 

molecule (Figure 5.5). Along with the presence of a second phospho‐tyrosine signalling hub that 

is not present in RET9 (Y1096), the increased stability of activated RET51, relative to RET9, is 

likely a key contributor to differential cell signalling downstream of these isoforms. 

Conclusion 

Here we present a comprehensive study of the subcellular localization and intracellular 

trafficking of RET isoforms (summarized in Figure 5.6). Intracellular trafficking is known to have 

an important role in downstream signalling from membrane receptors. Not only does it provide a 

mechanism for ablating these signals, but also provides an additional mechanism for modulating 

and targeting signals originating from the membrane in space and time. Our data indicate that 

differential subcellular localization and trafficking properties of RET isoforms result in distinct 

contributions of RET9 and RET51 to intracellular signalling. Alternative splicing is now 

recognized as a key step in evolution allowing a single gene to encode multiple proteins with 

differing function. Substitution of 9 or 51 unique amino acids at the COOH-terminal tail of RET 

is yet another example of the impact alternative splicing can have on sub‐cellular trafficking and 

localization of proteins within the cell. 

5.5 Experimental Procedures 

Cell culture and transfections. HELA, E293 and SH‐SY5Y cells were cultured in DMEM  



 

  91 

  

Figure 5.6  Proposed mechanism of RET isoform-specific trafficking 

Diagrammatic summary of the data presented here.  RET9 is transcribed at higher levels relative 
to RET51 and both transcripts are delivered to the endoplasmic reticulum (ER) for translation.  
RET9 and RET51 proceed through the secretory pathway where RET51 is efficiently delivered to 
the membrane while a portion of RET9 is retained in the Golgi.  On the surface RET9 and RET51 
are both able to bind the GDNF/GFRα1 ligand complex (L), autophosphorylate, and activate 
downstream signalling cascades through AKT and STAT3.  After activation, RET51 is 
internalized to endosomes more rapidly than RET9 where they are both able to mediate 
downstream signalling through ERK1/2.  From endosomes, RET9 is delivered to the lysosome, 
whereas RET51 may either recycle back to the plasma membrane or undergo lysosomal targeting. 
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supplemented with 5% FBS (both, Sigma‐Aldrich, Oakville, ON). Transient transfections were 

performed using Lipofectamine 2000 (Invitrogen, Burlington, ON) with previously described 

plasmids encoding GFRα1, RET9 and RET51 (Gujral et al., 2006). Neonatal rat GI co‐cultures, 

consisting of myenteric neurons, glia and smooth muscle cells, were obtained from four day old 

Sprague‐Dawley rats (Charles River, QC) as previously described (Rodrigues and Blennerhassett, 

2009). Briefly, the smooth muscle and myentric plexus layers were peeled from the entire length 

of the small intestine. This tissue was minced, digested with 0.125% trypsin II and 0.5mg/mL 

collagenase F (Sigma‐Aldrich) in Hank’s solution buffered with HEPES, and plated in DMEM 

containing 5% FBS (Sigma), 5mg/mL soybean trypsin inhibitor (Sigma) and 2mg/mL 

Ciprofloxacin (BAYER, Wayne, NJ). Cells were allowed to adhere for approximately 60 hours, 

the final 12 with serum removed, where indicated. 

Immunoblotting. Immunoblotting was performed as previously described (Richardson et al., 

2009) using the antibodies and dilutions outlined in Supplemental Table 1. 

Quantitative real time PCR. qRT‐PCR was performed as described previously (Richardson et 

al., 2009). Briefly, standard curves were obtained by plotting Crossing threshold (Ct) values for 

serial dilutions of linearized RET cDNA (human or rat). Ct values for 200ng of total RNA, 

isolated from E293, SH‐SY5Y or rat GI co-cultures using TRizol (Invitrogen), were obtained and 

fitted to the standard curves to determine the approximate copy number of RET in each sample. 

The RET isoform specific primer pairs CRT14B/KRT14D (RET9) and CRT14B/KRT20A 

(RET51) have been previously described (Ivanchuk et al., 1997). In addition, antisense primers 

KRT14Drat (GTTACAGACAGTTGGGATGGT) and KRT20Arat 

(ATCGGCTCTCGTGAGTGGT) were designed for use in conjunction with CRT14B (identical 

sequence in human and rat) for cells of rat origin. 
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Immunofluorescence. Immunofluorescence was performed as described previously (Richardson 

et al., 2009; Richardson and Mulligan, 2009) with the following modifications: for GI co‐culture 

studies, glass coverslips were coated with 20ng/mL bovine collagen, HELA cells were plated on 

coverslips coated with 0.2% gelatin. Antibodies, and concentrations used are summarized in 

Supplemental Table 1. Biotinylated proteins were detected with Alexa‐594 conjugated 

streptavidin (Invitrogen) diluted 1:200 in 3% BSA (w/v) in PBS. Nuclei were visualized with 

Hoechst 33342, diluted 1:1000 in 3% BSA (w/v) in PBS. 

Biotinylation. Biotinylation of cells for assessment of membrane vesicle trafficking and recycling 

of membrane proteins has been extensively described (Richardson and Mulligan, 2009). To 

quantify total surface RET, cells were serum starved overnight, incubated with or without 

100ng/mL GDNF (Peprotech, Rocky Hill, NJ) for 20 minutes, washed 2x in PBS, cooled to 4°C 

and biotinylated as previously described (Smith et al., 2004). Cells were lysed and biotinylated 

proteins were recovered using streptavidin‐coated beads (Invitrogen) and separated by 

SDS‐PAGE prior to immunoblotting. To determine the amount of internalized RET, cells were 

serum‐starved and biotinylated, as above. After biotinylation, culture medium containing 

100ng/mL GDNF was added to cells and they were returned to 37°C for various amounts of time. 

Cells were again washed with cold PBS, cooled to 4°C and the remaining surface biotin was 

stripped with 50mM MeSNa buffer (2 washes of 15 minutes). Cells were lysed and biotinylated 

proteins were recovered, as above. 

Quantitation of cell surface RET by densitometry. SH‐SY5Y cells were biotinylated, lysed and 

immunoblotted as described above. Image J was used to quantitate the percentage of total RET 

present on the cell surface as follows: Mean Pixel Intensity of the Streptavidin pull down band, 

divided by a concentration factor of 6, multiplied by the Mean Pixel Intensity of both RET bands 

in the cell lysate. 
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Quantitation of RET containing vesicles. The percentage of endosomes or lysosomes occupied 

by RET9 or RET51 was determined by counting the number of vesicles in which RET, biotin, and 

either EEA1 of LAMP2 colocalized and dividing by the total number of vesicles counted in the 

EEA1 or LAMP2 channel. A vesicle was defined as an object greater than 10 pixels in size, in 

which each pixel had an intensity over 10 (using a standard pixel intensity scale of 0‐255). These 

objects were counted using the Image J ‘analyze particles’ function (Abramoff, 2004). Triple 

colocalization of RET, biotin, and EEA1 or LAMP2 was determined using the ‘Image J RG2B 

colocalization’ (Christopher Philip Mauer) plugin for Image J (Abramoff, 2004). First, a hybrid 

image of the biotin and EEA1 or LAMP2 channels was produced in which any pixel that did not 

meet our colocalization criteria was replaced with a 0 intensity, or black, pixel. To be considered 

colocalized, a pixel had to have an intensity over 10 in both channels and the intensity of the 

biotin signal had to be within 60% of EEA1/LAMP2 or vice versa. If a pixel met these criteria it 

was replaced by a gray‐scale pixel whose intensity was equal to the mean of the channels. The 

hybrid image was then colocalized to the RET channel from the original image in the same 

manner to produce a final image representing the colocalization of all three channels. 

Determining endosome distance from membrane. Triple colocalization images were produced 

as outlined above and re‐merged with the corresponding ‘biotin’ channel which each contained 

strong membrane labeling. The distance in pixels from each RET/biotin/EEA1 positive endosome 

to the nearest portion of plasma membrane was calculated using Image J and plotted. 

Determining membrane colocalization. The presence of RET9 and RET51 in the membrane 

was determined by colocalization with membrane‐bound biotinylated molecules. Pixel intensity 

plots of merged confocal images of RET, biotin, and Hoechst nuclear stain were produced using 

the ‘RGB profiler’ (Christophe Laummonerie, Jerome Mutterer) plugin for Image J. 
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Statistical analysis. All data are expressed as means ± standard error. A two-tailed, unpaired 

Student’s t‐test was used to determine statistical significance. 
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6.1 Abstract 

Mutations to the RET proto-oncogene occur in as many as one in three cases of 

thyroid cancer and have been detected in both the medullary (MTC) and the papillary 

(PTC) forms of the disease. Of the nearly 400 chromosomal rearrangements resulting in 

oncogenic fusion proteins that have been identified to date, the rearrangements that give rise 

to RET fusion oncogenes in PTC remain the paradigm for chimeric oncoprotein 

involvement in solid tumors. RET-associated PTC tumors are phenotypically indolent and 

relatively less aggressive than RET-related MTCs. The mechanism(s) contributing to the 

differences in oncogenicity of RET-related MTC and PTC remains unexplained. Here, 

through cellular and molecular characterization of the two most common RET/PTC 

rearrangements (PTC1 and PTC3), we show that RET/PTC oncoproteins are highly 

oncogenic when overexpressed, with the ability to increase cell proliferation and 

transformation. Further, RET/PTCs activate similar downstream signaling cascades to wild-

type RET, although at different levels, and are relatively more stable as they avoid 

lysosomal degradation. Absolute quantitation of transcript levels of RET, CCDC6, and 

NCOA4 (the 5' fusion genes involved in PTC1 and PTC3, respectively) suggest that these 

rearrangements result in lower RET expression in PTCs relative to MTCs. Together, our 

findings suggest PTC1 and PTC3 are highly oncogenic proteins when overexpressed, but 

result in indolent disease compared with RET-related MTCs due to their relatively low 

expression from the NCOA4 and CCDC6 promoters in vivo. 
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6.2 Introduction 

The RET proto-oncogene encodes a receptor tyrosine kinase (RTK) that is widely 

expressed in neuroendocrine tissues and is essential for embryonic development of the kidney and 

enteric nervous system (reviewed in ref. 1). Sporadic and germ-line mutations of RET have been 

associated with the initiation of thyroid carcinoma. Point mutations of key residues have been 

linked to medullary thyroid carcinoma (MTC) and the inheritable cancer syndrome multiple 

endocrine neoplasia type 2 (MEN 2), whereas chromosomal rearrangements involving RET result 

in papillary thyroid carcinoma (PTC; refs. 2–4; reviewed in refs. 5, 6). Although the common 

underlying initiator of tumor growth appears to be constitutive activation of the RET kinase, the 

molecular mechanisms that result in RET activation and the pathophysiology of these tumors vary 

widely. 

