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ABSTRACT 

The RET receptor tyrosine kinase is implicated in both normal development and cancer. 

RET is expressed as two protein isoforms, RET9 and RET51, which differ in the number of their 

C-terminal amino acids. RET isoforms are activated at the cell surface in response to glial cell 

line-derived neurotropic factor ligand stimulation but the specific mechanisms of RET trafficking 

remain to be elucidated. Here, we demonstrated that interactions with the AP2 complex promote 

RET receptor internalization via clathrin-mediated endocytosis but that RET9 and RET51 have 

distinct internalization kinetics that may contribute to differences in their biological functions. 

We also showed that RET9 and RET51 differ in their abilities to recruit E3-ubiquitin ligase 

complexes. RET51, but not RET9, interacts with, and is ubiquitinated by CBL, which is recruited 

through interactions with the GRB2 adaptor protein.  RET51 internalization was not affected by 

CBL knockout but was delayed in GRB2-depleted cells. In contrast, RET9 ubiquitination requires 

interactions with multiple adaptor proteins, including GRB10 and SHANK2, to recruit the 

NEDD4 ubiquitin ligase. We showed that NEDD4-mediated ubiquitination is required for RET9 

localization to clathrin coated pits and subsequent internalization. Our data establish differences 

in the mechanisms of RET9 and RET51 ubiquitination and internalization that may influence the 

strength and duration of RET isoform signals and cellular outputs. Finally, we investigated the 

ability of RET51 to recycling back to the plasma membrane. We observed that isoform-specific 

interactions of RET51 with GGA3 and ARF6 promote RAB11 recycling, as well as cell motility, 

migration and invasion through activation of AKT signalling. Together, our findings provide 

novel insight into the trafficking and signalling pathways of RET that may in future be targeted in 

cancer therapy. 
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Chapter 1 

GENERAL INTRODUCTION 

 

The findings of this thesis represent a novel intersection between RET receptor tyrosine 

kinase regulation and membrane trafficking. To appreciate how these ideas are associated, it is 

necessary to review these individual research areas, including studies pertaining to RET structure, 

activation, protein interactions, signalling, contributions to development and cancer, as well as 

RTK internalization, recycling and degradation. Specifically, we will discuss how the two most 

important RET isoforms form distinct protein complexes and localize to different intracellular 

compartments, as these data represent the foundation of this work. We will propose how this 

work might benefit future cancer research. 

 

1.1 Overview of Receptor Tyrosine Kinases 

In humans, the receptor tyrosine kinase (RTK) superfamily consists of 58 transmembrane 

proteins that act as cell surface receptors for a plethora of hormones, cytokines and growth factors 

(1). All RTKs are synthesized as glycoproteins comprised of an N-terminal extracellular ligand-

binding region and a C-terminal intracellular tyrosine kinase region, separated by a single-pass 

transmembrane α-helix domain (2). RTKs are categorized into 20 subfamilies, based on structural 

features and specificity of cognate ligand-receptor interactions that generally allow for 

dimerization or oligomerization of RTK monomers and subsequent trans-phosphorylation of 

intracellular tyrosine residues within RTKs (1). Conformational changes in the structure of the 

activated RTK-ligand complex promote adenosine triphosphate (ATP) and protein substrate 

binding and enhance RTK kinase activity (3). Phosphorylated tyrosine residues serve as docking 
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sites for adaptor proteins and induce downstream signalling pathways (4). These signalling 

cascades regulate many biological processes including cell proliferation, survival, migration, 

differentiation and metabolism (5). RTKs play essential roles throughout development and 

orchestrate many tissue re-growth and repair mechanisms in the mature organism. Mutations of 

genes encoding RTKs are well known to cause developmental syndromes and cancer (6-8). Some 

of these genes can commonly undergo alternative splicing (AS) to produce protein variants that 

may similarly or differentially behave in the context of disease (9, 10).  

Given their broad roles in many important cellular processes, RTKs are subject to tight 

spatial and temporal regulation. The heterogenous nature of the plasma membrane allows for 

compartmentalization of receptors in various microdomains, while endocytosis provides RTKs 

with different cell-surface and endosomal locations from which signalling occurs (11). Genetic 

alterations in RTKs may promote receptor internalization into endosomes and recycling back to 

the plasma membrane, while facilitating their escape from degradation pathways (12). 

 

1.2 The RET Receptor Tyrosine Kinase 

1.2.1 Rearrangement of RTK Genes: Identification of RET 

The advent of DNA transfection techniques led to the isolation of several RTK genes in 

human neoplasms capable of transforming various cell lines in focus-forming assays. Some of 

these genes encoded the hepatocyte growth factor receptor/MET (13), the human epidermal 

growth factor receptor 1 (14-16), and tropomyosin-receptor-kinase (TRK) receptor (17, 18). In 

1985, human lymphoma DNA was transfected into NIH/3T3 mouse embryo fibroblast cells, 

resulting in foci formation, due to DNA rearrangement that occurred during the transfection 

process, resulting in the recombination of two unrelated DNA sequences. The recombined gene 

was designated the name “REarranged during Transfection” or RET (19, 20). Even though the 
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acronym RET originally referenced the recombined gene, the name was retained to term the gene 

coding for the RTK portion of the oncogene originally discovered. 

1.2.2 RET Structure 

Typical of RTKs, RET has three main domains: a large extracellular domain for ligand 

binding, a single-pass transmembrane region that anchors RET in the plasma membrane, as well 

as an intracellular portion that contains a tyrosine kinase domain and isoform-specific C-terminal 

tail sequences (Figure 1.1) (21). The extracellular region consists of a cleavable signal peptide, 

four cadherin-like domains that are Ca2+-dependent and stabilize RET dimers (22), and a 

cysteine-rich region proximal to the membrane for ligand binding, and protein structure through 

the establishment of disulfide bonds (23). Nascent RET proteins are exported from the 

endoplasmic reticulum to the Golgi as immature, partially glycosylated proteins (155 kDa), and 

are subsequently processed through glycosylation into mature RET proteins (175 kDa) that 

localize to the cell surface (21, 24, 25).  

1.2.3 RET Activation 

RET molecules are activated as part of a multimeric complex comprised of soluble glial 

cell line-derived neurotropic factor (GDNF) family ligands (GFLs) and 

glycosylphosphatidylinositol (GPI)-anchored GFRα co-receptors (Figure 1.2) (21). Each of the 

GFLs, which include GDNF, neurturin, artemin, and persephin, has preferential affinity for 

binding indirectly with RET through GFRα1-4 family members, respectively, although some 

cross-talk has been observed (21, 26). Of note, the four GFLs and four GFRα co-receptors are not 

all co-expressed in cells that express RET, and their levels of expression vary in a cell type-

dependent manner (27-29). Once assembled, the ligand-co-receptor complexes promote RET 

dimerization and also mediate RET recruitment into cholesterol-rich lipid raft membrane 

microdomains that serve as signalling platforms (30, 31). RET subsequently trans-phosphorylates  



 

 

 

4 

 
 

Figure 1.1. The RET receptor tyrosine kinase structure.  

The RET receptor has a large extracellular domain that contains a signal peptide (SP), cadherin-
like domains (CLDs 1-4) and a cysteine-rich domain (CRD); a transmembrane domain (TMD) 
anchored to the plasma membrane, and an intracellular tyrosine kinase domain (TKD). At the 
carboxyl terminus (CT), human RET has one of three isoform-specific amino acid sequences, 
which are generated by alternative splicing of the 3′ exons of the RET gene.  Figure adapted from 
RET Revisited: Expanding the Oncogenic Portfolio (21). 
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Figure 1.2. RET activation.  

RET monomers are activated in the presence of a multimeric complex including one of four glial 
cell line-derived neurotrophic factor (GDNF) family ligands (GFLs; GDNF, neurturin/NRTN, 
artemin/ARTN, persephin/PSPN) and cognate GFRα1-4 co-receptors, respectively. Each ligand 
interacts indirectly with RET via a glycosylphosphatidylinositol (GPI)-anchored GDNF family 
receptor α (GFRα) family co‑receptor. The ligand–co-receptor heterodimeric complex recruits 
RET molecules and promotes dimerization, followed by trans-phosphorylation of intracellular 
tyrosine residues. Activated RET can localize to lipid raft (LR) membrane microdomains that 
serve as signalling platforms at the plasma membrane (PM). Figure adapted from RET Revisited: 
Expanding the Oncogenic Portfolio (21). 
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numerous tyrosine residues, which act as docking sites for adaptor and signalling proteins that 

participate in downstream signalling pathways involved in cell proliferation, growth, survival, 

and down-regulation (21). 

 

1.3 Overview of Alternative Splicing 

In eukaryotes, AS of a single gene can produce multiple different mature mRNAs, 

through inclusion of various combinations of protein-coding exons and exclusion of non-coding 

introns from a singly transcribed precursor (pre)-mRNA (32). The regulated removal or inclusion 

is controlled by the spliceosome, a macromolecular ribonucleoprotein complex that assembles at 

splice junctions, and this step in AS is facilitated by trans-acting factors that recognize cis-acting 

sequences within the pre-mRNA (33). Splice variants can arise from several mechanisms 

including alternative promoters, cassette exons, mutually exclusive exons, exon scrambling, 

alternative 3’ or 5’ splice sites, retained introns or alternative polyadenylation (10). Ultimately, 

AS leads to the manufacture of multiple protein variants that can exhibit differences in their 

functions, signalling abilities, subcellular localizations, trafficking, protein-protein interactions, 

and post-translational modifications (34). Approximately 95% of all multi-exonic genes in 

humans undergo AS (35, 36), which generates both transcriptome and proteomic diversity and 

affects cellular processes involved in normal development and different types of diseases such as 

cancer (9, 10, 37). 
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1.4 RET Isoforms 

1.4.1 Two Major RET Isoforms  

The RET proto-oncogene, which lies in the pericentromeric region of chromosome 

10q11.2, encodes three protein isoforms: RET9, RET43, and RET51, which differ in their 

eponymous number of C-terminal amino acids (21). These three isoforms are generated through 

alternative splicing of 3’ exons (Figure 1.3). However, RET9 and RET51 are the two main 

isoforms studied as they are highly conserved in all vertebrates, and co-expressed in human 

tissues; whereas RET43 is expressed at low levels in primates only (21). Three other isoforms, 

denoted as Ret9ΔE3, Ret9ΔE345, and Ret51ΔE345, have been identified as products of exon skipping in 

the 5’ region of RET, but have yet to be well characterized in multiple contexts (38, 39). 

1.4.2 RET Protein Interactions and Signalling 

RET9 and RET51 receptors form independent complexes through homodimerization (40, 

41), and activate similar downstream signalling cascades, including the phosphoinositide 3-kinase 

(PI3K)-protein kinase B (AKT) and mitogen-activated protein kinase (MAPK)-extracellular 

signal-regulated kinase (ERK) pathways (Figure 1.4, A). These RET-mediated pathways regulate 

cell proliferation, growth, differentiation, survival, migration, and invasion (42-49).  

In addition to the 16 intracellular tyrosine residues found on RET9, including the terminal 

tyrosine residue Y1062, RET51 has two more sites (Y1090 and Y1096). Many of these tyrosine 

residues are phosphorylated in RET isoforms and are located within specific amino acid sequence 

motifs that serve as docking sites for SRC homology 2 (SH2) or phosphotyrosine binding (PTB) 

domain-containing proteins. Of the tyrosine residues on RET shown to bind signalling and 

adaptor proteins, the five most widely studied are Y687, Y981, Y1015, Y1062, and Y1096 

(Figure 1.4, A) (21).  
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Figure 1.3. Alternative splicing of 3’ exons of human RET. 

Alternative splicing of 3’ terminal exons of RET generates mRNA transcripts, encoding three 
RET protein isoforms bearing distinct C-terminal amino acid (aa) sequences: RET9 (1072 aa), 
RET43 (1106 aa), and RET51 (1114 aa). RET exon 19 is found in all transcripts, but splicing at 
the 3’-end of exon 19 generates transcripts where exon 19 is unspliced (RET9), spliced to exon 
20 (RET51), or spliced to exon 21 (RET43). RET9 and RET51 are the most abundant forms. RET 
products diverge at codon 1063. Coding sequence is indicated by boxes, and dotted lines 
represent spliced introns.  
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A 

 
B 

 
 
Figure 1.4. RET isoforms form independent complexes and differentially recruit certain 
adaptor and signalling proteins to sequence motifs within their C-terminal tails. 

(A) RET9 and RET51 receptors form homodimers in response to GDNF. These isoforms recruit 
SH2 domains of PTPN11, SRC and PLCγ adaptors to phosphorylated sites Y687, Y981 and 
Y1015, respectively. The phosphorylated S696 site suppresses phosphorylation of the Y687 site 
that recruits PTPN11. RET9 and RET51 differentially recruit adaptors at their C-terminal tails 
through two main phosphotyrosine signalling hubs at Y1062 (in RET9 and RET51) and Y1096 
(in RET51), or a LIM-binding motif (RISH1067) or PDZ-binding motif (FTRF1072) in RET9. RET9 
directly binds the PTB and SH2 domains of SHC, the LIM domain of PDLIM7 and the PDZ 
domain of SHANK3; whereas RET51 binds only the PTB domain of SHC and the SH2 domain 
of GRB2. These interactions are important for activation of signalling pathways, including PI3K-
AKT and/or MAPK-ERK. Figure adapted from RET Revisited: Expanding the Oncogenic 
Portfolio (21). (B) Schematic diagram of the RET receptor isoforms showing PTB, SH2, LIM 
and PDZ domain binding motifs. CLDs, cadherin-like domains; CRD, cysteine-rich domain; 
TMD, transmembrane domain; TKD, tyrosine kinase domain; P, phosphorylation.  
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RET isoforms recruit similar signalling proteins and adaptors at common intracellular 

binding sites (Figure 1.4, A). Protein kinase A phosphorylates RET at serine residue 696 (S696), 

which activates JUN N-terminal kinase signalling, and the GTPase RAC1 to promote 

lamellipodia formation and cell migration (50). Serine phosphorylation at this site also decreases 

RET phosphorylation at Y687, which recruits protein tyrosine phosphatase, non-receptor type 11 

(PTPN11) and activates PI3K-AKT signalling (Figure 1.4, A) (51). SRC binds directly through 

its SH2 domain to either RET9 or RET51 at Y981 in response to GDNF ligand (Figure 1.4, A) 

(52). Association of SRC with RET is dependent on recruitment of RET to lipid raft 

microdomains, but also enhances mitogenesis, and neuronal survival via PI3K-AKT signalling 

(30, 52, 53). The MAPK-ERK and protein kinase C signalling pathways can be activated via 

phospholipase Cγ (PLCγ), which binds either RET9 or RET51 at Y1015 (Figure 1.4, A) (54). The 

PTB-binding motif at Y1062 on both RET isoforms has been shown to recruit several proteins, 

including fibroblast growth factor receptor substrate 2 (55), as well as insulin receptor substrate 

and docking protein family adaptors (56, 57), which may interact in different contexts with RET 

or compete for binding to Y1062 (58). 