RET-related MTCs arise from the C-cells of the thyroid and are characterized by early 

onset and metastasis to lymph nodes and distant organs (7). These tumors are primarily associated 

with single amino acid substitutions in the intracellular kinase domain or extracellular cysteine 

residues of RET that result in a constitutively active molecule (2, 3). RET-related PTCs are highly 

heterogeneous tumors of thyroid follicular cells. They generally present as indolent tumors that 

rarely exhibit lymph node invasion or metastasis to distant organs (7, 8). Endogenous RET is 

expressed at very low levels in thyroid follicular cells relative to C-cells (9); however, in ~30% to 

40% of PTCs (10–12), chromosomal rearrangements involving the RET gene fuse the 5' 

sequences and promoter of an ubiquitously expressed gene upstream of the RET kinase domain, 

leading to expression of a chimeric product, a RET/PTC (reviewed in refs. 5, 6). RET/PTCs are 

localized to the cytoplasm, as they lack the NH2-terminal signal sequence and transmembrane 

domain of RET. All NH2-terminal fusion partners identified to date contain homodimerization 

domains that mediate dimerization and activation of the kinase region in RET/PTC oncoproteins. 
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The most common RET/PTC rearrangements, PTC1 and PTC3, link RET to the genes CCDC6 

and NCOA4, respectively. 

To determine the mechanistic explanation for the relatively indolent phenotype of 

RET/PTC tumors compared with RET-related MTCs, we examined the oncogenic potential of 

RET/PTCs both in vitro and in vivo at the cellular and molecular levels. We show that, when 

overexpressed, RET/PTCs display properties similar to constitutively active, membrane-bound 

RET mutants such as high levels of phosphorylation, presence in high molecular weight native 

protein complexes, activation of similar cell growth and proliferation signaling cascades, and 

ability to increase cell proliferation and cause transformation. Further, the cytoplasmic enrichment 

of RET/PTCs uncouples them from receptor-mediated endocytosis and lysosomal degradation, 

leading to increased protein stability. In contrast, in vivo investigation of transcript levels in seven 

human cell lines suggested that expression of RET/PTCs via the 5' promoter regions of CCDC6 or 

NCOA4 could result in lower expression of these oncoproteins, relative to full-length RET, 

expressed off its endogenous promoter in thyroid C-cells. 

Together, our results suggest that RET/PTCs possess similar or greater oncogenic 

potential than membrane-bound RET when expressed at similar levels; however, in vivo, this is 

trumped by substitution of relatively weak promoters upstream of the chimeric oncogene. These 

data suggest that careful consideration of multiple cellular mechanisms is required to determine 

the oncogenic potential of the many fusion proteins implicated in human cancer. 

6.3 Material and Methods 

 

Cell culture and transfections. HEK 293 Tet-on, HeLa, TPC1, MIA-PaCa 2, SK-N-SH, and TT 

cells were grown in DMEM (Sigma-Aldrich). ARO cells were cultured in RPMI 1640 
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supplemented with 2 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, and 1x nonessential 

amino acids. KTC1 and 8505C cells were maintained in RPMI 1640 with 2 mmol/L L-glutamine. 

All cell cultures were supplemented with 10% fetal bovine serum and 1 µmol/L AP20187 

artificial dimerizer (Ariad Pharmaceuticals) and doxycycline (1 µg/mL) was added after 

transfection. All transfections were done transiently using Lipofectamine 2000 (Invitrogen). 

Immunoprecipitation, immunoblotting, and densitometry. Immunoprecipitation and 

immunoblotting were done according to previously published methods (13). Briefly, lysed cells 

were separated into cytosolic and membrane-associated fractions by centrifugation at 12,000 x g. 

Cytosolic fractions were immunoprecipitated with 0.8 µg antibody and 20 µL protein A/G slurry 

(Santa Cruz Biotechnology). Lysates and immunoprecipitates were separated by 10% SDS-

PAGE, transferred to nitrocellulose, and immunoblotted. Mean pixel intensity of areas 

surrounding the 175 and 155 kDa bands of wild-type RET, the single bands of RET-IC, PTC1 and 

PTC3, both extracellular signal-regulated kinase (ERK) 1 and 2 bands, or the entire ubiquitin 

smear was determined by densitometry using ImageJ software (19). 

Antibodies and constructs. Antibodies used included anti-RET, LAMP2, HA-tag, ERK, and 

phospho-ERK from Santa Cruz Biotechnology. Phospho-RET Y905 and phospho-STAT3 Y705 

were from Cell Signaling Technology. Phospho-β-catenin Y654 antibody was developed by Drs. 

Janne Balsamo and Jack Lilien and was obtained from the Development Studies Hybridoma 

Bank, developed by the National Institute of Child Health and Human Development, and 

maintained at the University of Iowa. Full-length wild-type RET, RET K758M, and GFRα1 

constructs have been described previously (14). Empty vector (EV) refers to pcDNA3.1 plasmid 

(Invitrogen). RET-IC was cloned by fusing the intracellular domain of RET (amino acids 658-

1,072) via a linker sequence (GGGGS x 3) to a FKBP domain and NH2-terminal myristoylation 
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signal. PTC1, PTC3, and HA-tagged c-CBL, CBL-b, and ubiquitin constructs have been 

described previously (15–18). 

Confocal microscopy. HeLa cells were fixed and stained as described previously (14). Individual 

images were obtained with a Leica TCS-SP2 inverted microscope. After acquisition, images were 

background subtracted (removal of pixel intensities <30) and merged using ImageJ software (19). 

Colocalization was determined using the "ImageJ RG2B colocalization" (Christopher Philip 

Mauer) and "Mander's coefficient" (from the MBF collection by Tony Collins) plug-ins.3 

Size exclusion chromatography. This method was done as described previously (20). 293 Tet-on 

cell lysate (~1.5 mg) expressing RET-IC, PTC1, or PTC3 was loaded at room temperature onto a 

Superdex 200 column (GE Healthcare) equilibrated with TBS solution (pH 7.2; 25 mmol/L Tris, 

50 mmol/L NaCl). Fractions (2 mL) were collected and separated by SDS-PAGE and 

immunoblotted for RET and ERK1/2. Approximate molecular weights of native proteins 

contained in each fraction were estimated as described previously (20). 

Cell proliferation assay. Transfected cells were seeded in 96-well plates at a density of 5 x 103 

per well. Four days post-seeding, 200 ng/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT; Sigma) was added for 3 h. Cells were resuspended in 24:1 

isopropanol to 1 N HCl (v/v), and absorbance was measured at 570 nm. 

Colony formation assay. Colony formation assays were done as described previously (13). 

Approximately 2 x 104 cells were resuspended in 0.2% top agar in DMEM and plated on 0.4% 

bottom agar in medium. Fetal bovine serum, doxycycline, and dimerizer were added in both 

layers. Colonies were counted after 15 days. 

Cyclohexamide protein stability assays. Previously transfected 293 HEK Tet-on cells were 

seeded in 6-well plates. Cyclohexamide (100 µg/mL; Bioshop) was added to each sample for 
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indicated times. Wild-type RET and RET K758M were cotransfected with GFRα1, and 50 ng/mL 

glial cell-derived neurotrophic factor (Peprotech) was added along with cyclohexamide. Equal 

amounts of protein, as determined by BCA Assay (Fisher), from each sample were separated by 

SDS-PAGE and immunoblotted for RET. 

Ubiquitination assay. MG132 (10 µmol/L; Sigma) was added to cells for 30 min. Cell lysates 

were immunoprecipitated with anti-RET antibody. The intensity of smears in EV control lanes 

(background) was subtracted and mean pixel intensities were normalized to total RET protein in 

the immunoprecipitates. 

PCR. PCR was done using GO-Taq all-in-one PCR mix (Fisher) according to the manufacturer's 

instructions. 

Quantitative real-time PCR. RNA was harvested using TRizol reagent (Invitrogen). RNA was 

reverse transcribed and amplified using the one-step QuantiTect SYBR Green Real-time PCR kit 

(Qiagen). Crossing threshold (Ct) values were determined by SmartCycler II software. mRNA 

copy numbers were estimated by solving equations defining standard curves (created using RET, 

CCDC6, and NCOA4 linearized plasmid DNA) using Ct values obtained from each of our cell 

lines using the RET 3', NCOA4 5', and CCDC6 5' primer pairs (Appendix I, Table S1). 

Statistical analysis. Data are expressed as mean ± SD. A two-tailed, unpaired Student's t test was 

used to determine statistical significance. 

6.4 Results and Discussion 

RET-IC phosphorylates, dimerizes, and targets to the plasma membrane. To 

determine the in vitro oncogenic potential of RET/PTCs, expression constructs encoding PTC1 

and PTC3 were transiently overexpressed in mammalian cells and compared on both cellular and 

molecular levels with a constitutively active MEN 2-like membrane-bound construct, RET-IC 
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(Fig. 6.1A). RET-IC encodes the intracellular domain of RET fused downstream of a FKBP 

dimerization domain and the plasma membrane targeting myristoylation signal of Src (ref. 21; 

Fig. 6.1A). Cellular fractionation experiments show that total and phospho-PTC1 and PTC3 were 

enriched in cytosolic fractions, whereas a relatively greater amount of RET-IC was found to be 

membrane-associated (Fig. 6.1B; full-length wild-type RET also distributed to both fractions; data 

not shown). In whole cells, PTC1 and PTC3 were diffusely distributed throughout the cytoplasm 

in comparison to RET-IC, which was concentrated at the plasma membrane and in punctate 

intracellular structures (Fig. 6.1C). Size exclusion chromatography of native proteins from cleared 

cell lysates was used to determine whether RET-IC, PTC1, and PTC3 showed similar levels of 

dimerization. We found RET-IC, PTC1, and PTC3 were all present as high molecular weight 

complexes within the cell (Fig. 6.1D). Monomeric forms of these proteins were nearly 

undetectable, unlike ERK1/2, which was found in both low and high molecular weight fractions 

(Fig. 6.1D), as reported by others (22). This experiment, along with the phosphorylation data in 

Fig. 6.1B, suggests that RET-IC, PTC1, and PTC3 dimerize rapidly after translation and exist in 

complex with multiple adaptor and effector proteins. 

PTC1 and PTC3 possess oncogenic potential. The effect of PTC1 and PTC3 expression 

on cellular proliferation and transformation was assessed in comparison with RET-IC. Equal and 

reproducible expression of all three constructs over three independent transient transfections was 

confirmed by quantitative RT-PCR (qRT-PCR) determination of relative transcript levels. Figure  
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Figure 6.1  RET-IC phosphorylates, dimerizes, and targets to the plasma membrane.   

A, diagram of constructs used in this study. IC, intracellular domain; TM, transmembrane domain; 
Myr, myristoylation signal. B, transiently transfected HEK 293 Tet-on cells were separated into 
cytoplasmic and membrane-associated fractions, separated by SDS-PAGE, and immunoblotted 
for RET and phospho-RET (pRET). C, confocal microscopy images of transiently transfected 
HeLa cells immunostained for RET. Enlargements correspond to squares to their left. Pixel 
intensity histograms along the planes indicated in the enlargements are also presented. D, native 
proteins from transiently transfected cells were separated by size exclusion chromatography. Each 
fraction was separated by SDS-PAGE and immunoblotted for RET and ERK1/2. Approximate 
molecular weights corresponding to various fractions are indicated. 
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6.2A shows that transfection of all three plasmids produced similar decreases in the Ct value 

(increases in expression) relative to cells transfected with an EV, indicating that equal levels of 

RET-IC, PTC1, and PTC3 transcript were consistently obtained over multiple transfections. MTT 

assays showed that all three constructs increased cellular proliferation compared with an EV 

control (Fig. 6.2B). PTC1 and PTC3 induced a relative increase in cell proliferation over RET-IC; 

however, the increase was more significant in cells containing the PTC1 oncoprotein than PTC3 

(P < 0.005 and P < 0.05, respectively; Fig. 6.2B). In soft agar assays, RET-IC, PTC1, and PTC3 

induced transformation and colony formation (Fig. 6.2C and D). Again, PTC1 and PTC3 induced 

significantly more colonies than RET-IC (P < 0.002 and P < 0.003, respectively), with PTC1 

colonies consistently larger than those induced by PTC3 or RET-IC (Fig. 6.2C and D). 

RET/PTC mutants avoid lysosomal degradation. Receptor-mediated endocytosis has 

been shown to play an important role in the down-regulation of RTKs. Through this process, 

activated receptors are internalized from the plasma membrane and delivered to the lysosome for 

degradation (reviewed in ref. 23). Previously, we have shown that activated, wild-type RET is 

internalized by this process (24); however, as canonical receptor-mediated endocytosis requires 

direct interaction with, or internalization to, a structure of the endocytic pathway for lysosomal 

delivery (23), we investigated whether the loss of membrane association affected RET/PTC 

stability within the cell. Direct visualization of cells showed that both PTC1 and PTC3, but not 

RET-IC, avoid lysosomal targeting. Colocalization of RET-IC, PTC1, or PTC3 with LAMP2, a 

commonly used marker of lysosomes (25), was quantified using two algorithms. Both composite 

images of the mean pixel intensity in the RET and LAMP2 channels (Fig. 6.3A, Average 

Colocalization), and XY scatter plots based on pixel intensity in the RET (X axis) and LAMP2 (Y 

axis) channels (Fig. 6.3A) indicated low levels of PTC1 and PTC3 colocalization with LAMP2, 

whereas RET-IC and LAMP2 were highly colocalized. 
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Figure 6.2  PTC1 and PTC3 are oncogenic when overexpressed 

A, relative transcript levels of RET-IC, PTC1, and PTC3 were determined by qRT-PCR after 
transient transfection using common primers to the 3’ tail of all constructs. EV, empty vector. Ct 
values for each sample were calculated and normalized to expression of the housekeeping gene, 
GUSB. Mean ± SD decrease in Ct value relative to EV (mean Ct EV − mean Ct RET-
IC/PTC1/PTC3) was plotted for each sample. n = 6; (transfections were carried out in triplicate; 
each qRT-PCR was done in duplicate).  B, MTT assays were done. Mean ± SD increase in 
absorbance at 570 nm normalized to EV (n = 16). *, P < 0.005 to RET-IC; **, P < 0.05 to RET-
IC (unpaired, two-tailed Student’s t test).  C, colony formation assays were done in soft agar. 
Mean ± SD number of colonies (n = 4 for EV and PTC1 and n = 5 for RET-IC and PTC3). *, P < 
0.002 to RET-IC; **, P < 0.003 to RET-IC (unpaired, two-tailed Student’s t test). D, phase-
contrast images of representative colonies from C. Bar, 400 µm. 
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Figure 6.3  PTC1 and PTC3 avoid lysosomal degradation. 

A, transiently transfected HeLa cells were immunostained for RET (magenta) and LAMP2 
(cyan). Nuclei were counterstained with Hoechst (blue). Average Colocalization, grayscale image 
of the mean intensity of colocalized magenta and cyan pixels. XY Scatter Plots, pixel intensity (0-
255) in the magenta channel (Ch.1; X axis) versus the intensity of the same pixel in the cyan 
channel (Ch. 2; Y axis). r, Pearson correlation coefficient. Cyan and magenta boxes, pixels in 
those channels displaying no colocalization with RET or LAMP2, respectively; yellow boxes, 
pixels that contained signal in both RET and LAMP2 channels. The percentage of pixels in each 
of these boxes is indicated. Bar, 2 0Am. B, cells were transiently transfected with GFRa1and 
wild-type (WT) RET or RET K758M, incubated for the indicated times with 50 ng/mL glial cell-
derived neurotrophic factor and 100 µg/mL cyclohexamide, lysed, and immunoblotted for RET. 
C, cells were transiently transfected and cultured along with AP20187 dimerizer and doxycycline. 
Cyclohexamide was added for the indicated times before cells were lysed and immunoblotted for 
RET and phospho-RET. D, mean pixel intensity for each corresponding band in C was measured, 
normalized to 0 h, and plotted. 
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To determine the stability of PTC1 and PTC3 relative to RET-IC, a translation inhibition 

assay was done. Figure 6.3B shows that loss of both immature 155 kDa and mature 175 kDa 

bands of wild-type RET occurred over time in cells incubated with glial cell-derived neurotrophic 

factor and the translation inhibitor cyclohexamide, suggesting that wild-type RET is quickly 

internalized and degraded after activation. A kinase-dead RET mutant, RET K758M, showed a 

similar decrease in the immature band of RET but an increase in mature RET (Fig. 6.3B), 

indicating membrane accumulation of nonphosphorylated RET, which cannot be internalized and 

degraded (24). As expected, RET-IC showed a similar degradation profile to wild-type RET, with 

>40% reduction in total RET over the course of the experiment, whereas both total and phospho-

PTC1 levels remained relatively stable over the 8 h time course (Fig. 6.3C and D). Surprisingly, 

PTC3 showed a 30% reduction in total protein over the 8 h time course (Fig. 6.3C and D), 

relatively less than the reduction in RET-IC, but unexpected as PTC3 was shown to avoid 

lysosomal targeting (Fig. 6.3A). This would suggest that an alternate mechanism of PTC3 

degradation exists that is less efficient than degradation of membrane-bound RET mediated by the 

lysosome. The primary site of cytosolic protein degradation, and the most likely candidate for 

PTC3 down-regulation, is the proteasome. However, the observation that PTC3, although 

degraded, is still more stable than RET-IC suggests that it does not have a high degree of affinity 

for this process. 

PTC1 and PTC3 differ in downstream signaling and CBL interactions. Activation of 

downstream signaling cascades known to be associated with increased growth and proliferation 

and interaction with the E3 ubiquitin ligases CBL-b and c-CBL, which are known to modulate 

RTK signaling, were assessed downstream of RET-IC, PTC1, and PTC3. RET-IC, PTC1, and 

PTC3 all increased signaling through the ERK/mitogen-activated protein kinase pathway 

compared with cells transfected with an EV control (Fig. 6.4A). PTC1 induced relatively higher  



 

  113 

 

Figure 6.4  Characterization of RET/PTC downstream signaling and CBL interactions. 

A, lysates from transiently transfected HEK 293 Tet-on cells were separated by SDS-PAGE and 
immunoprobed for RET, phospho-RET (Y905), pERK1/2(Y204), phospho-βcatenin (Y654), 
pSTAT3 (Y705), and γ-tubulin. B, cells were cotransfected with the indicated RET constructs and 
either c-CBL, CBL-b, or EV. Cell lysates were probed for RET and CBL (HA) expression (top 
and middle). CBL protein complexes were immunoprecipitated (anti-HA) and immunoblotted for 
RET (bottom). C, cells were cotransfected with the indicated constructs and HAtagged ubiquitin 
(UB). MG132was added to the indicated samples. RET-IC, PTC1, and PTC3 were 
immunoprecipitated (anti-RET C19). Cell lysates (left) and immunoprecipitates (right) were 
immunoblotted with antibodies against RET (C19) or ubiquitin (HA). D, mean pixel intensity of 
RET/ubiquitin smears in bottom right of C normalized to EV is plotted. 
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levels of ERK1/2 phosphorylation, whereas PTC3 and RET-IC induced similar levels of 

phosphorylation (Fig. 6.4A). Interestingly, these data are consistent with those in Fig. 6.1D, where 

PTC1 appeared to shift a greater amount of ERK1/2 protein into high molecular weight 

complexes. This shift to higher molecular weight complexes has been previously associated with 

ERK activation (22). Further, the increased stability of PTC1 within the cytoplasm (Fig. 6.3C and 

D), an area of concentrated ERK signaling, relative to RET-IC and PTC3, may contribute to its 

increased signaling through this pathway. Increased tyrosine phosphorylation at residue Y654 of 

β-catenin, a recently identified target of both wild-type RET and RET/PTCs (14, 26, 27), was 

observed with all three constructs, although the membrane-associated RET-IC induced relatively 

higher levels than PTC1 and PTC3 (Fig. 6.4A). The increased ability of RET-IC to phosphorylate 

β-catenin is consistent with its closer association with membrane-localized pools of this molecule. 