RET isoforms differentially recruit adaptors at their unique C-terminal amino acid 

sequences (Figure 1.4, A). SH2-containing protein (SHC) differentially binds to Y1062 on RET 

isoforms in response to GDNF (49), since the sequence motifs surrounding Y1062 are recognized 

by PTB and SH2 domain-containing proteins in RET9, but only PTB domain-containing proteins 

in RET51 (Figure 1.4, B). As such, the outcome of RET-SHC interactions may be dependent on 

the mode of SHC interaction with RET isoforms and the ability of SHC proteins to recruit 

additional players (49, 59). SHC proteins bind scaffolds or phosphatases which in turn modulate 

the activation of MAPK-ERK and PI3K-AKT pathways (43, 59, 60). Signalling via the PI3K-

AKT pathway can occur through interactions with phospho-Y1096 on RET51 (43). Growth factor 
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receptor-bound protein 2 (GRB2) binds directly to RET51, but not RET9, through its SH2 

domain in response GDNF (Figure 1.4) (43).  

In addition to phosphotyrosine-dependent signals, RET9, but not RET51, contains LIM-

binding and PDZ-binding motifs in its C-terminal tail that recruit PDZ domain-containing 

proteins PDZ and LIM domain 7 (PDLIM7) and SH3 and multiple ankyrin repeat domains 3 

(SHANK3), respectively (Figure 1.4) (61, 62). These interactions occur in the absence of GDNF 

ligand, but play roles in modulating RET-mediated signalling pathways (62). Interestingly, the 

unique class I PDZ-binding motif (FTRF1072) of RET9 has the potential to be recognized by the 

PDZ domain of NHERF family proteins that share a similar structure with the PDZ domain of 

SHANK proteins (63, 64). 

As RET was an orphan receptor for a decade, many RET interaction studies were 

performed with constitutively active oncogenic forms of RET (65) and chimeric EGFR-RET 

proteins (66). For example, STAT3 constitutively interacts with oncogenic RET at Y752 and 

Y928, and becomes tyrosine and serine phosphorylated (65). However, studies with wild-type 

RET are inconsistent, as they showed that only serine phosphorylation, and not tyrosine 

phosphorylation, of STAT3 was mediated by RET9, and not RET51 (67). Interactions of 

oncogenic RET mutants and GRB2 serve to recruit the c-Casitas B-lineage Lymphoma E3-

ubiquitin ligase (CBL) to both RET isoforms (41). Although, another CBL family member, Cbl-

3, interacts and ubiquitinates wild-type RET51 only, suggesting that RET9 is down-regulated by 

a different mechanism than the long isoform of RET (68). These interactions may be context 

dependent but they suggest that ligand-dependent interactions of wild-type RET isoforms should 

be revisited. In summary, RET isoforms form independent complexes that recruit different 

adaptors at their C-terminal tails, and these adaptors play important roles in regulating 

downstream signalling pathways, including PI3K-AKT and MAPK-ERK cascades.  
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1.4.3 RET Contributions to Development 

In humans and mice and other animal models, RET is most highly expressed in neural-

crest derived tissues during early embryogenesis, and is essential for normal development of the 

kidneys and enteric nervous system (21, 69-71). RET is expressed at low levels in adult tissues, 

but plays important roles in the maintenance of neurons in the central and peripheral nervous 

systems, spermatogonial stem cells, as well as neural and neuroendocrine cells, including thyroid 

parafollicular cells and adrenal chromaffin cells (21). Mutations resulting in loss of RET function 

give rise to Hirschsprung disease (HSCR) (72, 73), a congenital condition associated with failure 

of neural crest cells to innervate the lower gastrointestinal tract, or to congenital abnormalities of 

the kidney and urinary tract (CAKUT) (21, 74-76). RET9 is highly expressed during early kidney 

development, whereas RET51 increases in expression at later stages, after 9 weeks of gestation 

(77).  

Studies using mice engineered to only express one isoform of RET have led to a better 

understanding of the in vivo functions of individual RET isoforms during embryogenesis. 

Monoisoformic mice, expressing human cDNA coding RET9 or RET51 C-terminal tails inserted 

into exon 11 of the murine Ret gene, exhibit different phenotypes (71). Specifically, mice 

expressing chimeric RET51 presented with kidney dysplasia and slow development of the enteric 

nervous system, but mice expressing chimeric RET9 were viable, implying that the longer RET 

isoform is dispensable for early development (71). Subsequently, monoisoformic mice 

homozygous for RET9 Y1062F showed that Y1062, which recruits multiple adaptor proteins, 

plays a critical role in signalling that is necessary for the development of the kidneys and enteric 

nervous system (78). Monoisoformic mice which express RET9 with a mutation at the PDZ-

binding domain (RET9 F1072A) developed normally (78). A mutation which places the motif 

surrounding Y1062 of RET51 in the context of RET9 minimally improved the ability of the long 
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RET isoform to support early development (78). These data indicate that an additional RET51-

specific motif may be required, such as Y1096. 

In another mouse model, monoisoformic mice were generated using a knock out and 

knock in approach to eliminate expression of mouse Ret and to express the complete human 

cDNA coding RET9 or RET51 (79). Both RET9 homozygous and RET51 homozygous mice 

developed normally (79). The differences between these two mouse models may be attributed to 

loss of intronic regulation, which is known to be involved in the genesis of Hirschsprung disease 

(80-83). Splicing human RET into mouse Ret generated a chimeric gene under the control of 

mouse regulatory elements in the first mouse model (71, 78), thus preserving any regulation 

based on intronic elements, in contrast to this second mouse model (79, 84). However, in the 

latter model, mutation of key docking sites on RET, including Y981, Y1015, and Y1062, showed 

that mice lacking one of these sites in RET9 presented with more severe abnormalities than those 

observed in mice harboring the corresponding site mutation in RET51 (84). More specifically, 

mice expressing RET51 with a mutation to the SRC binding site (Y981F) did not have any major 

defects; whereas mice lacking the RET9-SRC binding site had defects in the enteric nervous 

system, parasympathetic nervous system and ureter (84). Mutation of Y1015, which impairs RET 

and PLCγ interaction, generates features similar to CAKUT for mice expressing the site mutation 

in RET9 or RET51 (79), but produces abnormalities in the nervous system in the RET9 context 

only (84). Mice expressing RET51 Y1062F had distal colon aganglionosis reminiscent of HSCR, 

while mice expressing RET9 Y1062F had kidney dysplasia and severe abnormalities in many 

organs (84). By investigating the role of each RET-adaptor binding site individually or in 

combination with the absence of Y1096 on RET51, these data show that the GRB2 binding site 

provides redundancy in signalling pathways tied to enteric and peripheral nervous systems (84). 

Together, these findings in mouse phenotypes may provide insight into HSCR and CAKUT. 
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1.4.4 RET Contributions to Cancer 

Constitutively activating mutations in RET are drivers of sporadic and inherited thyroid 

cancers, which are divided into 2 clinically-defined subtypes: the autosomal-dominant multi-

tumour syndromes multiple endocrine neoplasia (MEN) types 2A and 2B (Figure 1.5) (21, 85). 

More specifically, MEN2A is primarily caused by mutations to RET extracellular cysteine 

residues, leading to constitutive activation in the absence of ligand (Figure 1.5) (86). MEN2A is 

characterized by medullary thyroid carcinoma (MTC) that arises from parafollicular cells of the 

thyroid, the adrenal tumour pheochromocytoma, parathyroid hyperplasia, and/or the lichen planus 

amyloidosis skin condition (21). MEN2B, the most aggressive subtype with poorest overall 

survival, is defined by early onset of aggressive MTC, frequent occurrence of 

pheochromocytoma, as well as developmental anomalies such as mucosal and intestinal 

ganglioneuromas, marfanoid habitus, delayed puberty and decreased fertility (87). MEN2B is 

commonly caused by a mutation in the intracellular kinase domain of RET, leading to ligand-

independent activity and ATP binding (Figure 1.5), which promote enhanced phosphorylation 

and activation of downstream signalling pathways at higher levels than MEN2A (88).  

Several chromosomal rearrangements have been identified that fuse the RET 3’ region 

encoding the intracellular kinase domain of RET to the 5’ sequence of one of several other genes, 

resulting in the generation of a chimeric oncoprotein, under the promoter control of the partner 

gene (21). The 5’ gene encodes a homodimerization domain in the N-terminal region, which 

mediates dimerization and constitutive activation of the RET kinase domain in the absence of 

GDNF ligand. These gain of function mutations give rise to a subset of papillary thyroid 

carcinoma (PTC), lung adenocarcinoma and chronic myelomonocytic leukemia (Figure 1.5) (21).  

RET gene fusions through somatic chromosomal inversion or rearrangement occur in 20-40% of 

PTC (89, 90) and have been linked to high environmental exposure to ionizing radiation (91) in 

regions including Chernobyl, Ukraine (92), and Hiroshima, Japan (93). 
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Figure 1.5. Molecular mechanisms of RET activation in oncogenesis. 

Constitutively activating point mutations in RET lead to MEN2A or MEN2B, which are 
characterized by the onset of medullary thyroid carcinoma. Asterisks indicate sites of mutations. 
Indicated chimeric RET proteins contribute to papillary thyroid carcinoma, lung adenocarcinoma 
and chronic myelomonocytic leukemia. In several types of cancer, including breast and pancreatic 
carcinomas, wild-type RET expression is associated with invasion and metastasis of tumours. 
Figure adapted from RET Revisited: Expanding the Oncogenic Portfolio (21).  
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Although gene fusions such as RET-PTC1 (Figure 1.5) are a prevalent mechanism of 

RET-mediated oncogenesis, RET-PTCs are often indolent and rarely metastasize to distant sites 

in the body (94). Chimeric RET proteins have also been identified in 1-2% of lung 

adenocarcinomas, accounting for 6-9% of tumours in never-smokers (95-98). The most common 

of these chromosomal rearrangements leads to the fusion of kinesin family member 5B (KIF5B) 

and RET (Figure 1.5) (21). Lastly, rare chromosomal rearrangements that are transforming in 

early haemapoeitic progenitor cells, such as gene fusions linking RET and BCR (Figure 1.5), 

have been identified in patients with chronic myelomonocytic leukemia (21, 99). 

A growing body of research provides compelling evidence that wild-type RET expression 

is linked to aggressive phenotypes of other cancers (Figure 1.5) (21). Wild-type RET expression 

is detected in 50-65% of pancreatic ductal carcinomas, is more frequent in metastatic and higher 

grade tumours, and correlates with lymphatic and perineural invasion, poorer prognosis and 

reduced survival (21, 100-102). As one mechanism involved in the process of perineural invasion 

(103), recruitment of bone marrow-derived macrophages and secretion of GDNF ligand into the 

perineural microenvironment may facilitate the spread of RET-expressing tumours along nerves 

(100-102, 104, 105). Wild-type RET is expressed in up to 70% of aggressive breast cancers, and 

endocrine therapies are often used to treat these cancers as RET-expressing tumours can be 

oestrogen receptor-positive (106-111). However, RET in vivo expression in these breast tumours 

is associated with acquired or intrinsic resistance to such therapies, including tamoxifen, 

aromatase inhibitors and fulvestrant (108-111). Neuroblastoma is a pediatric disease 

characterized by tumours, arising from neural-crest derived cells. Approximately 80% of 

neuroblastoma tumours express wild-type RET (112), which contributes to ligand-dependent 

differentiation (113). RET upregulation provides a therapeutic target in ALK-driven 

neuroblastoma tumours (114, 115). As another cancer type associated with RET wildtype 

expression, a subgroup of ~10-20% of lung adenocarcinoma was shown to express RET51 
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protein which correlated with poor overall survival (116, 117). These data suggest that the 

mechanism of wildtype RET in lung cancer should be further clarified, and that RET9 and RET51 

isoform-specific contributions should be revisited in all these cancer types to determine whether 

expression of only RET51 is associated with aggressive phenotypes due to its invasive and 

metastatic properties, as it has been shown in other contexts (106, 118-120). For example, 

RET51, but not RET9, has been found to promote cell survival, proliferation and invasion in PTC 

and MTC cell lines, and higher expression of RET51 has been correlated with malignancy in 

thyroid tumours (118). 

In summary, there are different molecular mechanisms of RET activation in oncogenesis 

(Figure 1.5) (21). The contributions of RET in thyroid and lung cancer as well as its involvement 

in the invasion and metastasis of breast and pancreatic carcinomas highlight the benefit of 

targeting RET as a therapeutic strategy for many cancer types (21).  

 

1.5 Overview of Membrane Trafficking  

Endocytosis of RTKs from the cell surface into intracellular compartments is a crucial 

mechanism regulating the duration and magnitude of signals in eukaryotic cells (5, 11, 121). 

Briefly, once RTKs are synthesized and localized to the plasma membrane, these receptors can be 

internalized into endosomes, prior to being recycled back to the cell surface or degraded in 

lysosomes (12). Each of these steps occurs through mechanisms that involve different RTK 

sorting motifs or post-translational modifications to facilitate precise spatial and temporal 

recruitment of endocytic machinery proteins, that ultimately regulate RTK subcellular 

localization and signalling (11, 12).  
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1.5.1 Internalization 

Most growth factor receptors are captured at the phospholipid bilayer in budding 

invaginations that are pinched off from the plasma membrane by the GTPase dynamin to form 

intracellular vesicles (122-125). Ligand-activated RTKs are primarily internalized by clathrin-

mediated endocytosis through formation and scission of clathrin-coated pits (CCPs) (Figure 1.6) 

(126-130). However, RTKs can also be internalized by clathrin-independent mechanisms in cell 

type and context-dependent fashions. The ultimate route of a receptor can be influenced by ligand 

concentration, RTK post-translational modifications, interactions with other membrane proteins 

(e.g. receptors, or GPI-linked proteins) or by localization to specific membrane microdomains, 

such as lipid rafts (131-138). Although dynamin-mediated scission of vesicles from the plasma 

membrane has been associated with clathrin-mediated internalization, it can also be involved in 

clathrin-independent pathways of endocytosis (137-139). These pathways can involve caveolae, 

RHOA pathways, CLathrin-Independent Carriers/GPI-Enriched Endocytic Compartments 

(CLIC/GEEC) characterized by GRAF1, CDC42 or ARF6 interactions (Figure 1.6) (137, 138).  