STAT3, a transcription factor involved in cell cycle progression, is tyrosine phosphorylated 

downstream of RET activation (28). Interestingly, although all three constructs increased STAT3 

signaling, PTC3 induced the strongest phosphorylation of STAT3, whereas PTC1 and RET-IC 

showed similar levels. The NH2-terminal region of PTC3 that is donated from NCOA4 also 

contains a putative STAT3 binding site (YXXV/Q) downstream from Y71 (YEQV), which may 

recruit STAT3 molecules in addition to the previously identified binding sites at Y752 and Y928 

in RET. RET-IC, PTC1, and PTC3 did not increase AKT or nuclear factor-κB phosphorylation 

relative to EV (data not shown); however, HEK 293 Tet-on cells possess intrinsically high levels 

of prosurvival signaling through AKT and NFκ-B, likely masking the effects of our oncoproteins 

on these signaling cascades. 

Ubiquitination, specifically by CBL, has been well characterized as an "off" switch for 

downstream signaling, mediating lysosomal targeting of RTKs for degradation (29). c-CBL 

interacts indirectly with COOH-terminal docking sites on RET that are also present in the 
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RET/PTC oncoproteins, leading to ubiquitination and targeting of RET for degradation (29). We 

confirmed that c-CBL could coimmunoprecipitate RET-IC but found it unable to 

coimmunoprecipitate substantial amounts of PTC1 or PTC3 (Fig. 6.4B). Interestingly, CBL-b, a 

homologue of c-CBL, was able to precipitate RET-IC, although at lower levels relative to c-CBL, 

as well as substantial amounts of PTC3 (Fig. 6.4B). It is interesting to note that c-CBL- and CBL-

b-mediated ubiquitination may have somewhat different roles. Unlike c-CBL-mediated 

ubiquitination, which appears to direct proteins to the lysosome for degradation, CBL-b has been 

shown to alter subcellular localization and inhibit interactions of cytoplasmic proteins (30–32). 

Further, Ettenberg and colleagues observed that overexpression of CBL-b prematurely truncates 

signaling through ERK/mitogen-activated protein kinase in response to epidermal growth factor, 

relative to cells overexpressing c-CBL (32). This would suggest that the increased affinity of 

CBL-b for PTC3, compared with PTC1, may limit the capacity of PTC3 for downstream signaling 

through ERK1/2, contributing to the lower levels of ERK/mitogen-activated protein kinase 

signaling relative to PTC1, which were noted above. 

When normalized for total RET levels, PTC1 showed a lower degree of ubiquitination, 

compared with RET-IC and PTC3 (Fig. 6.4C and D), which is in agreement with the previous 

CBL-binding data (Fig. 6.4B). To ensure that ubiquitination was not an artifact of ubiquitin 

overexpression, ubiquitination was also measured after incubation with the proteasomal inhibitor 

MG132 (Fig. 6.4C and D). Blocking proteasome function has been shown to inhibit ubiquitin 

recycling and inhibit endocytosis at the late endosome sorting stage (33, 34). Together, this results 

in an increase in total protein ubiquitination within the cell (33, 34). MG132 was able to increase 

ubiquitination of all three constructs; however, PTC1 remained poorly ubiquitinated relative to 

RET-IC and PTC3. 
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Although PTC1 and PTC3 were both able to increase cell proliferation and transformation 

(Fig. 6.2B and C), they appear to mediate these effects through quantitative differences in the 

relative activation of similar signaling cascades. Overall, the differences in downstream signaling 

and ubiquitination provide explanations for the minor differences in PTC1- and PTC3-related cell 

proliferation and transformation observed in Fig. 6.2. Whether these subtle differences have an 

effect in an in vivo tumor environment is not clear. As well, the possibility that novel, presently 

unidentified signaling mechanism(s) induced by PTC1 and/or PTC3 mediate the observed 

downstream cellular effects cannot be ruled out. 

PTC1 and PTC3 are expressed off relatively weak promoters. Our observations that 

RET/PTC expression increased signaling through growth-related pathways, cell proliferation, and 

transformation compared with RET-IC (Fig. 6.2B and C) would suggest that RET/PTCs are 

relatively more oncogenic than membrane-bound forms of RET. However, clinical data clearly 

indicate that PTCs are far less aggressive than RET-related MTCs (8). Further, Sugg and 

colleagues have shown that RET expression levels in primary PTC tumors correlate with 

oncogenicity (35). Therefore, because the promoter of the 5' gene partner of the chimeric 

RET/PTC oncogene controls transcription of RET/PTCs, expression of each RET/PTC oncogene 

is controlled by a different promoter. Substitution of a "foreign" promoter upstream of the RET 

kinase domain coding region may result in altered levels of RET/PTC transcript and protein 

expression relative to full-length RET expressed off its endogenous promoter. To investigate the 

expression of RET/PTC transcripts, we used primers 5' or 3' of the chromosomal breakpoints in 

each of RET, CCDC6, and NCOA4 and spanning the PTC1 and PTC3 breakpoints (Appendix I, 

Table S1; Fig. 6.5A) in qRT-PCR to amplify these regions in multiple human cancer cell lines. As 

expected, three cell lines, MIA-PaCa 2 (pancreatic carcinoma), SK-N-SH (neuroblastoma) and TT 

(MTC containing a RET MEN 2 mutation), expressed intact copies of RET, CCDC6, and NCOA4 
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Figure 6.5  PTC1 and PTC3 rearrangements alter RET mRNA copy number and protein 
level. 

A, PCR was done on wild-type RET, PTC1, or PTC3 plasmid DNA using primer pairs listed in 
Supplementary Table S1. BP, breakpoint spanning.  B, absolute qRT-PCR was used to estimate 
mRNA copy number of RET, CCDC6, and NCOA4 transcripts in the indicated cell lines. Copy 
number was determined by fitting Ct values to a predetermined standard curve followed by 
normalization to GUSB levels in each cell line. Mean ± SD copy number was plotted (n = 2). C, 
cell lysates from TT and TPC1 cells were immunoblotted with two independent RET antibodies 
(anti-RET C19 and C20) and γ-tubulin.  Densitometry comparing total RET (intensity of 175 + 
155 kDa bands) with PTC1 was normalized to γ-tubulin and expressed as mean pixel intensity 
(MPI). 
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 and no PTC1 or PTC3 rearrangement products (Appendix I, Tables S2 and S3). The TPC1 cell 

line (PTC containing a PTC1 rearrangement) expressed 3' amplicons of RET and NCOA4 and 5' 

amplicons of CCDC6 and NCOA4, was positive for a PTC1 fusion product (Appendix I, Tables 

S2 and S3). A second PTC cell line (KTC1) and two anaplastic thyroid carcinoma cell lines 

(8505C and ARO) that display characteristics of a follicular lineage expressed intact copies of 

CCDC6 and NCOA4, barely detectable levels of full-length RET, and were negative for PTC1 and 

PTC3 expression (Appendix I, Tables S2 and S3). Using qRT-PCR, the approximate copy number 

of RET, CCDC6, and NCOA4 was calculated in 200 ng total RNA purified from each cell line. 

Copy numbers were estimated by fitting Ct values to standard curves constructed from known 

amounts of linearized RET, CCDC6, or NCOA4 cDNA. Estimates were further normalized to 

GUSB (a housekeeping gene that is ubiquitously expressed at similar levels) Ct values as a highly 

sensitive control for total RNA input and RNA quality. As expected, RET expression varied 

depending on cell lineage (Fig. 6.5B). RET expression was highest in the TT cell line (derived 

from thyroid C-cells, a known site of high RET expression) and nearly undetectable in the thyroid 

follicular cell-derived lines 8505C, ARO, and KTC1 and the pancreatic derived MIA-PaCa 2 cells 

(Fig. 6.5B). The TPC1 cell line, which harbors a PTC1 rearrangement, expressed RET at a 32-fold 

higher level than the average of all other follicularly derived cells (8505C, ARO, and KTC1; Fig. 

6.5B). However, compared with RET expression in TT cells, TPC1 cells still expressed 16-fold 

less RET (Fig. 6.5B). Expression of CCDC6 was low in all cell lines, suggesting that it lies 

downstream of a relatively weak promoter that is poorly expressed in all cell types examined here 

(Fig. 6.5B). NCOA4 expression showed variation between cell lines but was relatively higher than 

CCDC6 in all cell lines. Overall, NCOA4 expression never approached the levels of RET observed 

in the TT cell line (Fig. 6.5B), suggesting that a PTC3 rearrangement would also result in 

relatively lower levels of transcript as observed for the PTC1 rearrangement in the TPC1 cell line. 
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Consistent with transcript levels, RET protein expression was reduced in the TPC1 cell line 

compared with TT cells as assessed with two different antibodies (Fig. 6.5C). Therefore, we 

predict that relatively weak promoters driving PTC1 and PTC3 oncogenes would lead to 

decreased expression of RET/PTC oncoprotein in PTC tumors relative to the endogenous RET 

levels found in MTCs. We believe the relatively lower transcriptional strength of RET/PTC 

oncogene promoters contributes to the indolent nature of RET/PTC tumors compared with RET-

related MTCs. 

Effects of altered RET activity in MTC and PTC tumors. Although beyond the scope 

of this study, it should be noted that MTCs and PTCs arise from different thyroid cell types (C-

cells and follicular cells, respectively) and may possess intrinsic factors that promote or inhibit 

their relative oncogenicity. However, both cell types are epithelial in nature and metastasis of 

either would require an epithelial-to-mesenchymal transition and invasion through the basement 

membrane into surrounding tissue. Overall, when we consider the barriers to metastasis faced by 

both C-cells and follicular cells and the differences in downstream signaling from RET/PTCs 

relative to membrane-bound, activated RET (Fig. 6.4A), the correlation between relative RET 

transcript levels in MTC and PTC cell lines and the oncogenicity of their associated tumors 

suggests that this mechanism contributes to the indolent phenotype of RET/PTCs. 

We have recently suggested that a quantitative increase in RET kinase activity may be 

responsible for the greater phenotypic severity of MEN 2B (RET M918T) relative to other MEN 

2 mutants (13). Further, we have recently shown that MEN 2A and 2B up-regulate a similar 

compliment of genes; however, the more aggressive MEN 2B form induces a higher level of 

expression of these genes due to its increased kinase activity (36). These findings are consistent 

with the data presented here, although, in the case of PTCs, it appears to be a quantitative 
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decrease in RET molecules rather than a change in intrinsic kinase activity that contributes to the 

lesser oncogenicity of RET/PTC tumors relative to RET-related MTCs. 

Summary. To date, >25 rearrangements of RTKs that result in fusion proteins with 

oncogenic properties have been identified (reviewed in ref. 37). Of these, RET, PDGFR, and 

FGFR appear to be the most promiscuous, with at least seven fusion partners identified for each 

(reviewed in ref. 38). Clearly, the mechanism of altered transcript levels that we describe here in 

relation to RET/PTCs may impact the manifestation of many rearrangement-associated cancers. 

Together, our data support a model in which PTC1 and PTC3 are highly oncogenic 

proteins capable of up-regulating multiple canonical cell growth pathways. PTC1 and PTC3 can 

increase cell proliferation and produce transformation, both important steps in oncogenesis. The 

altered subcellular localization of RET/PTCs allows them to circumvent lysosomal degradation, 

promoting oncogenesis through sustained downstream signaling. However, in vivo, the weak 

promoter regions of 5' fusion partners result in lower expression of RET/PTC mutants relative to 

full-length RET expressed off its endogenous promoter in RET-related MTC tumors (Fig. 6.6). 
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Figure 6.6 Characterization of RET/PTC oncogenicity. 

Schematic diagram highlighting important aspects of the proposed RET/PTC oncogenicity model. 
Full-length, endogenous, RET transcript is translated and targeted to the plasma membrane. On 
activation, it is internalized by receptor-mediated endocytosis, activates ERK from endosomes, 
and finally is targeted to the lysosome for degradation.  PTC1 is released into the cytoplasm 
directly after translation. From here, it avoids degradation and promotes ERK1/2 phosphorylation. 
PTC3 is also delivered directly to the cytoplasm after translation, where it mediates a strong 
phosphorylation of STAT3, interacts with CBL-b, and may be degraded by the proteasome. 
Width of gray arrows, relative levels of transcript encoded by RET, CCDC6, and NCOA4. 
Dashed arrows with a ‘‘P,’’ regulation by phosphorylation. 
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6.6 Footnotes 

3http://rsbweb.nih.gov/ij/ and http://www.macbiophotonics.ca/downloads.htm. 
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Chapter 7 
Discussion 

 

Although RTKs were originally identified as plasma membrane proteins, recent 

discoveries show they function in multiple compartments of the cell.  Trafficking and targeting of 

RTKs to the various member organelles of the secretory and endocytic pathways is a highly 

regulated process involving multiple structures, lipids, and adaptor proteins.  Here, we have 

presented an overview of RET trafficking from initial translation through to lysosomal 

degradation.  We have shown how trafficking of the wildtype RET receptor can impact on 

downstream signalling and provided a detailed analysis of improperly localized RET fusion 

oncoproteins that are known to initiate cancer of the thyroid.  Together, these data illustrate the 

important role that intracellular trafficking plays in RET function, adding an additional level of 

complexity to a multifaceted intracellular signalling system. 

7.1 RET Internalization 

A number of RTKs have been shown to internalize by receptor mediated endocytosis; 

however, EGFR remains the best studied example.  Chapters 3-6 of this investigation provide the 

first insights into internalization of the RET receptor (Summarized in Figure 7.1).  The studies 

contained here, along with the previously published findings of others on RET’s recruitment to 

lipid rafts (45), its interaction with the E3 ubiquitin ligase CBL (22), and its possible 

mechanism(s) of degradation (22, 172), provide the basis for understanding this process, but do 

not offer a complete picture of the mechanisms of RET internalization.  We have shown that the 

initial steps of internalization, recruitment of RET to sites of internalization and budding of a 

vesicle into the cytoplasm, are dependant on both the kinase activity of RET and the GTPase  
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Figure 7.1  Proposed model of RET trafficking and signalling 

Activated RET molecules are rapidly recruit to clathrin-coated pits by one or more CLASPs.  
Vesicles scised from the membrane by DNM2 quickly accumulate RAB5 and APPL proteins on 
their membranes.  During this period RET is able to activate the AKT/PI3K signalling pathway.  
A portion of RET 51 molecules are removed and targeted to the ERC for recycling.  RET that is 
not targeted to the ERC transits to EEA1 positive endosomes where association with AKT is lost.  
As these vesicles move deeper into the cytoplasm they associate with cytoplasmic pools of 
ERK1/2 allowing for full activation of the MAPK pathway.  This may be mediated through 
recruitment of members of the MAPK pathway by p14.  RET molecules that have been 
ubiquitinated (U) by CBL (not shown) are recognized by ESCRT and targeted to the lysosome for 
degradation. 
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activity of DNM2 (Figure 3.1).  Although DNM2 is a key player in the endocytosis of membrane 

proteins, it alone is not sufficient for internalization.  DNM2 mediates the final step of 

internalization, scission of a newly formed vesicle from the plasma membrane (186).  Meanwhile, 

a number of other proteins are involved in formation of these membrane invaginations and 

tethering cargo into the newly formed pits (187).  The proteins and interactions that mediate RET 

recruitment to these sites of internalization in the plasma membrane still remain unknown.  As 

mentioned previously in Chapter 5, a class of adapter proteins, referred to as clathrin-associated 

sorting proteins (CLASPs), have been identified that link activated membrane receptors to 

clathrin coats promoting their recruitment to invaginated areas of the plasma membrane (reviewed 

in 188).  Although a number of these have been shown to play a role in EGFR internalization 

(AP2, EPS15, GRB2), individual knockdown or over expression of dominant negative mutants 

are unable to completely inhibit this process (129, 132, 136, 189).  This would suggest that a 

coordinated effort by a number of adaptor proteins is required for rapid and efficient identification 

of activated receptors and their recruitment to sites of internalization. 

7.1.1 AP2 

AP2, a multi-subunit adaptor protein that has been shown to interact with a host of 

proteins and lipids at the membrane, was originally believed to serve as the tether between 

clathrin-coated pits and their cargo.  The µ2 subunit of AP2 was the first domain shown to bind 

membrane proteins and recruit them to clathrin-coated pits (190).  The µ2 subunit interacts with 

proteins that contain short, tyrosine-based consensus sequences, in which a hydrophobic residue 

follows a tyrosine at the +3 position (YXXφ, where X represents any amino acid, and φ is a 

hydrophobic amino acid).  RET contains a number of tyrosine residues and surrounding amino 

acids that define the YXXφ consensus sequence.  The following have been shown to be surface 

exposed in the RET kinase domain crystal structure (44, T. Gujral, personal communication), or 
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are known to interact with other adaptor proteins: Y660, Y752, Y809, Y952, Y981, Y1015, 

Y1062 (in RET9 only), Y1096 (in RET51 only).  Although this suggests a number of sites where 

AP2 may interact with RET, this interaction is known to be weak, and EGFR internalization has 

been shown to continue in cells depleted of AP2 (129).  Genetic knockout of AP2 in C. elegans is 

lethal; however, yeast harbouring AP2 deletions are viable, suggesting the evolution of multiple 

redundant mechanisms for cargo recruitment, clathrin lattice formation, and internalization in 

higher organisms (191, 192).  Together, these observations would suggest that AP2 is a likely 

binding partner for RET, but not the sole determinant of RET recruitment to clathrin-coated pits. 

7.1.2 Other CLASPs 

Interaction between RET and a number of CLASPs has yet to be studied in the context of 

internalization; however, some of these molecules are known to participate in signalling cascades 

downstream of RET.  For example, the SH2/SH3 domain containing adaptor protein GRB2 is 

known to indirectly bind all isoforms of RET through SHC at Y1062, and also interact directly 

with Y1096 in RET51 (Figure 1.3, 21).  The SH3 domain of GRB2 can interact with the proline 

rich region of DNM2 (138), suggesting a possible link between RET/GRB2/DNM2 and clathrin-

coated pits (193).  As binding of GRB2 is phospho-dependent, this would be an ideal mechanism 

for identifying activated receptors and targeting them for internalization.  The additional, direct 

binding site for GRB2 in RET51 is consistent with our finding that RET51 internalizes faster than 

RET9.  Interestingly, GRB2 is also able to recruit CBL indirectly to RET (22) and recruitment of 

the GRB2/CBL complex to membrane receptors appears to modulate internalization (see below), 

suggesting a second role for GRB2 in RET internalization. 

Three PTB domain containing CLASPs, DAB2, NUMB and ARH mediate various 

interactions between membrane receptor proteins, phosphatidyl inositides, other CLASPs, and 



 

  129 

clathrin (194-196).  Possible interactions between ARH, DAB2 and RET have not been 

investigated; however preliminary data from our lab has suggested a possible interaction between 

the PTB domain of NUMB, a NOTCH antagonist that interacts with EPS15 (see below) and AP2, 

and RET (197).  Although the sequence up stream of Y1062 in RET does not fit the ideal PTB 

consensus sequence (NKLY vs. NPXY), it has been shown to bind a number of PTB domain 

containing proteins such as, SHC, IRS1 and 2, FRS2 and 3, Enigma, and DOK1,2,4,5,6 (66).  