Some important endocytic players are specifically associated with clathrin-dependent 

pathways of internalization and serve as markers of these distinct routes. The heterodimeric 

clathrin-associated adaptor protein complex 2 (AP2) binds the plasma membrane 

phosphoinositide phosphatidylinositol 4,5-bisphosphate and undergoes a conformational change 

that allows it to recruit cargo and facilitate accumulation of clathrin on the intracellular side of the 

membrane (122, 140-144). Recently, transient interactions with Fcho1/2 (Fer/CIP4 homology 

domain only) and Eps15/R (epidermal growth factor pathway substrate/related) proteins have 

been shown to facilitate conformational activation and stabilization of membrane-associated AP2 

complexes during clathrin-coated structure formation (145, 146). The AP2 µ subunit (AP2M1) is 

known to interact with tyrosine based motifs in the cytoplasmic tails of RTKs, promoting their 

localization to CCPs, whereas its alpha and beta subunits bind to clathrin (147). AP2M1 has a  
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Figure 1.6. Internalization pathways 

Cell surface proteins undergo internalization via dynamin-independent or dynamin-dependent 
pathways. The best characterized mechanisms of entry for RTKs involve the formation of 
clathrin-coated pits through recruitment of the AP2 adaptor and clathrin triskelia, or the formation 
of caveolae, followed by dynamin-mediated membrane scission. Other types of receptors enter 
via RHOA or dynamin-independent CLIC/GEEC pathways through GRAF1, CDC42 and ARF6. 
Once internalized, receptors enter early endosomes that are positive for RAB5 and EEA1 
markers. Figure adapted from Reciprocal regulation of signaling and endocytosis: Implication for 
the evolving cancer cell (12). 
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high affinity for Yxxϕ binding-sequences (where x is any amino acid, and phi is a hydrophobic 

residue such as F, I, L, M or V) found in RTKs (140, 148). The AP2 complex can also be 

recruited to receptors by binding at [D/E]xxxL[L/I] acidic-dileucine endocytic motifs through its 

σ subunit, although these interactions are generally constitutive (149, 150). Suggesting a temporal 

hierarchy of functions, AP2 can bind in a time-dependent fashion to numerous endocytic 

accessory proteins that can differentially affect CCP maturation (151). Other adaptors such as 

GRB2 also contribute to the process of RTK recruitment to CCPs (152, 153).  

Ligand-induced ubiquitination of RTKs by E3-ligases is a well-characterized mechanism 

promoting receptor downregulation (154, 155). Ubiquitination by multiple E3-ligase families can 

promote attenuation of signalling and targeting of receptors for lysosomal or proteasomal 

degradation, but can also be an important determinant for recruitment to CCPs, internalization 

and/or endosomal sorting of some RTKs (155). In addition to CBL proteins (156), other E3-

ligases, such as the NEDD4 (neural precursor cell expressed, developmentally downregulated) 

family have cell type-specific regulatory roles in ubiquitination and trafficking of specific RTKs 

(157).  

1.5.2 Recycling 

Protein interactions governing recycling back to the cell surface after activation and 

internalization into endosomal compartments are not well characterized for most RTKs. MET 

receptor recycling has been shown to occur via formation of a ligand-dependent multicomponent 

complex, consisting of the sorting protein GGA3, CRKII adaptor, and the small GTPase ADP 

ribosylation factor 6 (ARF6), that associates indirectly with MET and recruits it into RAB4-

positive fast recycling pathways (Figure 1.7) (158). In contrast, the TRKA receptor was shown to 

undergo RAB11-mediated slow recycling through interactions with GGA3 (159). Active TRKA 
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Figure 1.7. RTK recycling pathways. 

TRKA and MET receptors internalize into early endosomes and are subsequently sorted into 
recycling endosomes to return to the plasma membrane. The MET receptor undergoes RAB4-
mediated fast recycling though indirect interactions with GGA3, in a complex with CRK and 
ARF6. The TRKA receptor enters a RAB11-mediated slow-recycling pathway through direct 
interactions with GGA3 and indirect association with ARF6, recruited via SRC. Boxes indicate 
RTKs in early endosomes. Figure adapted from GGA3 Functions as a Switch to Promote Met 
Receptor Recycling, Essential for Sustained ERK and Cell Migration (158) and GGA3 mediates 
sustained Akt phosphorylation and cell survival (159). 
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phosphorylates SRC, which recruits active ARF6 (GTP-ARF6) to early endosomes. ARF6 then 

stabilizes GGA3 binding directly to an internal acidic dileucine motif within TRKA (Figure 1.7) 

(159). Most recently, EGFR has been shown to interact with the adaptor Golgi Membrane Protein 

1 (GOLM1) in early endosomes (160). GOLM1 promotes RAB11 recycling, leading to enhanced 

EGFR signalling that drives cancer cell migration, invasion and metastasis (160, 161). RAB11-

dependent recycling of EGFR can also be directed by EPS15S (162), CAML (163), ODIN (164), 

as well as AMSH-mediated deubiquitination of EGFR and loss of hepatocyte growth factor-

regulated tyrosine kinase substrate (HRS) phosphorylation (165). 

1.5.3 Degradation 

Ligand-induced ubiquitination of RTKs by E3-ligases is a well-characterized mechanism 

promoting receptor downregulation that targets receptors for lysosomal or proteasomal 

degradation (154, 155). The decoration of RTKs with ubiquitin chains can recruit ubiquitin-

binding proteins, commonly part of the endosomal complex required for transport (ESCRT) 

complexes, which associate indirectly with receptors through ubiquitin (155, 166). ESCRT 

machinery components sort ubiquitin-bound receptors onto intraluminal vesicles of multi-

vesicular bodies (MVBs), and segregate them from non-ubiquitinated receptors that remain on the 

MVB-limiting membrane and undergo RAB11-mediated recycling (166, 167). Once these 

receptors have returned to the plasma membrane, the MVBs fuse with RAB7-positive late 

endosomes and then lysosomes, where the ubiquitin-bound receptors within intraluminal vesicles 

are degraded (166, 167). The ESCRT protein HRS is required to target ubiquitinated receptors to 

late endosomes (168). HRS is phosphorylated by a number of RTKs and silencing of this 

endocytic protein decreases RTK degradation (168, 169). Briefly, HRS directly associates with 

another ESCRT component, TSG101, to form the vesicles of the MVBs and to recruit RTKs 

within these sites, ensuring degradation and preventing recycling (170). 
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1.6 RET Endocytosis and Rationale 

Our lab has previously shown that RET9 and RET51 differ in subcellular localization and 

protein sorting after ligand stimulation (Figure 1.8) (25).  RET51 is efficiently matured and 

localized to the cell membrane, while RET9 matures more slowly, leading to lower levels in the 

plasma membrane (25). After activation, both RET isoforms are internalized via a dynamin-

dependent pathway into early RAB5-positive endosomes, where signaling persists and activation 

of the ERK1/2 pathway is enhanced (25, 171). RET isoforms do not undergo fast recycling 

through RAB4-mediated pathways. RET51 returns to the membrane via RAB11-positive 

recycling endosomes, maintaining high levels of the receptor at the cell surface, whereas RET9 is 

internalized less efficiently and is not recycled (25). RET9 and RET51 can be sorted from early 

endosomes to RAB7-positive late endosomes and then LAMP2-positive lysosomes for 

degradation (25). 

RET has well established roles in promoting cell migration and invasion in vitro and in 

vivo (21), but spatial restriction of RET signals, conferred through RET isoform interactions with 

endocytic trafficking molecules, has not been explored. Furthermore, RET9 and RET51 isoforms 

may differentially associate with endocytic machinery, providing distinct temporal regulation of 

RET receptors during internalization and promoting RET51 recycling to the plasma membrane. 

This mechanism of escaping degradation pathways may allow RET51, but not RET9, to promote 

ligand-dependent cell motility, migration and invasion, characteristic of RET-associated tumours. 
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Figure 1.8. Differential RET isoform subcellular localization.  

Upon ligand binding and phosphorylation, RET9 and RET51 are internalized into early 
endosomes positive for EEA1 and RAB5 markers. This process requires the GTPase activity of 
dynamin for invaginations of the plasma membrane to pinch off the cell surface.  In endosomes, 
RET isoforms may continue to signal. RET51, but not RET9, is targeted to perinuclear RAB11 
recycling endosomes that return to the plasma membrane. RET isoforms do not undergo fast 
recycling through RAB4 pathways. Both RET9 and RET51 can move deeper in the cytoplasm 
through RAB7-positive late endosomes to reach LAMP2-positive lysosomes for degradation. 
Figure adapted from RET ligand-induced internalization and its consequences for downstream 
signaling (171) and Alternative splicing results in RET isoforms with distinct trafficking 
properties (25). 
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1.7 Research Hypothesis and Objectives 

 
RET is crucial for normal development of many tissues, but also contributes to clinically 

challenging cancers. The two major RET protein isoforms, RET9 and RET51, have distinct 

internalization and recycling pathways that may contribute to functional differences that are 

critical to regulating RET’s contribution to tumourigenesis and normal development. These 

trafficking processes, involving endocytic protein interactions, are key regulatory events for an 

important oncogene. Here, we will explore subcellular trafficking and interactions of these 

isoforms using live-cell quantitative imaging and biochemical approaches (172), and cell-based 

assays (173), respectively, to elucidate the functions of individual isoforms. 

 

CENTRAL HYPOTHESIS:  

Our central hypothesis is that RET9 and RET51 trafficking and functional differences are 

mediated via specific protein interactions with the distinct C-terminal tail sequences of each 

isoform. We predict that RET51 interacts with endocytic proteins that promote internalization and 

recycling, and lead to enhanced cell migration and invasion; whereas, RET9 may interact with a 

different subset of proteins that affect its ability to internalize rapidly, recycle, and possess 

migratory and invasive properties. 

The main goal of this thesis is to determine how the processes of internalization and 

recycling of RET isoforms are regulated in an isoform-specific manner via endocytic protein 

interactions, which may also contribute to differing roles of RET9 and RET51.  
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To investigate our hypothesis, the following research objectives will be addressed:  

[1] Characterize isoform-specific interactions for [a] RET internalization and [b] recycling; 

and [2] Identify the functional effects of altered RET isoform internalization/recycling. 

 

Aim 1a) Our previous data have established that RET undergoes ligand and dynamin-

dependent internalization. However, the mechanisms governing this process are less clear. Due to 

the involvement of dynamin in the two main endocytic pathways, it is imperative to study the 

potential link between RET isoforms, clathrin/AP2 and caveolin. These studies are described in 

Chapter 2. Ubiquitination can also contribute to internalization processes. We will investigate the 

potential differential recruitment of E3-ubiquitin ligases to RET9 and RET51 in Chapter 3. 

 

Aim 1b) We have shown that RET51, but not RET9, recycles back to the cell surface 

after internalization. We will assess whether the sorting protein GGA3 interacts with RET51. 

These studies provide insight into selective RET isoform trafficking through the endosomal 

network, and are described in Chapter 4. 

 

Aim 2) RET proteins that are unable to internalize or recycle in Aim1 are likely to confer 

altered signaling and migratory properties. We will evaluate the effects of adaptor protein 

depletion on RET-mediated functions, in biological assays for migration and invasion. We will 

also investigate the ability of RET isoforms to activate specific downstream signaling pathways 

(eg. AKT, ERK1/2) associated with localization and trafficking. These studies are described in 

Chapter 4. 
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Chapter 2 

Distinct temporal regulation of RET isoform internalization: roles of 

clathrin and AP2 
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2.1 ABSTRACT 

The RET receptor tyrosine kinase (RTK) contributes to kidney and nervous system 

development, and is implicated in a number of human cancers. RET is expressed as two protein 

isoforms, RET9 and RET51, with distinct interactions and signalling properties that contribute to 

these processes. RET isoforms are internalized from the cell surface into endosomal 

compartments in response to glial cell line-derived neurotropic factor (GDNF) ligand stimulation 

but the specific mechanisms of RET trafficking remain to be elucidated. Here, we used total 

internal reflection fluorescence (TIRF) microscopy to demonstrate that RET internalization 

occurs primarily through clathrin coated pits (CCPs). Activated RET receptors colocalize with 

clathrin, but not caveolin. The RET51 isoform is rapidly and robustly recruited to CCPs upon 

GDNF stimulation, while RET9 recruitment occurs more slowly and is less pronounced. We 

showed that the clathrin-associated adaptor protein complex 2 (AP2) interacts directly with each 

RET isoform through its AP2 µ subunit, and is important for RET internalization. Our data 

establish that interactions with the AP2 complex promote RET receptor internalization via 

clathrin-mediated endocytosis but that RET9 and RET51 have distinct internalization kinetics that 

may contribute to differences in their biological functions. 

2.2 INTRODUCTION  

In eukaryotic cells, endocytosis of receptor tyrosine kinases (RTKs) from the cell surface 

into endosomal compartments is an important mechanism regulating the duration and magnitude 

of signals (5, 11, 121). These growth factor receptors are captured at the phospholipid bilayer in 

budding invaginations that are pinched off from the plasma membrane by the GTPase dynamin to 

form intracellular vesicles (122-125). Ligand-activated RTKs are primarily internalized by 

clathrin-mediated endocytosis through formation and scission of clathrin-coated pits (CCPs) 

(127-130). However, RTKs can also be internalized by clathrin-independent mechanisms in cell 
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type and context-dependent fashions, that can be influenced by ligand concentrations, RTK post 

translational modifications (e.g. ubiquitination), interactions with other membrane proteins (e.g. 

receptors, or glycosylphosphatidylinositol (GPI)-linked proteins) or by localization to specific 

membrane microdomains, such as lipid rafts (131-138). Although dynamin-mediated scission of 

vesicles from the plasma membrane has been associated with clathrin-mediated internalization, it 

can also be involved in clathrin-independent pathways of endocytosis (137-139). However, other 

important endocytic molecules are more specifically associated with either clathrin-dependent or 

-independent pathways of internalization. For example, the heterodimeric clathrin-associated 

adaptor protein complex 2 (AP2) binds the plasma membrane phosphoinositide 

phosphatidylinositol 4,5-bisphosphate and undergoes a conformational change that allows it to 

recruit cargo and facilitate accumulation of clathrin on the intracellular side of the membrane 

(122, 140-144). The AP2 µ subunit (AP2M1) is known to interact with tyrosine based motifs in 

the cytoplasmic tails of RTKs, promoting their localization to CCPs (147). 