Interaction with one or more of the PTB domain containing CLASPs ARH, DAB2, and NUMB, 

may assist in RET internalization.  As the PTB consensus sequence at Y1062 is conserved in all 

isoforms, this mechanism would not explain the increased rate of internalization of RET51 

relative to RET9.   

The Epsins and EPS15 comprise a family of CLASPs that are defined by the presence of 

1-3 ubiquitin interacting motifs (UIMs).  The Epsins and EPS15 have been shown to interact with 

each other, clathrin, AP2, phospholipids, and a number of other CLASPs (131, 132, 198).  The 

UIM domain has affinity for mono and both K63- and L48-linked ployubiquitin chains (199, 

200).  A great deal of controversy surrounds the role and importance of ubiquitination in the early 

steps of internalization.  It was originally postulated that a dichotomy existed between mono and 

polyubiquitination in higher organisms.  It was demonstrated in yeast that polyubiquitination 

resulted in proteasomal degradation by the lysosome, while monoubiquitination acted as a sorting 

signal directing membrane receptors to the lysosome for degradation (201).  More recently, EGFR 

has been shown to be polyubiquitinated at its site of interaction with EPS15 (145), suggesting that 

intracellular localization is more important than the method of ubiquitination in determining 

proteasomal versus lysosomal degradation.  The discrepancy as to whether RTKs are mono, 

multi-mono, or polyubiquitinated likely arises from the technical difficulties encountered when 

investigating the properties of ubiquitinated receptors.  As methods for determining 
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polyubiquitination versus multi-monoubiquitination of a receptor in vivo do not exist, artificial 

model systems must be used, undoubtedly resulting in the formation of artifacts.  Further, the 

availability of UIM containing proteins to bind unbiquitinated proteins and block extension of 

ubiquitin chains, and the presence of deubiquitinating enzymes, suggests ubiquitination is a fluid 

process and that receptors may cycle rapidly between mono, multi-mono and polyubiquitination, 

complicating detection of a single type of ubiquitin modification. 

7.1.3 Ubiquitin 

As discussed in Chapters 1 and 5, many RTKs can be internalized independent of 

ubiquitination.  However, knockdown or overexpression of dominant negative EPS15 or Epsin 

molecules is known to inhibit internalization of multiple RTKs emphasizing their importance in 

this process (131, 132).  Whether this inhibition is due to disruption of the assembly and 

formation of the clathrin-coated pit, a process in which EPS15 and the Epsins have been 

implicated (202, 203), or the inability of UIM domain containing molecules to recruit 

ubiquitinated receptors into membrane invaginations, remains to be determined.  Interactions 

between RET, EPS15 and the Epsins have not been investigated.  Neither has the effect of 

knockdown of these molecules or overexpression of their related dominant-negative mutants on 

RET internalization.  As RET has been shown to be ubiquitinated by CBL (22), it is conceivable 

that UIM containing proteins play a role in RET internalization. 

Overall, each of the mechanisms outlined above influences internalization of membrane 

receptors to a certain degree.  In relation to RTKs, none of these mechanisms appear to be the sole 

mediator of receptor internalization.  It is most likely that each mechanism contributes to efficient 

recruitment and internalization through coated pits; however, individual receptors may display a 

preference for a specific pathway relative to the others. 
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7.2 Signalling During Endocytosis 

It is now well established that many membrane receptors remain active and continue to 

signal as they are transported through the cytoplasm during endocytosis. The studies presented 

here provide the first direct observation of RET intracellular trafficking.  As outlined in Chapter 

1, there is a wealth of knowledge about RET substrates, their binding sites, and the downstream 

signalling cascades they activate.  However, we lack information regarding whether these 

adaptors solely interact at the cell membrane or if they bind RET in the cytoplasm after 

internalization.  Further, how long does an adaptor remain bound to RET, and what mechanism(s) 

does the cell utilize to disrupt these interactions and/or downregulate RET to terminate signalling?  

Chapters 3-6 begin to address how RET traffics throughout the cell after activation and its 

signalling properties during this movement; however, these studies are only the beginning and 

many questions remain to be answered.   

After activation RET is quickly internalized to RAB5 and EEA1 positive endosomes 

(Figures 3.2, 5.3), a process that is required for full activation of the MAP Kinase pathway, but 

has no effect on activation of AKT (Figure 3.3).  We hypothesized that this was due to the spatial 

arrangement of AKT and ERK within the cell (Figure 3.4).  Whereas AKT is recruited to the 

membrane after PI3K activation, ERK remains distributed primarily in the cytoplasm as it lacks 

the ability to directly interact with the membrane (204, 205).  Further research by others into the 

lipid and protein composition of endosomes has revealed three key sets of data supporting this 

hypothesis.   

7.2.1 Phospholipid Switch 

First, the phospholipid composition of the plasma membrane and endosomes plays an 

essential role in recruiting unique compliments of proteins to these structures, thereby influencing 
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downstream signalling.  The plasma membrane contains a relatively greater amount of 

phosphotidylinositol 4,5 bisphosphate PI(4,5)P2 and PI(3,4,5)P3, while early endosomes are 

enriched in PI(3)P (206, 207).  Synaptojanin, an inositol-5-phosphatase, and PI3KC3, a PI3 kinase 

that localizes to endosomes, are known to be important in the dephosphorylation of inositides at 

the 5 position and phosphorylation at the 3 position, respectively, during endocytosis (208, 209).  

This “inositide switch” from PI(4,5)P2 and PI(3,4,5)P3 to PI(3)P results in a loss of binding sites 

for PH and ENTH domain containing proteins such as DNM2, the Epsins, APPLs (see below), 

and AKT that interact with PI(4,5)P2 and PI(3,4,5)P3, and replacement with the FYVE domain 

containing proteins HRS and EEA1 that interact with PI(3)P (210, 211).  Therefore, AKT is 

recruited and activated at the membrane upon PI3K activation downstream of RTKs, but 

dissociates from endosomes as they become enriched in PI(3)P (210).  Because AKT is rapidly 

activated at the cell surface, inhibition of endocytosis will have no effect on its phosphorylation, 

consistent with our results downstream of RET activation (212).     

7.2.2 APPL Endosomes 

Second, Zoncu et al. have also identified two sub-sets of early endosomes (210).  Both 

sub-sets are positive for the early endosome marker RAB5; however, they display differential 

enrichment of phosphoinositides, APPL proteins, and EEA1 (210).  The role of APPL1 and 

APPL2 in endocytosis was identified by a mass spectrometry-based search for novel RAB5 

effectors (213).  APPLs interact directly with GTP-bound RAB5 and contain PH and BAR 

domains that promote their interaction with the plasma membrane phopholipids PI(4,5)P2 and 

PI(3,4,5)P3 (213, 214), allowing rapid assembly on newly internalized vesicles (210).  

Dephosphorylation of endosomal phospholipids after internalization enriches them with PI(3)P 

resulting in a loss of APPL and recruitment of the FYVE domain containing protein EEA1 (210).  

Knockdown of APPL by siRNA or inhibition of APPL endosome maturation by depletion of 
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cellular PI(3)P, results in decreased or increased ERK1/2 phosphorylation, respectively, 

downstream of EGFR (210).  Although neither of these perturbations affected AKT 

phosphorylation, they showed a similar decrease or increase in signalling downstream of AKT 

through GSK3β and mTOR (210).  APPL proteins have not been shown to directly participate in 

the assembly of RTK adaptor protein complexes, but the structures in which they reside are 

clearly important for mediating downstream signalling from these receptors.  Therefore, a loss of 

RET in APPL positive endosomes upon inhibition of endocytosis may partially explain our 

observed decrease in ERK signalling.  Further, it suggests that although we did not see a reduction 

in AKT phosphorylation, signalling downstream of this molecule may be affected when 

endocytosis of RET is blocked.  Although it should be noted that a lack of PI(4,5)P2 in endosomal 

membranes has been shown to inhibit signalling through PI3K in this structure (215). 

7.2.3 MAP Kinase Signalling from Late Endosomes 

Third, in Chapter 3, the possible role of p14 in recruiting members of the MAP Kinase 

pathway to endosomes was introduced.  It is now known that p14 forms a multimeric complex 

that is able to recruit MEK1, ERK1, and ERK2 to the surface of late endosomes, facilitating 

phosphorylation and downstream signalling through this pathway (216, 217).  This complex 

forms downstream of EGFR activation, and siRNA knockdown or genetic knockout of p14 results 

in reduced ERK1/2 activity (218).  These results provide compelling support for the ability of 

RTKs to signal from endosomes and indicate why inhibition of internalization has dramatic 

effects on downstream signalling through the ERK/MAPK pathway. 

7.3 Recycling and Degradation of RET Post-activation 

The topics of RET recycling and degradation are discussed extensively in Chapter 5 

where we show that a portion of RET51 molecules are recycled to the plasma membrane after 
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activation and that both RET51 and RET9 are eventually targeted to the lysosome for 

degradation.  Although it is enticing to speculate on the mechanism responsible for RET51’s 

ability to recycle to the plasma membrane, so little is known about this process that supposition is 

difficult.  Outlined below are several mechanisms of passive and signal-based receptor recycling 

that may play a role in returning portions of RET51 to the plasma membrane. 

As discussed in Chapter 1, membrane receptors appear to be recycled by one of two 

mechanisms, a rapid, RAB4 associated pathway where small tubules of membrane break off of 

sorting endosomes and return to the membrane, and a slower, signal-based recycling step that 

involves targeting of receptors to the endosomal recycling compartment (ERC), followed by a 

RAB11-dependant return to the cell surface (reviewed in 219). 

7.3.1 Rapid, Passive Recycling 

Two factors have been shown to affect recycling through the rapid, RAB4 recycling 

pathway: receptor concentration and the rate of ligand dissociation in sorting endosomes.  French 

et al. have shown that applying increasing amounts of ligand to EGFR expressing cells shifts 

intracellular targeting of EGFR from a predominantly degradative pathway toward membrane 

recycling (220).  This suggests that the sorting endosome can become saturated with too many 

receptors and in response, diverts receptors back to the plasma membrane.  Alwan et al. 

investigated the ability of EGF, TGFα, and E4T, three different EGFR ligands, to induce CBL-

mediated binding to EGFR and found that dissociation of these ligands from EGFR correlated 

directly with CBL binding and indirectly with receptor recycling (221).  They postulated that 

weak interactions between ligands and receptors results in ligand dissociation in the sorting 

endosome and promotes recycling (221).  In the context of our results, GDNF is unlikely to differ 

in its affinity for RET9 or RET51 as the extracellular domains, along with the majority of the 
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intracellular domains, are identical for both of these molecules.  The presence of a greater amount 

of RET51 on the cell surface relative to RET9 (Figures 5.3, 5.4) may be enough to saturate the 

machinery of the sorting endosome resulting in preferential recycling of RET51 to the plasma 

membrane.  However, this passive mechanism of sorting usually occurs rapidly (approximately 5 

minutes). Our data indicated nearly 30 minutes were required to visualize accumulation of RET51 

at the membrane, suggesting RET51 is recycled through a slow recycling pathway, or that our 

assay was too insensitive to detect individual recycling events and required an accumulation of 

many recycled receptors over an extended period of time.   

In relation to RTKs, both slow and rapid recycling appear related to the ubiquitination 

status of the molecules.  Ubiquitination of receptors clearly shunts them away from a recycling 

pathway and targets them for degradation.  The observation by Husam et al. that a decrease in 

ubiquitination due to reduced CBL binding promotes recycling of EGFR, and that truncated viral 

forms of CBL that act as dominant negative mutants can potentiate signalling downstream of 

EGFR, suggests inhibition of CBL binding promotes recycling of membrane receptors (221, 222).  

Together, these would suggest that an influx of many receptors to the sorting endosome may 

overwhelm the ability of CBL to efficiently ubiquitinate every receptor, resulting in recycling of 

non-ubiquitinated, excess molecules.  Similarly, rapid dissociation of ligand may result in a loss 

of receptor phosphorylation, preventing CBL phosphorylation and recruitment, inhibiting 

ubiqitination and enhancing recycling. 

7.3.2 Slow, Signal-based Recycling 

A number of signal-based mechanisms have also been suggested to play a role in 

shuttling receptors into or away from recycling pathways.  These are generally associated with 

translocation through the ERC and a slower return of the receptor to the plasma membrane.  
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Although some of the signals and adapters required for this process have been identified, for the 

most part these pathways are poorly understood.  As discussed in Chapters 1 and 5, clusters of 

acidic amino acids or leucine residues have been shown to act as recycling motifs in certain 

molecules (159, 160).  The tail region of RET51 does not contain any dileucine or acidic residue 

clusters; however, amino acids 1093-1095, DSV, are similar to the DKV recycling sequence 

required for slow recycling of MT1-MMP (159).  In addition, AP2, which may preferentially bind 

RET51 (see above), was shown to assist in delivery of MHC Class I and β-Integrin to the ERC, 

promoting recycling of these molecules (161).  Interestingly, a complex of syndecan and syntenin, 

in association with PI(4,5)P2, has been shown to mediate recycling of FGFR from the ERC back 

to the plasma membrane (165).  Syndecan is a heparan sulfate proteoglycan known to interact 

with a number of membrane receptors (223).  Although a direct interaction between RET and 

syndecan has not been shown, heparan is known to stabilize the RET/GDNF/GFRα1 complex 

(39), suggesting this mechanism could play a role in RET recycling as well.  The relatively slow 

(greater than 15 minutes) recycling of RET51 observed in Chapter 5, suggested a signal-based 

mechanism is responsible for the return of this isoform to the cell surface. 

7.4 Subcellular Localization, Trafficking, and Cancer 

Altered subcellular localization and impaired intracellular trafficking are now recognized 

as mechanisms that contribute to a number of cancers (reviewed in 182).  These defects can be 

divided into two major classes: failure of growth factor receptors to sort to lysosomes and be 

degraded, or inappropriate internalization and downregulation of molecules required for 

maintenance of cell-cell interactions.  This discussion will focus on the former, as it is more 

applicable to the body of work presented here. 
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7.4.1 Overexpression of RTKs in Cancer 

As detailed in section 7.3.1, the machinery of the early endosome is limited in its capacity 

to sort incoming molecules.  An increase in internalized, active receptors beyond this limit results 

in recycling back to the membrane and an increased duration of signalling downstream of these 

receptors.  A number of RTKs are overexpressed in various tumours.  Most notably, ERBB2 

overexpression is a key indicator of increased risk of aggressive breast cancer (224) and 

pharmacological inhibition of this receptor has been shown to be clinically beneficial to patients 

(225, 226).  The members of the EGFR family are overexpressed in many other types of cancer 

including colon (227), lung (228), and pancreatic (229), suggesting an increase in signalling 

through these receptors accompanies overexpression and promotes oncogenesis.  Multiple RTKs 

including MET, KIT, FGFR and PDGFR are overexpressed in tumour tissue (230, 231), 

suggesting this is a common mechanism of RTK dysfunction in cancer.  RET overexpression may 

contribute to the progression of pancreatic cancer (232) and has been noted in aggressive forms of 

papillary thyroid carcinoma (233); however, the limited number of reports suggests this is not a 

common mechanism involved in RET-related oncogenesis. 

7.4.2 Loss of CBL Interactions 

The importance of ubiquitination in intracellular trafficking of activated receptors has 

been extensively discussed in Chapter 1, and in sections 7.1, 7.2, and 7.3.1 of this chapter.  

Mutations resulting in a loss of interaction between RTKs and CBL are well documented as 

initiating events in various cancers.  Specifically, a truncated form of CBL that retains its ability 

to interact with phosphotyrosine residues, but is deficient in its ability to ubquitinate bound 

proteins, has been shown to underlie virally induced lymphoma and leukemias in mice (234).  

Other mutations within CBL’s RING finger domain that impair recruitment of E1 and E2 
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ubiquitin ligases reduce ubiquitination of the RTK FLT3, leading to leukemia (235).  Mutations 

within RTKs that interfere with CBL binding have been identified as well.  The EGFRvIII 

deletion mutant lacks a portion of its extracellular domain responsible for ligand binding and 

receptor dimerization, yet it is constitutively activated independent of ligand (236).  However, 

Y1045, the site of CBL recruitment by GRB2 (237), is hypophosphorylated relative to the 

wildtype receptor.  This hypophosphorylation inhibits CBL recruitment and EGFRvIII 

downregulation, increasing mitogenic signalling (238).  This process has been found to underlie 

the development of glioblastomas (236).  Another example of mutations within an RTK that 

disrupt CBL binding occur in the hepatocyte growth factor receptor, MET.  Y1003 in the 

juxtamembrane domain of MET has been shown to be essential for CBL binding, and subsequent 

ubiquitination of this receptor (239).  A splice mutant of MET, that lacks a region of the 

juxtamembrane domain including Y1003, has been identified in primary lung tumours suggesting 

signalling downstream of this mutant potentiates oncogenic transformation (240).  In addition, a 

rearranged form of MET, TPR-MET, has been identified and shown to localize cytoplasmically, 

similar to RET/PTCs (241).  TPR-MET also lacks Y1003 and is deficient in CBL binding; 

however, reintroduction of Y1003 to TPR-MET oncoproteins did not decrease their oncogenicity 

despite reestablishing an interaction with CBL (242).  Mutations that affect CBL binding to RET 

and lead to oncogenesis have not been reported.  This is not surprising as the tyrosine residues 

known to recruit CBL, Y1062 and Y1096 (in RET51 only), also act as signalling hubs for 

activation of the ERK/MAP kinase and PI3K/AKT pathways (52).  Mutation to these residues 

impairs kidney and enteric nervous system development, resulting in similar phenotypes to those 

observed in RET knockout mice (31, 51).  Therefore, although ubiquination and degradation of 

these mutants are reduced (22), the lack of downstream signalling through important mitogenic 

and survival pathways would prevent oncogenesis.  
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7.4.3 Downregulation and Sequestration of CBL 

The cytoplasmic tyrosine kinase SRC is able to phosphorylate CBL, promoting its 

ubiquitination and degradation by the proteasome (243).  SRC is activated by many RTKs, 

including RET (62), suggesting that a constitutively active receptor could reduce the intracellular 

pool of CBL, promoting recycling and enhanced downstream signalling (243).  Unpublished data 

from our lab indicates that overexpression of activated SRC inhibits the internalization of RET 

(personal communication, S. Wagner).  In addition, activated CDC42 forms a trimolecular 

complex with βPIX and CBL downstream of EGFR (244).  This sequesters CBL in the cytoplasm 

preventing its interaction with EGFR (244).  We have also shown that RET activation can lead to 

βPIX phosphorylation, suggesting this pathway may modulate RET signalling as well (245).  

Although neither of these processes have conclusively been implicated in cancer, it is reasonable 

to expect they would promote oncogenesis downstream of a constitutively active receptor. 

7.4.4 Signalling from the ‘Wrong’ Cellular Compartment 

Chapter 6 describes an in-depth study of the characterization of two RET fusion proteins 

involved in papillary thyroid carcinoma, PTC1 and PTC3 (246).  We show that these two most 

common rearrangements of RET have greater intrinsic oncogenicity in vitro than a similar, 

membrane bound, constitutively active form of RET (Figure 6.2).  Multiple mechanisms underlie 

this increase in oncogenicity, such as a loss of lysosome-mediated degradation and increased 

access to cytoplasmic pools of signalling molecules such as ERK1/2 (for PTC1) and STAT3 (for 

PTC3).  As discussed above, loss of lysosomal targeting also increased protein stability of TPR-

MET fusion proteins, and while reconstitution of Y1003 reestablished CBL binding, it did not 

promote degradation of this oncoprotein (242).  This suggests interaction with the membrane and 

targeting to the endocytic pathway is required for CBL-mediated downregulation of receptors and 
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altered sub-cellular localization to the cytoplasm uncouples receptors from this important 

regulatory pathway.  Therefore, although we observed CBL-b remained able to bind PTC3 fusion 

proteins (Figure 6.4), it is unlikely to play a role in their degradation.  It may; however, play a role 

in sequestering PTC3 and preventing its activation of downstream pathways as discussed in 

Chapter 6.   