The RET (REarranged during Transfection) RTK is an important contributor to kidney 

and enteric nervous system formation (69, 174). In normal development, RET signalling regulates 

cell proliferation, migration, survival and differentiation, but RET is also implicated in growth 

and spread of several human cancers (21, 100, 107, 175). Activating mutations of RET are drivers 

of inherited and sporadic thyroid cancers, while expression of wild-type RET receptors in breast 

and pancreatic cancers has been associated with enhanced tumor invasion, metastasis and poor 

disease prognosis (21, 100, 108, 175).  

RET is activated by binding of an extracellular complex consisting of a soluble ligand of 

the glial cell line-derived neurotrophic factor (GDNF) family, and a GPI-linked cell surface co-

receptor of the GDNF family receptors alpha (GFRα) proteins (21). GDNF/GFRα complexes 

recruit RET receptors to lipid rafts, cholesterol-rich plasma membrane microdomains that act as 

signalling platforms, recruiting multiple downstream effectors (30, 176, 177). Other membrane 
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associated components, such as caveolin, can be recruited to lipid rafts and assist with 

internalization of proteins clustered in these domains (178). RET is expressed as two major 

isoforms, RET9 and RET51, that share the first 1063 amino acids but have unique 9 or 51 amino 

acid C-terminal tails, respectively (179, 180). Although both are localized to the cell surface, and 

activated by binding of GDNF/GFRα complexes, RET isoforms form independent signalling 

complexes (40). Studies in human tissues and in transgenic animal models expressing only a 

single RET isoform have shown that RET9, but not RET51, is required for early stages of 

development in kidney and neural lineages (70, 71, 77, 181), suggesting that RET isoforms have 

complementary but distinct developmental roles. Upon activation, both RET9 and RET51 are 

internalized from the cell membrane into intracellular endocytic compartments where signalling 

persists and activation of the extracellular signal-regulated kinases (ERK)1/2 pathway is 

enhanced (25, 171). We have previously shown that RET internalization from the plasma 

membrane requires dynamin GTPase-activity, and that endocytosis modulates the signal duration 

and subcellular localization of activated RET isoforms (25, 171). However, the relative 

involvement of clathrin-dependent and -independent processes in internalization of RET isoforms 

has not been investigated.  

In the present study, we have investigated the dynamics of RET9 and RET51 movement 

at the cell surface in response to ligand stimulation. Our data show that activated RET isoforms 

colocalize with clathrin, but not caveolin at the cell membrane. RET receptors are recruited to 

CCPs upon ligand stimulation, with RET51 localizing to CCPs more rapidly and abundantly than 

RET9. Further, we showed that the clathrin adaptor AP2 interacts directly with each RET 

isoform, and is important for RET internalization. Our data identify differences in the kinetics of 

RET9 and RET51 internalization that may contribute to the functional differences between RET 

isoforms. 
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2.3 RESULTS 

2.3.1 RET does not colocalize with clathrin or caveolin before GDNF stimulation. 

RET9 and RET51 proteins are synthesized in the Golgi and transported to the cell surface 

where, upon activation, the two RET isoforms are internalized to early endosomes (25, 171). 

However, the primary mechanisms of internalization of RET9 and RET51 upon ligand 

stimulation have not been elucidated. Here, we used total internal reflection fluorescence (TIRF) 

microscopy to visualize RET isoforms localized at the cell surface. TIRF microscopy provides an 

evanescent field that penetrates ∼100 nm deep into cells, exciting only molecules at the cell 

surface and not at the depth of early endosomes (Figure A.4). We first assessed the localization of 

mCherry-tagged RET9 or RET51 isoforms, and enhanced green fluorescent protein (EGFP)-

tagged clathrin light chain a (CLCa) at the plasma membrane by TIRF microscopy. Prior to 

GDNF stimulation, we detected no colocalization of mCherry-tagged RET9 or RET51 isoforms 

with CLCa-EGFP in either HeLa cells that form CCPs and long-lived clathrin plaques (data not 

shown) (128), or in retinal pigment epithelial (RPE) cells that form only CCPs (122) (Figure A.5, 

A). We also assessed localization of RET isoforms with EGFP-tagged caveolin-1 (CAV1) in 

HeLa cells, which have a well characterized distribution of caveolin (182, 183). Similarly, 

mCherry-tagged RET9 and RET51 were distributed over the cell surface and did not colocalize 

with CAV1-EGFP punctate spots (Figure A.5, B). Our data indicate that neither RET9 nor 

RET51 is concentrated at either clathrin or caveolin enriched structures at the plasma membrane 

in the absence of GDNF stimulation. 

2.3.2 Activated RET isoforms colocalize with clathrin, but not caveolin, at the plasma 

membrane.  

Internalization of activated RTKs from the cell surface generally requires the GTPase 

activity of dynamin, which pinches-off CCPs from the cell membrane and has also been 



 

 

 

32 

associated with RTK internalization involving clathrin-independent pathways (137, 138). To 

determine whether internalization of GDNF-stimulated RET isoforms from the plasma membrane 

involves clathrin and/or caveolin-mediated processes, we assessed colocalization of activated 

RET9-mCherry or RET51-mCherry with (i) CLCa-EGFP, or (ii) CAV1-EGFP over time by live-

cell TIRF microscopy. We have confirmed that these fluorescently-tagged RET proteins were 

phosphorylated and could activate known downstream pathways (e.g. ERK1/2) in response to 

GDNF stimulation (100ng/mL) (data not shown) (25, 171). Fluorescently-tagged RET proteins 

formed puncta on the cell surface. Live-cell images of RET puncta were captured after 10 min of 

ligand stimulation for analysis (Figures 2.1 and 2.2). This time point was selected as RET51 can 

be detected in early endosome antigen 1 (EEA1)-positive endosomes following 5 min of GDNF 

stimulation, but reaches maximal localization to endosomes by 15 min (25). Circular regions of 

interest (ROIs) were manually selected and superimposed onto 250 puncta (50 ROIs per cell from 

five cells) of fluorescently-tagged RET9 or RET51 in these images, or 250 randomly selected 

ROIs (Figure 2.1, B). ROIs were then transferred to either the corresponding CLCa-EGFP or 

CAV1-EGFP images of these cells collected from the other fluorescence channels, and the 

frequency of RET9 or RET51 colocalization with CLCa or CAV1 spots was determined. The 

randomly selected ROIs served as control regions representing background colocalization of RET 

with clathrin or caveolin. Average colocalization of CLCa-EGFP with either RET9-mCherry or 

RET51-mCherry puncta was 59 and 70%, respectively (p = 7.9 x 10−38, p = 2.4 x 10−37), which 

was significantly greater than CLCa-EGFP overlap with RET9-mCherry or RET51-mCherry in 

250 randomly selected ROIs (Figure 2.1, C). In contrast, the average colocalization of CAV1-

EGFP with either RET9-mCherry or RET51-mCherry puncta was 15%, which was not 

significantly different from the frequency of CAV1-EGFP overlap with RET9-mCherry or 

RET51-mCherry in randomly selected ROIs (Figure 2.2; p = 0.067, p = 0.074, respectively). 
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Figure 2.1. Activated RET isoforms colocalize with clathrin at the plasma membrane. 

A) Representative dual-colour TIRF microscopy images of RET9-mCherry or RET51-mCherry 
with CLCa-EGFP in RPE cells. Images were acquired after 10 min of GDNF treatment. 
Colocalization of RET isoforms and CLCa-EGFP is shown in yellow in overlay images (Merge). 
Scale bars = 10 µm. Insets (lower right) show the indicated regions at higher magnification. B) 
Circular ROIs (yellow) were drawn around 50 puncta of RET9-mCherry or 50 random ROIs per 
cell (for five cells), and the ROIs collected from the red channel images were transferred onto the 
corresponding green channel images of EGFP-CLCa. Scale bars = 10 µm. C) Frequency of RET 
colocalization with CLCa in RET-positive or randomly selected ROIs from TIRF images (as 
selected in panel B) shows significantly greater localization of RET9 and RET51 puncta at CLCa 
sites (*p = 7.9 x 10−38, **p = 2.4 x 10−37, respectively). The randomly selected ROIs served as 
control regions representing background colocalization of RET with clathrin.  
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Figure 2.2. RET isoforms at the cell surface do not colocalize with CAV1-containing 
structures in response to GDNF stimulation. 

A) Representative dual-colour TIRF microscopy images of RET9-mCherry or RET51-mCherry 
with CAV1-EGFP in HeLa cells. Images were acquired after 10 min of GDNF treatment. No 
colocalization was detected. Scale bars = 10 µm. Insets (lower right) show the indicated regions 
at higher magnification. B) Frequency of RET colocalization with CAV1 in RET-positive or 
randomly selected ROIs (as described in Figure 2.1, B) from TIRF images did not show 
significant colocalization (n.s.) of either RET9 or RET51 puncta at CAV1 sites (p = 0.067, p = 
0.074, respectively). The randomly selected ROIs served as control regions representing 
background colocalization of RET with caveolin. 
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These data confirm that colocalization of RET with clathrin is not due to random overlap of 

punctate structures, but may suggest selective recruitment of RET to CCPs. To complement these 

qualitative analyses, we quantified the relative amounts (average fluorescence intensity) of cell 

surface RET isoforms at CLCa sites that might suggest localization of RET to cell surface regions 

where clathrin is concentrated, ROIs were superimposed onto 250 manually selected CLCa bright 

fluorescent spots (50 ROIs per cell from five cells) or 250 randomly selected spots in TIRF 

images. ROIs selected in the green channel (CLCa-EGFP) were transferred to identical image 

locations in the corresponding red channel images, and fluorescence intensities of mCherry-

tagged RET in each ROI quantified relative to the average fluorescence intensities of RET in 

random ROIs. The average fluorescence intensity of RET9-mCherry and RET51-mCherry within 

CLCa-containing ROIs was significantly higher than in randomly selected ROIs (p = 9.4 x 10−10, 

p = 7.4 x 10−13, respectively) (Figure A.6, A). To further confirm the specificity of colocalization 

of RET and CLCa puncta, we assessed the localization of mCherry-tagged RET9 or RET51 

isoforms and CAV1-EGFP puncta at the plasma membrane. The average fluorescence intensity of 

RET9-mCherry or RET51-mCherry within CAV1-EGFP-containing ROIs was significantly 

lower compared to randomly selected ROIs (p = 1.2 x 10−13, p = 2.0 x 10−15, respectively) (Figure 

A.6, B). Our data indicate that, upon ligand stimulation, both RET9 and RET51 receptors 

colocalize with clathrin, suggesting that RET is internalized predominantly through clathrin-

mediated endocytosis. Further, individual RET isoforms do not colocalize with caveolin, even at 

high GDNF concentrations, indicating that CAV1-containing caveolae are not a major pathway 

for RET internalization. 

We further explored the movement over time of mCherry-tagged RET9 or RET51 

isoforms and CLCa-EGFP in live RPE cells (n= 5 cells per condition). In response to GDNF, 

RET and clathrin colocalized at bright puncta (> 50 ROIs selected per cell) and then moved 

together out of the TIRF evanescent field (∼100 nm) (Figure 2.3), suggesting localization of RET 
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Figure 2.3. RET isoforms and clathrin are internalized from the plasma membrane 
together. 

A) Representative dual-colour TIRF microscopy images of RET9-mCherry and CLCa-EGFP in 
RPE cells. Images were acquired at two frames per second. ROIs (>50 per cell, five cells 
analyzed) were manually selected for individual puncta at time points when intensities for RET9 
and clathrin peaked (time 0). Scale bars = 10 µm. Images of representative puncta (right) show 
clathrin and RET9 simultaneously leaving the TIRF field within 40 seconds. Scale bars = 2 µm. 
The average fluorescence intensities of RET9-mCherry and CLCa-EGFP over time for these 
images are plotted below. Clathrin (green) and RET9 (red) average fluorescence intensities 
decreased over time. B) Representative dual-colour TIRF microscopy images of RET51-mCherry 
and CLCa-EGFP in RPE cells. Images were acquired and analyzed as described above. Scale bars 
= 10 µm. Images of representative puncta (right) show clathrin and RET51 simultaneously 
leaving the TIRF field within 40 seconds. Scale bars = 2 µm. The average fluorescence intensities 
of RET51-mCherry and CLCa-EGFP over time for these images are plotted below. Clathrin 
(green) and RET51 (red) average fluorescence intensities decreased over time. 
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to CCPs and internalization from the membrane. Interestingly, residency time of RET9 and 

RET51 once localized to clathrin puncta was similar (Figure 2.3), suggesting the kinetics of this 

step of internalization was similar for both isoforms. 

2.3.3 Clathrin is required for RET internalization. 

To determine whether localization of RET with clathrin reflects a functional requirement 

for clathrin in RET internalization, we evaluated the effects of clathrin heavy chain (CHC) 

knockdown (KD) on RET internalization. SH-SY5Y neuroblastoma cells, which endogenously 

express both RET isoforms, were transduced with lentiviral particles containing either empty 

vector (Mock KD) or shRNAs targeting CHC to generate polyclonal CHC KD cell lines. 

Expression of clathrin in CHC KD cells was reduced by over 90% (Figure 2.4, A). Using surface 

protein biotinylation and internalization assays (172) and the transferrin receptor (TfR) as a 

marker for clathrin-dependent endocytosis, we confirmed that CHC KD blocks this 

internalization pathway (Figure A.7). In similar biotinylation assays, RET51 internalization was 

detected by 5 min of GDNF treatment in Mock KD cells, while RET9 internalization was slower 

and detectable after approximately 15 min of GDNF treatment (Figure 2.4, B). Internalization of 

both RET isoforms was blocked in the CHC KD cells (Figure 2.4, C). 

2.3.4 Differential recruitment of RET isoforms to CCPs. 

As our data suggest that RET51 is internalized more rapidly than RET9 in response to 

ligand stimulation, we examined whether this was due to differences in the kinetics of clathrin 

recruitment for each isoform. We assessed the localization of mCherry-tagged RET9 or RET51 

isoforms and CLCa-EGFP in live RPE cells over time in response to GDNF stimulation by TIRF 

microscopy. We selected ROIs containing RET puncta in images captured (from the red channel) 

before GDNF addition (time 0 second) and transferred these ROIs to the corresponding initial 

clathrin images (from the green channel) acquired for each cell (50 ROIs per cell from five cells)  
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Figure 2.4. RET internalization requires clathrin. 

A) shRNA KD of CHC in stable polyclonal SH-SY5Y cell lines was assessed in cell lysates by 
immunoblotting. Tubulin was used as a loading control. KD cells expressed significantly less 
CHC than Mock KD controls (*p = 3.0 x 10−5, 91% KD of CHC). B) Polyclonal Mock KD cell 
lines were serum-starved and surface biotinylated at 4∘C, before being returned to 37∘C with 
media containing GDNF for indicated times. Cells were cooled to 4∘C and the remaining surface 
biotin was stripped with 2-mercaptoethane sulfonate Na (MeSNa) buffer. The amount of 
biotinylated RET remaining in each sample, indicative of internalized protein, was assessed by 
streptavidin pulldown (Strep. IP) and immunoblotting with the indicated antibodies. WCL = 
whole cell lysate, TP = total surface protein control (no internalization, no stripping), M = 
MeSNa stripping control (no internalization). Densitometry (in IMAGEJ) was used to determine 
the average percentage of initial surface-localized and biotinylated RET recovered via pull-down 
on streptavidin beads at indicated times with GDNF. RET51 internalizes faster than RET9 with 
significant levels detected at 5 min. All western blots are representative of three or more 
independent experiments. C) Polyclonal CHC KD cell lines were serum-starved and surface 
biotinylated at 4∘C, as described in (B) and RET internalization was quantified. RET 
internalization was completely blocked in the absence of clathrin. 
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and monitored fluorescence in each ROI for both red and green channels over time. 

Colocalization of clathrin and RET isoforms was detectable by 6 min after GDNF addition for 

RET51 and ≥ 10 min for RET9 (Figure 2.5, A-B). Consistent with our surface biotinylation 

studies (Figure 2.4, B), these data show that RET colocalization with clathrin increases over time 

in response to ligand stimulation, and suggest that maximal colocalization accumulates more 

rapidly for RET51 than RET9 (Figure 2.5). 

We specifically measured the total intensity of RET within CCPs in response to GDNF 

stimulation in RPE cells, using an automatic CCP detection and analysis method coupled to our 

TIRF microscopy assay (cmeAnalysis; MatLab) (122) (Figure A.8). The fluorescence intensities 

of RET9 or RET51 within detected CCPs were quantified over time (10 min) in response to 

GDNF stimulation. RET51 was robustly recruited to CCPs upon ligand addition, with 

significantly increased colocalization by 6–10 min of GDNF treatment (Figure 2.5, C). RET51 

recruitment to CCPs remained elevated past 10 min of GDNF stimulation, consistent with 

ongoing ligand-dependent clathrin-mediated endocytosis of RET51. Localization of RET9 to 

clathrin coated pits after GDNF addition was overall less robust, and significantly more RET51 

was recruited to CCPs after 6–10 min of ligand treatment (p < 0.05) (Figure 2.5, C). Kinase-dead 

RET9 or RET51 mutants (K758M) did not display increased localization to CCPs in the presence 

of GDNF, indicating that this process was kinase-dependent (Figure 2.5, C). To further elucidate 

RET and clathrin dynamics at the cell surface, our time-lapse image series were subjected to 

cmeAnalysis to track all CCPs and RET-positive CCPs were identified for further study. RET51 

was detected in 12.2±2.9% of CCPs (n= 10 cells) and RET9 was detected in 8±2.8% of CCPs (n= 

10 cells). 

To determine the timing of recruitment of clathrin and each RET isoform into the selected 

CCPs, the average fluorescence intensities of RET and clathrin were parsed into lifetime cohorts 

(20–40, 40–60 and 60–80 seconds). On average, our data suggest robust and concomitant  
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Figure 2.5. Cell surface RET51 localizes to clathrin structures more rapidly than RET9 in 
response to GDNF treatment. 

A and B) Representative example images of RPE cells expressing RET9-mCherry or RET51-
mCherry, with GFRα1 and CLCa-EGFP acquired by dual-color TIRF microscopy at two frames 
per second over a 10 min time course. Time 0 = GDNF addition. Localization of cell surface 
clathrin and RET puncta are shown in representative cells at 2 min intervals. Colocalization of 
RET and clathrin (arrows) appears yellow in the overlays (Merge). Scale bars = 5 µm. A) 
Colocalization of clathrin and RET9 was initially detected by 10 min after GDNF addition. B) 
Colocalization of clathrin and RET51 was detected by 6min after GDNF addition. C) RET51 is 
robustly recruited to CCPs at early time points after GDNF addition. Wild-type RET51-mCherry 
(RET51 WT), kinase-dead RET51-K758M-mCherry (RET51 K758M), wild-type RET9-mCherry 
(RET9 WT) or kinase-dead RET9-K758M-mCherry (RET9 K758M) and GFRα1 were transiently 
expressed in RPE cells that stably express CLCa-EGFP. Images of cells were acquired by dual-
color TIRF microscopy at one frame per 1.5 seconds during a 10 min time course. Time 0 = 
GDNF addition. Images were subjected to automated detection of CCPs (Figure A.8). Mean RET 
fluorescence localized to CCPs was determined (average of five frames per cell for each time 
point). Shown are the mean RET intensities within CCPs at indicated times, n = 4–5 cells per 
experiment. *p <0.05 relative to RET51 K758M, †p <0.05 relative to RET9 WT. 
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recruitment of both clathrin and RET isoforms during the initiation phase of RET-positive CCPs 

(grey box, Figure A.8, B). This pattern of recruitment is consistent with other studies using a 

similar method to evaluate CCP formation for transferrin (184) and low-density lipoprotein 

receptors (185). Together, our data show that RET9 and RET51 are differentially recruited to 

clathrin structures in response to GDNF. RET51 recruitment to CCPs occurs more rapidly and 

robustly and is sustained for longer, whereas RET9 recruitment is slower and less pronounced. 

2.3.5 The AP2M1 subunit interacts directly with RET isoforms to promote internalization. 

As clathrin is not known to bind RTKs directly (142), the interaction of receptors with 

clathrin scaffolds occurs through adaptor proteins such as the heterotetrameric AP2 adaptor 

complex. Using GST (Glutathione S-transferase)-pulldown assays, we showed that the AP2 µ 

subunit, AP2M1, interacts with wild-type RET9 and RET51 in the presence of GDNF, but not 

with kinase-dead mutant (186) RET isoforms (Figure 2.6, A). We confirmed that this interaction 

was direct in far western assays using purified His-tagged AP2M1 C-terminal (CT) domain 

(amino acids 160–435). GST-tagged RET intracellular domains (amino acids 664-C-terminus), 

containing the RET kinase domain and C-terminal tail sequences, are constitutively 

phosphorylated (Figure 2.6, B) (187), and bound AP2M1-CT and a Src homology 2 domain 

containing (Shc)-phosphotyrosine-binding (PTB) domain (positive control), but not a disabled 

homolog 2 (Dab2)-PTB domain (negative control), indicating that AP2M1 can bind RET9 and 

RET51 directly (Figure 2.6, C).  

In cell-based assays, using co-immunoprecipitations, AP2M1 interactions with RET51 

but not RET9 were detected following 5 min of GDNF treatment, and with both RET isoforms 

after 15 min GDNF. No interaction was detected in the absence of GDNF (Figure 2.6, D). 

Consistent with these data, we showed that GDNF stimulation resulted in time-dependent 

localization of RET receptors to AP2 puncta at the cell surface. RPE cells transiently expressing  
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Figure 2.6. The AP2 𝛍 subunit interacts directly with RET isoforms in a kinase-dependent 
manner.  
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Figure 2.6. The AP2 𝛍 subunit interacts directly with RET isoforms in a kinase-dependent 
manner. 

A) RET9 and RET51 interact with AP2M1 in the presence of GDNF (15 min) in GST-pulldowns. 
Whole cell lysates (WCL) from HEK293 cells transiently expressing RET9 or RET51, the 
indicated RET kinase-dead mutant, or an empty vector control (pcDNA3), and GFRα1 were 
treated with GDNF and precipitated with purified GST-tagged AP2M1 protein. Interactions were 
detected by western blotting for RET9 or RET51. No interactions were detected in the absence of 
RET phosphorylation (K758M mutant), or with a GST-alone control. Tubulin was used as a 
loading control. B) GST-tagged RET intracellular domains (amino acids 664-C-terminus), 
containing the RET kinase domain and C-terminal tail sequences, are constitutively 
phosphorylated (detected with phospho-RET Y905 antibody). Red arrows indicate the 
appropriate bands representing GST alone (26 kDa), GST-RET9 (72 kDa), and GST-RET51 (77 
kDa). C) RET interacts directly with the AP2M1 C-terminal (CT) domain (amino acids 160–435). 
Far western assay using purified His-tagged protein domains for AP2M1-CT, Dab2-PTB 
(negative control) and Shc-PTB (positive control). All purified His-tagged protein domains were 
separated by SDS-PAGE, transferred to nitrocellulose and incubated with the indicated GST-
RET-intracellular domain proteins, shown in (B). Interactions were detected with an antibody to 
GST. Ponceau S staining of nitrocellulose membrane was used as a loading control. D) RET51 
interacts more rapidly (at 5 min) and more robustly than RET9 with AP2 in the presence of 
GDNF in vivo. Whole cell lysates from HEK293 cells transiently expressing RET9 or RET51 or 
an empty vector control (pcDNA3), GFRα1, and HA-AP2M1 were co-immunoprecipitated with 
an anti-HA antibody. No interactions were detected with empty vector control or in the absence 
of RET phosphorylation (GDNF 0 min). 
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RET9-mCherry or RET51-mCherry and GFRα1 were stimulated with GDNF for 0, 5 or 15 min 

and then fixed and subjected to immunofluorescence staining for AP2 (Figures 2.7, A and A.5, 

C). We detected colocalization of AP2 puncta with RET51 but not RET9 following 5 min of 

GDNF treatment, and with both RET isoforms after 15 min GDNF. Minimal overlap of AP2 

puncta with RET was observed in the absence of GDNF (Figures 2.7, A and A.5, C). Further, 

automated detection of AP2 structures, as described above (122), followed by systematic 

quantification of RET localized therein, confirmed that RET51 was recruited more rapidly than 

RET9 to AP2 structures following GDNF addition (Figure 2.7, B). To assess the contribution of 

AP2 to RET internalization, we generated polyclonal AP2M1 KD cell lines by shRNA lentiviral 

targeting in SH-SY5Y neuroblastoma cells which express endogenous RET isoforms. Expression 

of AP2M1 in KD cells was reduced by 85% (Figure 2.7, C). Using surface protein biotinylation 

assays, we confirmed that AP2M1 KD blocked TfR internalization (Figure A.7). We determined 

the proportion of biotinylated-RET protein internalized after ligand stimulation in the AP2M1 KD 

cells. RET9 and RET51 internalization was decreased in AP2M1 KD cells in the presence of 

GDNF, relative to Mock KD control (Figure 2.7, D), indicating increased RET retention at the 

cell surface. Our data indicate that the AP2 adaptor complex is important for internalization of 

both RET9 and RET51. 
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Figure 2.7. The AP2 complex is involved in internalization of activated RET isoforms. 
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Figure 2.7. The AP2 complex is involved in internalization of activated RET isoforms. 

A) GDNF stimulation results in time-dependent localization of RET receptors to AP2 puncta. 
RET9-mCherry or RET51-mCherry and GFRα1 were transiently expressed in parental RPE cells 
(not stably expressing any fluorescent proteins). Cells were stimulated with GDNF as indicated 
and then fixed and subjected to immunofluorescence staining for AP2. Shown are representative 
micrographs obtained by TIRF microscopy; these images correspond to magnified regions of 
larger images shown in Figure A.8, C. Scale bars = 5 µm. Arrows represent AP2 structures that 
localize to RET puncta. B) Cells were subjected to automated image analysis as described in 
Materials and Methods to detect AP2 puncta using a Gaussian-based approach to model the 
point-spread function of diffraction-limited structures. This was followed by detection of RET 
fluorescence intensity within these detected structures, which corresponds to the amplitude of the 
Gaussian model, thus allowing measurement of RET intensity relative to the local adjacent area 
of the image. Shown are the mean ± SE of RET fluorescence intensity within AP2 puncta in each 
cell (n > 10 cells, >3000 AP2 puncta analyzed per condition). *p < 0.05 relative to 0 min GDNF. 
C) shRNA KD of AP2M1 in polyclonal stable SH-SY5Y cell lines was assessed in cell lysates by 
immunoblotting. KD cells expressed significantly less AP2M1 than Mock KD controls (*p = 4.0 
x 10−4, 85% KD of AP2M1). Tubulin was used as a loading control. D) Polyclonal AP2M1 KD 
cell lines were serum-starved and surface biotinylated at 4∘C, before being returned to 37∘C with 
media containing GDNF for indicated times. Cells were cooled to 4∘C and the remaining surface 
biotin was stripped with MeSNa buffer. The amount of biotinylated RET remaining in each 
sample, indicative of internalized protein, was assessed by streptavidin pulldown (Strep. IP) and 
immunoblotting with the indicated antibodies. RET internalization was reduced in the absence of 
AP2. WCL = whole cell lysate, TP = total surface protein control (no internalization, no 
stripping), M/0 = MeSNa stripping control (no internalization, no GDNF). Densitometry (in 
IMAGEJ) was used to determine the average percentage of initially surface-localized and 
biotinylated RET recovered via pull-down on streptavidin beads at indicated time points (right). 
All western blots are representative of three or more independent experiments. 
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2.4 DISCUSSION 

Internalization of RTKs is an important contributor to cell signalling by repositioning 

receptors in the appropriate intracellular compartment to access signalling intermediates, and by 

sustaining or terminating signal propagation (121, 127). In response to ligand stimulation, 

receptors such as RET initiate signalling through multiple pathways in the perimembrane region, 

but continue to activate downstream pathways from early endosomes after internalization (158, 

171). Here, we assessed RET movement and associations at the cell surface using TIRF 

microscopy, which allowed us to distinguish caveolae and CCPs at the plasma membrane from 

endosome- or Golgi-localized caveolin and clathrin pools (188). In response to GDNF 

stimulation, we showed that both the RET9 and RET51 isoforms colocalized with clathrin in 

multiple cell types, suggesting involvement of CCPs in RET internalization. Recruitment of RET 

isoforms to CCPs was kinase-dependent, as seen for other RTKs (128, 151, 189). Previous 

studies have shown that GPI-anchored GDNF/GFRα complexes recruit RET receptors to 

cholesterol-rich lipid rafts at the plasma membrane (30, 176, 177). Although some studies have 

suggested that GPI-proteins may be internalized by clathrin dependent or independent routes 

(126, 190), our data suggest that the clathrin-mediated pathway is likely the major route of RET 

internalization, as RET does not colocalize with caveolin, either before or after activation. 