Incorrect subcellular localization may also play a role in MEN 2B.  Runeberg-Roos et al. 

have shown that the MEN 2B form of RET can be phosphorylated within the ER prior to its 

export to the plasma membrane (247).  They have further shown that these activated RET 

molecules are able to assemble signalling complexes at the ER membrane and activate RET’s 

canonical signalling cascades (247).  This would allow MEN 2B mutants to signal for an extended 

period of time as they are processed in the ER and Golgi and transported to the plasma membrane.  

This extended duration of signaling may contribute to the greater phenotypic severity of MEN 2B, 

relative to MEN 2A and FMTC. 

7.4.5 Increased Signalling not Novel Binding Partners Mediates the Severity of RET-related 
Cancers 

The increased severity of MEN 2B relative to MEN 2A had previously led to speculation 

that the M918T mutation altered the confirmation of RET’s kinase domain transforming its 

substrate specificity and modifying RET’s downstream signaling properties (248, 249).  Others 

have noted differential gene expression patterns in MEN 2A and MEN 2B primary MTC tumours 

(250), and that MEN 2B is able to phosphorylate downstream signalling molecules at higher 

levels relative to MEN 2A (251).  Results from our lab indicate that MEN 2B RET possesses a 

higher intrinsic kinase activity relative to MEN 2A that is responsible for the increased activation 

of downstream signalling pathways (43).  When MEN 2B RET’s increased kinase activity is 

taken into account, there is little difference in gene expression downstream of MEN 2B and MEN 
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2A RET (24).  The data presented in Chapter 6 indicates that a similar mechanism is also 

responsible for the indolent nature of RET/PTC tumours.  Although RET/PTC oncoproteins are 

highly oncogenic in vitro, their expression under control of the CCDC6 or NCOA4 promoters in 

vivo results in quantitatively less protein relative to RET expression from its endogenous 

promoter.  Therefore, rather than a change in intrinsic kinase activity as is seen with MEN 2B, a 

quantitative decrease in the number of RET molecules modulates the indolent nature of 

RET/PTCs.  Low expression of RET/PTCs relative to MEN 2A RET in MTCs has been 

confirmed in a number of primary PTC tumours (252).  In addition, a sub-set of aggressive PTCs 

and anaplastic thyroid carcinomas were recently shown to contain multiple copies of RET/PTC 

genes (233).  This would further suggest a direct relationship between RET oncogene expression 

and tumour aggression.   

7.5 Summary 

The data presented here represent a broad overview of the sub-cellular localization and 

trafficking patterns of the RET receptor tyrosine kinase.  Along with recent literature, these data 

reinforce the important role that intracellular trafficking plays in maintaining cellular homeostasis.  

The results in Chapter 3 indicate that receptor mediated endocytosis is not simply an ‘off’ switch, 

but an essential mediator of signalling through the ERK/MAP kinase pathway downstream of 

RET.  Chapter 5 highlights differences in the trafficking properties of the RET9 and RET51 

isoforms.  It suggests two mechanisms, increased membrane expression and the ability to recycle 

to the plasma membrane, as potential explanations for RET9 and RET51’s differential activation 

of downstream signalling cascades and RET51’s greater ability to transform cells, relative to 

RET9.  Chapter 6 outlines how loss of membrane association increases the oncogenicity of 

constitutively active RET/PTCs.  It also reinforces the need to consider the contribution of 
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multiple variables when defining the molecular mechanism of a disease, as a quantitatively lower 

level of RET/PTC fusion proteins relative to RET expressed off its endogenous promoter appears 

to be a key modulator of RET/PTC oncogenicity.  Together, these studies have increased our 

understanding of basic RET function and its various roles in cellular metabolism.  The 

information contained here, when applied, will assist in the design of future treatments for RET-

related pathologies such as Hirschsprung disease and cancer. 
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Appendix I 

Supplemental Tables S1-S3 from: 
 

Chapter 6: Richardson et al., Cancer Research. 2009; 69:(11), 4861-4869 
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BP: Breakpoint-spanning; bp: base pair 

Supplemental Table S1  List of primer pairs used for PCR 
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    Supplemental Table S2  RET, CCDC6, and NCOA4 expression in various cell lines 

 

 

 

 

 

 

 

 

 

 

 

 

   BP: Breakpoint.   
   Qualitative scoring: - no change in Ct over water control, + trace amounts of transcript detected, +++ strong  
   shift in cT value compared to water control. 
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Supplemental Table S3  Thyroid cell line derivations and known mutations 

 

MEN: Multiple Endocrine Neoplasia. MTC: Medullary Thyroid Carcinoma. PTC: Papillary 
Thyroid Carcinoma. 
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Appendix II 

Supplemental Table S1, Supplemental Figures S1-S4 for: 
 

Chapter 5:  Richardson et al., Differential sub-cellular localization and trafficking of RET 
isoforms.  In preparation.
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Supplemental Table 1 Listing of antibodies used in this study 

Immunoblotting Immunofluorescence Antibody Supplier Dilution* Secondary Dilution** Secondary 
Anti-RET9 
C19*** 

Santa Cruz 1:2000 HRP conjugated anti-
goat (1:4000) 

1:50 (GI co-culture) 
1:100 (HELA cells) 

Alexa 488 chicken anti-
goat (1:200) 

Anti-RET51 C20 Santa Cruz 1:2000 HRP conjugated anti-
goat (1:4000) 

1:50 (GI co-culture) 
1:100 (HELA cells) 

Alexa 488 chicken anti-
goat (1:200) 

Anti-pan-RET 
H300 

Santa Cruz 1:2000 HRP conjugated anti-
rabbit (1:4000) 

  

Anti-γ-Tubulin Sigma 1:2000 HRP conjugated anti-
mouse (1:4000) 

  

Anti-phospho-
ERK1/2 (Y204) 

Santa Cruz 1:2000 HRP conjugated anti-
mouse (1:4000) 

  

Anti-phospho-
STAT3 (Y705) 

Cell Signaling 
Technology 

1:2000 HRP conjugated anti-
rabbit (1:4000) 

  

Anti-phospho-
AKT (S473) 

Cell Signaling 
Technology 

1:2000 HRP conjugated anti-
rabbit (1:4000) 

  

Anti-HuD Invitrogen   1:500 Alexa 546 donkey anti-
mouse (1:500) 

Anti-Calnexin Genscript   1:10 Alexa 594 chicken anti-
rabbit (1:200) 

Anti-EEA1 BD Bioscience   1:100 Alexa 546 donkey anti-
mouse (1:200) 

Anti-LAMP2 Santa Cruz   1:100 Alexa 546 donkey anti-
mouse (1:200) 

Anti-TGN38 ABNOVA   1:50 Alexa 594 chicken anti-
rabbit 
(1:200) 

*Diluted in 3% milk powder (w/v) in TBST   **Diluted in 3% BSA (w/v) in PBS  
*** Eight lots of anti-RET9 C19 were screened (raised in both rabbit and goat), many of which cross-reacted substantially with RET51.  We selected lot E0407 
(raised in goat) for use in this study, as no cross-reactivity between isoforms was detected with this antibody.
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Supplemental Figure S1  Direct observation of RET9 trafficking to endosomes. 

HELA cells transiently expressing RET9 and GFRα1 were serum starved for two hours and 
incubated with cyclohexamide for 30 minutes.  Cells were cooled on ice and surface 
biotinylated.  Cells were returned to 37°C in the presence of 100ng/mL GDNF for the 
indicated times before fixation and staining for RET9 (green), Biotin (red), and EEA1(blue).  
Cells were also counterstained with Hoechst 33342 nuclear stain (magenta).  Merge 
represents a hybrid image of the RET, Biotin, EEA1, and Hoechst channels.  Colocalization 
displays pixels in which RET, Biotin, and EEA1 signal were all present.  Bar = 20µm 
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Supplemental Figure S2  Direct observation of RET9 trafficking to lysosomes. 

HeLa cells transiently expressing RET9 and GFRα1 were serum starved for two hours and 
incubated with cyclohexamide for 30 minutes.  Cells were cooled on ice and surface 
biotinylated.  Cells were returned to 37°C in the presence of 100ng/mL GDNF for the 
indicated times before fixation and staining for RET9 (green), Biotin (red), and LAMP2 
(blue).  Cells were also counterstained with Hoechst 33342 nuclear stain (magenta).  Merge 
represents a hybrid image of the RET, Biotin, LAMP2, and Hoechst channels.  Colocalization 
displays pixels in which RET, Biotin, and LAMP2 signal were all present.  Bar = 20µm 
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Supplemental Figure S3  Direct observation of RET51 trafficking to endosomes. 

HeLa cells transiently expressing RET51 and GFRα1 were serum starved for two hours and 
incubated with cyclohexamide for 30 minutes.  Cells were cooled on ice and surface 
biotinylated.  Cells were returned to 37°C in the presence of 100ng/mL GDNF for the 
indicated times before fixation and staining for RET51 (green), Biotin (red), and EEA1 
(blue).  Cells were also counterstained with Hoechst 33342 nuclear stain (magenta).  Merge 
represents a hybrid image of the RET, Biotin, EEA1, and Hoechst channels.  Colocalization 
displays pixels in which RET, Biotin, and EEA1 signal were all present.  Bar = 20µm 
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Supplemental Figure S4  Direct observation of RET51 trafficking to lysosomes. 

HELA cells transiently expressing RET51 and GFRα1 were serum starved for two hours and 
incubated with cyclohexamide for 30 minutes.  Cells were cooled on ice and surface 
biotinylated.  Cells were returned to 37°C in the presence of 100ng/mL GDNF for the 
indicated times before fixation and staining for RET51 (green), Biotin (red), and LAMP2 
(blue).  Cells were also counterstained with Hoechst 33342 nuclear stain (magenta).  Merge 
represents a hybrid image of the RET, Biotin, LAMP2, and Hoechst channels.  Colocalization 
displays pixels in which RET, Biotin, and LAMP2 signal were all present.  Bar = 20µm 
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