Further, clathrin-independent pathways did not compensate for clathrin depletion in these cells to 

facilitate RET internalization. However, other endocytic pathways, such as caveolae, Fast-

Endophilin Mediated Endocytosis (FEME) and CLathrin-Independent Carriers/GPI-Enriched 

Endocytic Compartments (CLIC/GEEC), may still play roles in RET internalization in other cell 

types or context-dependent fashions (137, 138). 

We have previously shown that the RET51 isoform receptors are internalized rapidly but 

a portion of these molecules can be targeted for recycling back to the membrane, maintaining 

high levels of the receptor at the cell surface. In contrast, RET9 is internalized more slowly and is 
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not recycled at appreciable levels (25). Consistent with this, we showed that upon activation, 

RET51 is more rapidly and abundantly recruited to CCPs than RET9. Our data indicate that 

differences in RET9 and RET51 internalization occur very early in this process, affecting the rate 

of RET isoform recruitment to CCPs and not their residency times once localized to CCPs, 

although we cannot rule out additional differences in maturation of CCPs containing RET9 and 

RET51. Interestingly, this trafficking pattern may lead to a relatively longer retention of RET51 

in early endosomes, where RET51 receptors can continue to signal, notably through ERK1/2, 

further enhancing their mitogenic signals (25, 171). 

RTKs, such as epidermal growth factor receptor (EGFR) and the insulin receptor, are 

robustly concentrated in CCPs in response to ligand-mediated activation (191), a process 

requiring exposed intracellular endocytic motifs that interact with clathrin adaptors (192). The 

ubiquitously expressed clathrin-associated AP2 adaptor complex sorts RTKs into CCPs following 

recognition of tyrosine-based motifs, generally located in their cytoplasmic tails (127). These 

interactions are essential for recruitment of the receptors to CCPs, as well as efficient 

internalization (128). Here, we showed that upon activation, RET interacts directly with the µ 

subunit of the AP2 adaptor in a kinase-dependent fashion, as previously shown for EGFR (193, 

194). In the absence of AP2M1, RET9 and RET51 internalization efficiency was reduced 

compared to Mock KD cells. Further, RET9 and RET51 differed in timing of interaction and 

colocalization with AP2 in response to GDNF. Our data suggest that the isoform-specific kinetics 

of RET9 and RET51 internalization reflects differences in the recruitment of activated receptors 

to clathrin structures rather than distinct residency times for each isoform within CCPs. Together, 

these data suggest that AP2 is an important determinant of RET internalization, but that 

additional adaptor protein interactions or protein modifications such as phosphorylation, 

ubiquitination and acetylation may facilitate trafficking (195). 

The distinct kinetics of RET9 and RET51 localization to CCPs suggests the possible 
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involvement of differential internalization signals for each RET isoform. RET9 and RET51 have 

been shown to form independent signalling complexes and to have different patterns of 

phosphorylation in response to ligand stimulation (40). RET signalling is primarily mediated 

through interactions with key multifunctional docking sites that lie in the RET C-terminal tail 

sequences and can differentially recruit adaptors and downstream signalling intermediates to 

RET9 or RET51 (21). Our data indicate that AP2M1 interacts with both RET9 and RET51, but 

not kinase-dead mutant RET isoforms, suggesting interactions with phosphorylated, tyrosine-

based binding motifs may be required. Several canonical Yxxϕ (where x is any amino acid, and 

phi is a hydrophobic residue such as F, I, L, M or V) AP2M1 binding-sequences (140, 148) are 

found in both RET isoforms. Further, our results do not exclude the possibility that the AP2 

complex could be recruited to RET isoforms by binding at [D/E]xxxL[L/I] acidic-dileucine 

endocytic motifs, although these interactions are generally constitutive and thus less likely to be 

involved in RET internalization (149, 150). However, other adaptors such as GRB2 (152), which 

is known to differentially bind the RET isoform C-terminal tails (196), may also contribute to the 

process of RET recruitment to CCPs and the temporal differences between RET9 and RET51 

internalization. 

In summary, we showed that AP2-dependent internalization of RET protein isoforms is 

primarily clathrin mediated and does not involve caveolae (Figure 2.8). Activated RET receptors 

directly interact with AP2M1 and internalize via CCPs, with RET51 localizing more rapidly and 

abundantly to CCPs than RET9 at early time points after GDNF addition. While previous studies 

have identified biological differences between RET9 and RET51 receptors in early and late 

development (71, 79), our data are the first to identify functional differences between RET 

isoforms that may affect their localization and the duration of signalling and ultimately contribute 

to the isoform-specific developmental differences observed in various cell types and tissues (71, 

79). 
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Figure 2.8. RET internalization is AP2-dependent and clathrin-mediated.  

Upon ligand binding and phosphorylation, activated RET9 (blue) and RET51 (red) interact 
directly with AP2, which recruits clathrin, and RET isoforms are internalized from the cell 
surface via CCPs. The main entry pathway for RET receptors into the cell is clathrin-mediated 
endocytosis. RET51 internalization into AP2-positive CCPs (red arrow) occurs more rapidly and 
abundantly than internalization of RET9 (blue arrow). 
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2.5 MATERIALS AND METHODS 

2.5.1 Expression constructs and shRNA 

The EGFP-tagged clathrin light chain a (CLCa-EGFP) and caveolin-1 (CAV1-EGFP) 

constructs were gifts from Tomas Kirchhausen (Harvard Medical School, Boston, MA) (122, 

197) and Ferruccio Galbiati (University of Pittsburgh School of Medicine, Pittsburgh, PA) (198), 

respectively. HA-tagged AP2M1 and His-tagged AP2M1-CT (amino acid residues 160–435) 

constructs were provided by Alexander Sorkin (University of Pittsburgh, Pittsburgh, PA) (199) 

and David Owen (University of Cambridge, Cambridge, UK) (200), respectively. His-tagged 

Dab2 and Shc PTB-domain constructs were obtained from Gavin MacBeath (Harvard Medical 

School, Boston, MA) (201). Rab5-Strawberry was gifted by Doug Richardson (Harvard, Boston, 

MA). Expression constructs encoding full-length RET9 and RET51 isoforms, RET9 and RET51 

tagged with mCherry, and GFRα1 constructs have been previously described (25). GST fusion 

constructs encoding human AP2M1, RET51 (residues 664–1114) and RET9 (residues 664–1072) 

(187) were generated in a modified pGEX-4T-3 vector by polymerase chain reaction 

amplification and sequence verified. shRNAs against human CHC and AP2M1 were obtained 

from Open Biosystems (Fisher Scientific). 

2.5.2 Cell culture 

HEK293, HeLa and SH-SY5Y cells (ATCC) were cultured in Dulbecco’s Modified Eagle 

Medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (Sigma-Aldrich). 

Retinoic acid (10 µM) was added to SH-SY5Y cells 24 h prior to each experiment to increase 

RET expression. RPE cells stably expressing CLCa-EGFP (122) were cultured in DMEM/Ham’s 

Nutrient Mixture F12 (Sigma-Aldrich) supplemented with 10% fetal bovine serum. Cells were 

transfected using Lipofectamine 2000 (Life Technologies) according to the supplier’s 

instructions. Polyclonal stable shRNA KD cell lines were prepared by transducing cells with 
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shRNA virus, and selecting for 3–5 days with puromycin (1.5 µg/mL). RET was stimulated with 

100 ng/mL GDNF (Peprotech) for the indicated times. 

2.5.3 TIRF microscopy 

Live-cell experiments. Cells were serum-starved for 4 h, washed and transferred to PBS 

to minimize photobleaching. Dual-colour, live-cell TIRF microscopy was performed using a 60x 

[NA (numerical aperture) 1.42] objective on an IX81 inverted microscope (Olympus America) 

and S-TIRF module (Spectral Applied Research), equipped for imaging: 491 and 561 nm 

excitation with a Borealis 5-line laser launch. All filters were obtained from Chroma 

Technologies. Images were acquired with an ImagEM Enhanced C9100-13, EM-CCD digital 

camera (Hamamatsu Photonics). Green and red emissions were collected on individual channels 

using a ludl filter wheel, equipped with a 515 nm/30nm band-pass filter to collect green emission 

and a 580 nm long-pass filter to collect red emission. The camera and filters were controlled by 

METAMORPH software (Universal Imaging). The 16-bit TIRF microscopy image streams were 

aligned and quantified in METAMORPH. 

Fixed-cell experiments. Cells were serum-starved for 4 h before adding GDNF for 

indicated times. After fixation in 2% paraformaldehyde, quenching of fixative in 100 mM glycine 

and cell permeabilization in 0.1% Triton X-100, cells were blocked with 3% milk, stained with 

anti-AP2 primary antibody and A488 secondary antibody (Abcam), and wet mounted on glass 

slides in PBS for imaging. TIRF microscopy experiments were performed using a 150x (NA 

1.45) objective on an Olympus IX81 instrument equipped with Cell TIRF modules (Olympus 

Canada Inc.) using 491nm (50mW) and 561nm (50mW) laser illumination and 520/30, 624/50 

emission filters. Images were acquired using a C9100-13 EM-CCD camera (Hamamatsu 

Corporation). 
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2.5.4 Data analysis 

Measurement of RET recruitment to clathrin or caveolin. Spots of CLCa, CAV1, RET9 

and RET51 were manually identified in single static TIRF images by circling 8x8 pixel regions 

(ROIs) in METAMORPH. The mean fluorescence intensities of RET and CLCa or CAV1 were 

measured within each of these ROIs, throughout the time-lapse image series. 

Automated measurement of RET recruitment to CCPs or AP2 structures. Automated 

detection of CCPs or AP2 structures and robust analyses were implemented in Matlab 

(MathWorks) CMEANALYSIS software (http://lccb.hms.harvard.edu/software.html). Briefly, 

this method uses a Gaussian model-based approach to detect diffraction-limited CCPs or AP2 

structures (122), in this case determined in single frames within the green (EGFP) channel 

(‘master’ channel). RET fluorescence intensities within CCPs, corresponding to the amplitude of 

the Gaussian model in the red (mCherry) channel (‘slave’ channel) within detected CCPs or AP2 

puncta were obtained. Average values of RET fluorescence at AP2 puncta in fixed cells are 

shown as means for 3000 AP2 puncta per condition (Figures 2.7, A and A.5, C). In live cells, 

RET fluorescence intensities were determined prior to GDNF addition (t =0 min), and after 

GDNF addition at indicated time points. The average values of RET within CCPs at each of these 

time points was determined as the mean for each CCP from five consecutive frames in live cells 

(Figure 2.5, C). To assess recruitment to CCPs, average fluorescence intensity of RET and 

clathrin in RET-positive CCPs was determined. Given the heterogeneity of CCP lifetimes, 

detected CCPs were parsed into lifetime cohorts (20–40, 40–60 and 60–80 seconds) to allow 

alignment of tracks of similar lifetimes and averaging of fluorescence intensity of each channel 

(CLCa-EGFP and RET-mCherry) relative to CCP lifetime (Figure A.8, B). 
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2.5.5 Immunoprecipitations and western blots 

For immunoprecipitations, 1 mg of whole cell lysate (WCL) and 1 µg of antibody were 

incubated for 2 h at 4∘C with agitation, followed by addition of 40 µL Protein A/G agarose (Santa 

Cruz Biotechnology) and overnight incubation at 4∘C with agitation. Samples were centrifuged at 

2500 g, washed three times with lysis buffer and resuspended in Laemmli buffer (25, 172). 

Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and 

immunoblotting were performed as previously described (25, 172). After transfer and blocking in 

5% milk in Tris-buffered saline with 0.1% Tween20 (TBS-T), blots were probed with either goat 

anti-RET51 (C-20), goat anti-RET9 (C-19), mouse anti-GST, mouse anti-HA Y11, rabbit anti-

HA F7 (Santa Cruz Biotechnology); rabbit anti-phospho Y905-RET (Cell Signaling Technology), 

mouse anti-AP50 (also known as AP2M1), mouse anti-CHC (BD Transduction Laboratories); 

mouse anti-TfR (Invitrogen), or mouse anti-γ-tubulin (Sigma-Aldrich). Blots were then washed 

and incubated with appropriate secondary antibodies: anti-mouse, anti-rabbit (Cell Signaling) or 

anti-goat (Santa Cruz Biotechnology). 

2.5.6 Bacterial expression and purification of tagged proteins 

GST-AP2M1 and GST expressed in BL21-CodonPlus-RP Escherichia coli were 

harvested by centrifugation, resuspended in phosphate-buffered saline (PBS) and disrupted by 

sonication on ice. Cleared lysate was incubated with pre-washed Glutathione Sepharose beads 

(GE Healthcare Life Sciences) for 2–4 h. Beads were washed three times with 1x PBS containing 

1% Triton X-100, 1 mM PMSF, 10 µg/mL aprotinin and 10 µg/mL leupeptin. GST proteins were 

eluted in 50 mM Tris–HCl pH 8.8, 150 mM NaCl, 20 mM Glutathione, and dialyzed against PBS. 

GST-RET intracellular domain proteins were prepared as described but cells were disrupted via 

two passages through a French Pressure Cell at 10 000 psi. His-tagged AP2M1-CT, Dab2-PTB 

and Shc-PTB proteins were harvested as above by disruption in 20mL Binding Buffer (25 mM 
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Tris pH 8.0, 250 mM NaCl, 8 M urea). The supernatant was applied to a Ni2+-chelating Sepharose 

bead column (GE Healthcare Life Sciences) equilibrated with Binding Buffer. The column was 

washed with Binding Buffer containing 10 mM imidazole (pH 7.4) and bound protein eluted with 

Binding Buffer containing 300 mM imidazole. Eluted fractions containing protein were pooled 

and dialyzed in PBS. 

2.5.7 GST-pulldown assays 

For GST-pulldowns, 5 µg fusion protein was re-bound to 10 µL GST-Sepharose beads 

and incubated with 1 mg WCLs for 2–4 h. Beads were washed four times with lysis buffer prior 

to the addition of Laemmli buffer and analysis by SDS–PAGE and immunoblotting. 

2.5.8 Far western blotting 

Purified His-tagged proteins were separated on 12% SDS–PAGE gels and transferred to 

nitrocellulose membranes. Membranes were stained with Ponceau S and imaged prior to blocking 

overnight in 5% milk in TBS-T at 4∘C. Blocked membranes were incubated with GST-tagged 

intracellular RET proteins or GST alone for 8 h at 4∘C, washed in TBS-T and immunoblotted 

using an anti-GST tag antibody, as described above. 

2.5.9 Biotinylation assays 

Biotinylation of cell surface proteins for assessment of internalized RET was performed 

as previously described (25, 172). Briefly, to measure RET internalization, serum-starved SH-

SY5Y cells were surface biotinylated and incubated in the absence or presence of ligand for 

varying times, before all remaining cell surface biotin was cleaved. To measure TfR 

internalization, biotinylation assays, as described above, were performed in the absence of ligand. 

After cell-surface biotinylation, cells were lysed, and biotinylated protein was recovered using 
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streptavidin-coated beads (Invitrogen). Collected proteins were separated by SDS–PAGE and 

immunoblotted. 

2.5.10 Statistical analyses 

Experiments were repeated independently a minimum of three times. Consistency between 

experimental replicates was verified using one-way ANOVA. Means and standard errors (±SE) 

were calculated for each experimental condition, and significance between conditions was 

determined using a two-tailed Student’s t-test for α=0.05. 
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Chapter 3 

Differential recruitment of E3-ubiquitin ligase complexes regulates RET 

isoform internalization 
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3.1 ABSTRACT 

The RET receptor tyrosine kinase is implicated in both normal development and cancer. 

RET is expressed as two main isoforms, RET9 and RET51, with unique C-terminal tail sequences 

that recruit distinct protein complexes to mediate signals. Upon activation, RET isoforms are 

internalized with distinct kinetics, suggesting differences in regulation.  Here, we demonstrate 

that RET9 and RET51 differ in their abilities to recruit E3-ubiquitin ligases to their unique C-

termini. RET51, but not RET9, interacts with, and is ubiquitinated by CBL, which is recruited 

through interactions with the GRB2 adaptor protein.  RET51 internalization was not affected by 

CBL knockout but was delayed in GRB2-depleted cells. In contrast, RET9 ubiquitination requires 

phospho-dependent changes in accessibility of key RET9 C-terminal binding motifs that facilitate 

interactions with multiple adaptor proteins, including GRB10 and SHANK2, to recruit the 

NEDD4 ubiquitin ligase. We showed that NEDD4-mediated ubiquitination is required for RET9 

localization to clathrin coated pits and subsequent internalization. Our data establish differences 

in the mechanisms of RET9 and RET51 ubiquitination and internalization that may influence the 

strength and duration of RET isoform signals and cellular outputs. 

3.2 INTRODUCTION 

The RET receptor tyrosine kinase has important roles in development, maturation and 

maintenance of genitourinary, neural and neuroendocrine cell types (21). RET is activated by 

binding a glial cell line-derived neurotrophic factor (GDNF) family ligand and a cell-surface-

bound co-receptor of the GDNF family receptors alpha (GFRa) to stimulate multiple downstream 

signalling pathways (23). However, RET is also a potent oncogene, contributing to tumour 

initiation and progression of multiple human cancers. Activating oncogenic RET mutations occur 

in thyroid and lung carcinomas, while expression and activation of wild-type RET are also linked 
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to tumour metastasis and invasion in pancreatic and breast cancers, suggesting a broad oncogenic 

role for RET activity in these diseases (21).  

RET is expressed as two major conserved isoforms, RET9 and RET51, generated by 

alternative splicing of 3’ exons, which share the first 1063 residues but differ in their unique 9 or 

51 C-terminal amino acids, respectively (179, 180) (Figure 3.1, A). RET isoforms are generally 

coexpressed, but differ in their abilities to promote cell growth, motility and invasion (118). RET 

interactions with protein adaptors and signalling molecules are predominantly mediated through 

the key isoform-specific phosphorylated tyrosine residues pY1062 (in RET9) and pY1096 (in 

RET51) and a C-terminal PDZ-binding motif (FTRF1072 in RET9 only) that lie within these 

isoform-specific tails (21). As a result, RET9 and RET51 recruit distinct signalling and regulatory 

protein complexes (40). We have previously shown that RET9 and RET51 differ in maturation, 

subcellular localization, and protein trafficking after ligand stimulation (25, 202), suggesting that 

isoform-specific regulatory mechanisms may also contribute to functional differences. In 

response to ligand, RET receptors at the cell surface are internalized into the endosomal network 

via clathrin-coated pits (CCPs) (171, 202). RET51 is internalized more rapidly and abundantly 

than RET9 but a subset of receptors is targeted for recycling back to the cell membrane (25, 202). 

In contrast, RET9 is internalized more slowly and is not recycled at appreciable levels (25, 202). 

Our previous studies show that the clathrin-associated adaptor protein complex 2 (AP2; also 

known as AP2M1) is an important determinant of RET endocytosis, but suggest that additional 

isoform-specific protein interactions and/or modifications may facilitate internalization (202). 

The processes and interactions regulating these differences have not been explored.  

Ligand-induced ubiquitination of receptor tyrosine kinases (RTKs) by E3-ligases is a 

well-characterized mechanism promoting receptor downregulation (154, 155). Ubiquitination by 

multiple E3-ligase families can promote attenuation of signalling and targeting of receptors for 

lysosomal or proteasomal degradation, but can also be an important determinant for recruitment 
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to CCPs, internalization and/or endosomal sorting of some RTKs (155). The Casitas B-lineage 

Lymphoma (CBL) family are prominent contributers to RTK ubiquitination (156), but other E3-

ligases, such as  the NEDD4 (neural precursor cell expressed, developmentally downregulated) 

family have cell type-specific regulatory roles in ubiquitination of specific RTKs (157).  Previous 

studies have shown that RET recruits CBL family members via interactions with adaptor proteins 

such as GRB2, but that RET isoforms may differ in their ability to recruit and be ubiquitinated by 

CBL family members (41, 68, 203, 204). The roles of other ubiquitin ligases in RET 

ubiquitination have not been characterized. 

In this study, we assessed the mechanisms regulating ubiquitination of RET9 and RET51 

isoforms, and their effects on RET endocytosis. We demonstrate that RET51 associates with, and 

is ubiquitinated by, the c-Cbl E3-ubiquitin ligase (hereafter denoted CBL), recruited via 

interactions with the GRB2 adaptor protein, and that GRB2 is essential for ubiquitination and 

internalization of RET51. RET9 is not appreciably ubiquitinated by CBL, but recruits the NEDD4 

ubiquitin ligase via a multiprotein complex including GRB10 (growth factor receptor-bound 

protein 10) and SHANK2 (SH3 and multiple ankyrin repeat domain 2) adaptors through its 

unique C-terminal sequences. Furthermore, we show that RET9 ubiquitination by NEDD4 

promotes localization to CCPs and internalization from the membrane. Our data indicate that 

ubiquitination of RET9 and RET51 is regulated by distinct protein complexes that promote 

internalization, and modulate trafficking of each RET isoform. 

3.3 RESULTS 

3.3.1 Differential interactions of RET isoforms and CBL 

Previous studies have shown that CBL E3-ubiquitin ligases promote RET ubiquitination 

(41, 176, 203). Here, we examined the contribution of CBL to ubiquitination of RET9 and RET51 

isoforms.  In HEK293 cells over-expressing a tagged CBL construct, wild-type RET51 was 
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robustly ubiquitinated, while RET9 ubiquitination was less pronounced (Figure 3.1, B). Kinase 

dead mutants (K758M) of both RET isoforms were not significantly ubiquitinated. Using 

CRISPR/Cas9, we generated CBL knockouts (KO) in HEK293 cells. RET51 ubiquitination was 

reduced in these cells, but was increased by re-expression of a CBL construct (Figure 3.1, C), 

indicating that CBL was required for RET51 ubiquitination. In co-immunoprecipitation assays, 

RET51 showed a robust interaction with CBL whereas the kinase-dead RET51 mutant did not 

(Figure 3.1, D). We did not detect interactions between CBL and RET9 in these assays (Figure 

3.1, D).  CBL was phosphorylated on tyrosine residues in response to RET51 activation, but not 

in the presence of a kinase-dead RET mutant or vector control (Figure 3.1, E). Finally, RET51 

ubiquitination and interaction with CBL was ligand dependent and maximal after 15 min GDNF 

(Figure 3.1, F). Our data are consistent with previous reports showing CBL-mediated 

ubiquitination of RET51 (41, 205), and suggest that RET9 ubiquitination may be mediated by 

mechanisms distinct from those of RET51. 

3.3.2 RET51 interactions with CBL 

CBL has been shown to interact directly with some kinases through a N-terminal 

modified SH2 domain, the TKB (tyrosine kinase binding) domain, and/or indirectly via adaptor-

mediated interactions with its C-terminal proline-rich region (156). In co-immunoprecipitation 

assays, we showed that RET51 did not interact with a truncated CBL protein containing only the 

N-terminal TKB domain, but was precipitated with a C-terminal CBL protein containing the 

RING and ubiquitin ligase domains and proline-rich region (Figure 3.2, A). To further 

characterize the RET51-CBL interactions, we used a purified His-tagged CBL-SH2 protein 

domain and a purified GST-tagged intracellular (ic) kinase domain of RET51 in in vitro far 

western protein interaction assays (Figure 3.2, B). We have previously shown that GST-icRET 

proteins are constitutively phosphorylated and able to recruit adaptors in a phosphorylation- 
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Figure 3.1. CBL promotes ubiquitination of RET51 but not RET9. 

(A) Schematic diagram of the RET receptor isoforms showing PTB, SH2 and PDZ domain 
binding motifs (CLDs: cadherin-like domains, CRD: cysteine-rich domain, TMD: transmembrane 
domain, TKD: tyrosine kinase domain). (B) HEK293 cells transiently co-expressing GFRα1, HA-
tagged CBL and HA-tagged ubiquitin with either wild-type or kinase-dead (K758M) RET9 or 
RET51, or vector control (pcDNA) were treated with proteasome inhibitor MG132 (5 µM) for 30 
min prior to treatment with GDNF (15 min). Whole cell lysates (WCL) and immunoprecipitated 
(IP) samples were separated by SDS-PAGE and immunoblotted with the indicated antibodies. 
Asterisk indicates HA-tagged CBL. (C) RET ubiquitination in HEK293, or HEK293 CBL 
CRISPR knockout (KO) cells was assessed as in (B) in the presence or absence of excess FLAG-
tagged CBL. Endogenous and FLAG-tagged CBL were detected with an antibody against the 
CBL protein. (D and E) HEK293 cells expressing GFRα1, FLAG-tagged CBL and the indicated 
RET wildtype or kinase dead (K758M) mutant or vector control (pcDNA) were treated with 
GDNF (15 min) and immunoprecipitated for CBL (anti-FLAG). CBL-RET interactions (D) and 
CBL tyrosine phosphorylation (pY) (E) were assessed by western blotting as in (B). (F) RET51 
ubiquitination and interaction with FLAG-tagged CBL over time in response to GDNF were 
assessed at the indicated time points as in (B). Tubulin was used as a loading control in all 
experiments. 
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Figure 3.2. RET51 recruits CBL through indirect interactions. 
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Figure 3.2. RET51 recruits CBL through indirect interactions. 

(A) HEK293 cells transiently co-expressing GFRα1 and wild-type or kinase-dead (K758M) 
RET51 or vector control (pcDNA) with either FLAG-tagged CBL TKB (upper panel) or C-
terminal (CBL C-term) domain (lower panel) were treated with GDNF (15 min).  Whole cell 
lysates (WCL) and immunoprecipitated (IP) samples (anti-FLAG) were separated by SDS-PAGE 
and immunoblotted for the indicated proteins. Tubulin was used as a loading control. (B) Far-
western protein interaction assays were performed using affinity-purified His-tagged CBL-SH2, 
SHC-PTB (positive control) and DAB2-PTB (negative control) domains separated by SDS-
PAGE, incubated with purified GST-RET51 intracellular domain (GST-icRET51; top panel) or 
GST alone (middle panel). Binding of the purified proteins was detected with an antibody against 
GST. An anti-His immunoblot (bottom panel) was used as a loading control for His-tagged 
protein domains. BSA was used as a negative control. (C) HEK293 cells transiently expressing 
GFRα1 and RET51, or the indicated RET mutant or vector control (pcDNA), with or without 
FLAG-tagged CBL, were treated and analyzed as in (A). (D) HEK293 cells expressing GFRα1, 
HA-tagged CBL and the indicated RET51 truncation mutants (bottom panel) or vector control 
(pcDNA) were stimulated with GDNF (15 min) and lysates immunoprecipitated for CBL (anti-
HA) and analysed as in (C) (top). CLDs: cadherin-like domains, CRD: cysteine-rich domain, 
TMD: transmembrane domain, TKD: tyrosine kinase domain, CT: C-terminal tail, X indicates 
unphosphorylated RET forms.   
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dependent fashion (202). Here, we showed that the purified GST-icRET51 protein did not 

directly bind the CBL-SH2 domain or a negative control (PTB domain of DAB2), but did bind 

the purified SHC-PTB domain protein (Figure 3.2, B), a positive control known to interact with 

RET51 (202, 206). Our data show that RET51 does not interact directly with CBL through its 

TKB domain, suggesting that it binds indirectly through interactions with the CBL C-terminal 

domains, potentially by recruitment of additional adaptors. 

RET9 and RET51 differ only in their 9 and 51 C-terminal amino acids, respectively. 

Thus, the unique RET51 phospho-tyrosine pY1096 and a multifunctional docking site at pY1062 

(Figure 3.1, A) that recruits distinct signalling complexes to RET9 and RET51 (40) were 

evaluated as potential RET51-CBL interaction sites. We showed that RET51-CBL interaction 

was abrogated by a tyrosine to phenylalanine substitution at Y1096 (Y1096F), whereas the 

Y1062F substitution had little effect on RET51 co-immunoprecipitation with CBL (Figure 3.2, 

C). We confirmed these interactions using a panel of sequential RET51 C-terminal truncation 

mutants (Figure 3.2, D).  Although we detected robust CBL interaction with the full-length 

RET51 (aa 1-1114), no interactions were detected with any of the RET51 truncation mutants, 

suggesting that pY1096 is the exclusive site for interaction of CBL and RET51 and that the 

interactions at that site are indispensable for CBL recruitment. 

3.3.3 Interaction of RET51 and CBL is mediated through the GRB2 adaptor 

Our data suggest that CBL is recruited to RET51 through indirect interactions at pY1096, 

mediated through an adaptor protein, such as GRB2, which has previously been shown to bind at 

this site (196). To determine whether GRB2 mediates CBL recruitment to RET51, we evaluated 

the effects of shRNA GRB2 knockdown (KD) in HEK293 cells. CBL interaction with RET51 

was detected in the control (Mock KD), but not GRB2 KD cells (Figure 3.3, A).  Furthermore, 

CBL-dependent RET51 ubiquitination was reduced in GRB2 KD cells compared with Mock KD  
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Figure 3.3. Interaction of RET51 and CBL is mediated by GRB2. 

(A) Polyclonal shRNA GRB2 knockdown (KD) or Mock KD control HEK293 cells transiently 
expressing GFRα1 and RET51, kinase-dead RET51 (K758M) or vector control (pcDNA), with or 
without FLAG-tagged CBL, were treated with GDNF (15 min) and whole cell lysates (WCL) 
immunoprecipitated (IP) for CBL (anti-FLAG). Samples were separated by SDS-PAGE and 
immunoblotted for the indicated proteins. (B) KD HEK293 cells as in (A) expressing GFRα1, 
HA-tagged ubiquitin and wild-type or kinase-dead (K758M) RET51 or vector control (pcDNA), 
with or without FLAG-CBL, were treated with the proteasome inhibitor MG132 (5 µM) for 30 
min prior to GDNF treatment (15 min). Lysates were immunoprecipitated for RET51, separated 
by SDS-PAGE and blotted with the indicated antibodies. Asterisk indicates FLAG-tagged CBL. 
Tubulin was used as a loading control in all experiments.
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control cells (Figure 3.3, B). Interestingly, we saw no residual interaction of RET51 and CBL in 

the GRB2 KD cells (Figure 3.3, A), suggesting that GRB2 is the major adaptor required for this 

interaction. 

3.3.4 The NEDD4 ubiquitin ligase promotes RET9 ubiquitination 

As our data show that RET9 does not interact with, or become ubiquitinated by CBL 

(Figure 3.1, B and D), we assessed the possibility that another E3-ligase, NEDD4, which is 

known to mediate ubiquitination of other neurotrophic factor receptors (207) could mediate RET9 

ubiquitination. In HEK293 cells transiently overexpressing NEDD4, RET9 was robustly 

ubiquitinated in a kinase-dependent manner, while RET51 ubiquitination was not detected 

(Figure 3.4, A). RET9 interactions with NEDD4 were GDNF dependent, as was ubiquitination, 

which was maximal after treatment with GDNF for 15 min (Figure 3.4, B). Interestingly, 

recruitment of NEDD4 to RET9 occurred in a similar time frame to RET51-CBL interaction, but 

accumulation of ubiquitinated RET9 occurred more slowly. RET9 ubiquitination was lost in the 

presence of a mutation of Y1062 (Y1062F), which lies in a unique SH2-binding phospho-tyrosine 

motif, suggesting that adaptor protein interactions with RET9 at that site were required for 

NEDD4-mediated ubiquitination. Interestingly, a F1072A mutation, which disrupts a unique class 

I PDZ-binding motif (FTRF1072) at the C-terminus, also abrogated RET9 ubiquitination (Figure 

3.4, A). We further investigated the roles of the unique RET9 C-terminal amino acid motifs in 

RET9 interactions with NEDD4 in GST-pull down assays.  We showed that GST-NEDD4 

interacts with wild-type RET9, but not a kinase-dead (K758M) RET9 (Figure 3.4, C), and 

becomes phosphorylated in response to RET9 kinase activity (Figure 3.4, D). However, mutation 

of Y1062 (Y1062F) or of the C-terminal PDZ-binding motif (F1072A) abrogated this interaction 

(Figure 3.4, C), suggesting that multiple functional motifs may be required for NEDD4 

recruitment. Mutation of other RET phospho-tyrosines (e.g. Y1015) had no effect on NEDD4  
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Figure 3.4. RET9 interacts with, and is ubiquitinated by, the NEDD4 ubiquitin ligase. 
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Figure 3.4 RET9 interacts with, and is ubiquitinated by, the NEDD4 ubiquitin ligase. 

(A) HEK293 cells transiently expressing GFRα1, NEDD4 and HA-tagged ubiquitin with wild-
type or kinase-dead (K758M) RET9 or RET51 or vector control (pcDNA), were treated with the 
proteasome inhibitor MG132 (5 µM) for 30 min prior to RET activation by GDNF (15 min). 
Cells were harvested and immunoprecipitated (IP) for the indicated RET isoform. Whole cell 
lysates (WCL) and IP samples were separated by SDS-PAGE and immunoblotted with the 
indicated antibodies. (B) RET9 ubiquitination and interaction with FLAG-tagged NEDD4 over 
time in response to GDNF was assessed at the indicated time points as in (A). Asterisk indicates a 
background band. (C) HEK293 cells expressing GFRα1 and wild-type or the indicated mutants 
for RET9 (top) or RET51 (bottom) or vector control (pcDNA) were treated with GDNF (15 min) 
and lysates harvested for pull-down assays with GST-NEDD4. Samples were separated by SDS-
PAGE and immunoblotted for the indicated proteins. A RET9 Y1015F mutation, which alters a 
PLCg binding site common to RET9 and RET51 (208), was used as a control for RET mutant 
binding. (D) HEK293 transiently expressing GFRα1 and FLAG-tagged NEDD4 with wildtype or 
kinase dead (K758M) RET9 or vector control (pcDNA), were treated with GDNF (15 min) and 
lysates immunoprecipitated for NEDD4 (anti-FLAG) and analyzed for the indicated proteins as in 
(A). An antibody to phospho-tyrosine (pY) was used to detect RET-mediated phosphorylation. 
Tubulin was used as a loading control in all experiments. 
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recruitment.  We did not detect interactions between RET51 and NEDD4 (Figure 3.4, C), 

consistent with differential mechanisms for ubiquitination of RET9 and RET51.  

3.3.5 RET9 recruits GRB10 and SHANK2 adaptors to its unique C-terminal sequences 

NEDD4 associates with several RTKs through interactions with the SH2-domain-

containing adaptor protein, GRB10 (157). RET has been previously shown to bind GRB10 upon 

activation, although the specific RET residues involved were not determined (209). Using GST 

pull-downs, we showed that the GRB10 SH2 domain binds RET9 in a kinase-dependent manner, 

and that a RET9 Y1062F mutation abrogates this interaction (Figure 3.5, A). In contrast, mutation 

of the RET PDZ-binding motif (F1072A) had minimal effect on binding of the GRB10 SH2 

domain to RET9, although it was required for NEDD4 binding (Figure 3.4, C), suggesting that 

this RET motif could be involved in additional mechanisms of NEDD4 recruitment.  

The RET9 C-terminal PDZ binding motif has been shown to be a docking site for the 

PDZ domain protein SHANK3 (62), however interactions with other PDZ proteins have not been 

investigated. Of note, another SHANK family member, SHANK2, localizes to clathrin-rich 

regions at the cell membrane and to early endosomes (210), where ubiquitinated proteins are 

enriched, and has a similar tissue distribution to RET in vivo (211), suggesting it might also be a 

candidate RET-binding protein.  In co-immunoprecipitation assays, we showed that SHANK2 

binds RET9 but not RET51 (Figure 3.5, B).  This interaction was lost when the RET9 PDZ 

binding motif was mutated (F1072A) or deleted, but was not affected by mutations of RET9 

phospho-tyrosines at Y1062 (GRB10 binding site) or Y1015 (PLC-γ binding site) (Figure 3.5, C).  

Together these data suggest that GRB10 and SHANK2 were recruited to distinct sites in the 

RET9 C-terminus. However, as these sites lie in close proximity (Figure 3.1, A), we investigated 

whether SHANK2 and GRB10 binding to the RET9 C-terminus were independent. In HEK293 

cells transiently expressing RET9 and both full-length GRB10 and SHANK2, we found that both  
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Figure 3.5. RET9-NEDD4 interactions are mediated by GRB10 and SHANK2. 
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Figure 3.5. RET9-NEDD4 interactions are mediated by GRB10 and SHANK2. 
 
(A) HEK293 cells transiently expressing GFRα1 and wild-type RET9, the indicated RET9 
mutants, or vector control (pcDNA) were treated with GDNF (15 min) and whole cell lysates 
(WCL) harvested for pull-down assays with GST-GRB10-SH2 domain or GST-alone. Samples 
were separated by SDS-PAGE and immunoblotted for the indicated proteins. (B and C) HEK293 
cells transiently expressing GFRα1 and HA-tagged SHANK2 with wild-type or kinase-dead 
(K758M) RET9 or RET51, the indicated RET9 mutants, or a vector control (pcDNA), were 
treated with GDNF (15 min). WCL were immunoprecipitated (IP) for SHANK2 (anti-HA) and 
samples analysed as in (A). (D) HEK293 cells transiently expressing GFRα1, HA-tagged 
SHANK2, and GRB10 with wildtype RET9, the indicated RET9 mutants or vector control were 
treated with GDNF (15 min). SHANK2 or GRB10 IPs were performed, and samples analysed as 
in (B). (E) WCLs from HEK293 cells transiently expressing RET9, GFRα1 and indicated 
amounts of HA-tagged SHANK2 construct were treated with GDNF (15 min) and IP for NEDD4. 
Samples were analysed using the indicated antibodies, as in (B). (F) HEK293 cells transiently 
expressing RET9 and GFRα1 with GRB10 and/or SHANK2 were treated with GDNF (15 min). 
WCL and IP for NEDD4 were analysed as in (B). Tubulin was used as a loading control in all 
experiments. 
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adaptors associated with wild-type RET9 (Figure 3.5, D). Consistent with our previous findings, 

SHANK2 bound the Y1062F but not the F1072A RET9 mutants. Interestingly, recruitment of 

full-length GRB10 to RET9 was abrogated by both these mutations in the presence of SHANK2 

(Figure 3.5, D), suggesting that GRB10 binding at Y1062 was not independent of SHANK2, and 

that SHANK2 binding at the RET9 C-terminus may facilitate or stabilize the RET9-GRB10 

interaction.  Further, GRB10 interacted with SHANK2, even in the absence of RET, and the RET 

F1072A mutation did not affect this interaction, suggesting that these adaptors may associate 

constitutively (Figure 3.5, D). 

3.3.6 RET9 recruits NEDD4 through complexes containing GRB10 and SHANK2 

As our data suggest that adaptor binding at both RET9 Y1062 and the PDZ binding 

motif, FTRF1072, are required for NEDD4 binding, and that SHANK2 recruitment may affect 

GRB10 binding, we further characterized the roles of GRB10 and SHANK2 in NEDD4 

recruitment. We showed that expression of increasing amounts of SHANK2 significantly 

increased interactions of RET9 and NEDD4 (Figure 3.5, E).  In addition, we showed that 

expression of either excess GRB10 or SHANK2 enhanced the association of NEDD4 and RET9 

(Figure 3.5, E-F) and expression of both these adaptors further enhanced the interaction (Figure 

3.5, F).  Together, our data suggest that a multi-protein complex assembles at the tail of RET9, 

which may enhance or stabilize recruitment of NEDD4 to RET.  

3.3.7 RET9 and RET51 are linked to multiple polyubiquitin chains 

The types of polyubiquitin chains decorating a substrate can promote different interactions or 

functional outcomes (212). We evaluated the specific types of polyubiquitin chains ligated onto 

RET9 and RET51 using ubiquitin chain restriction analysis (UbiCREST) with a panel of 

deubiquitinating (DUB) enzymes that recognize distinct patterns of ubiquitin linkage (213). RET9 

and RET51 transiently expressed in HEK293 cells were immunoprecipitated after treatment with 
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GDNF for 15 min, subjected to DUB treatment and cleavage products resolved by SDS-PAGE. 

Released ubiquitin chains were identified by silver staining (Figure 3.6, A). We detected 

prominent mono- and diubiquitin cleavage products for both RET9 and RET51 treated with the 

DUB OTUB1, which recognizes K48 polyubiquitin chains, generally linked to protein 

degradation. We also identified ubiquitin cleavage products for the AMSH DUB, which cleaves 

K63 ubiquitin linkages, associated with recruitment of signalling complexes implicated in many 

cellular processes, including endosomal protein sorting (212). K63 linkages appeared to be 

relatively more prevalent in RET51 cleavage products compared to RET9. Furthermore, 

reductions in the intensity of the remaining ubiquitination of RET9 after OTUB1 treatment, and 

for RET51 after both OTUB1 and AMSH treatments (Figure 3.6, B) confirmed release of 

ubiquitin chains by these DUBs and were consistent with relatively greater reductions in RET51 

ubiquitination than RET9 after cleavage of K63 linkages. We saw complete loss of ubiquitination 

of RET9 and RET51 using a USP2 DUB control, which cleaves all ubiquitin chains (Figure 3.6, 

B) but did not detect appreciable ubiquitin chain cleavage by other DUBs for either RET9 or 

RET51 (Figure 3.6, A), suggesting that other linkages were not prevalent in these samples. Our 

results are consistent with previous data linking RET ubiquitination to protein degradation (41), 

but suggest that it may also have roles in other processes, such as protein sorting and recruitment 

of endosomal trafficking adaptors. 

3.3.8 NEDD4 KD impairs GDNF-mediated recruitment of RET9 to CCPs 

We have previously demonstrated that RET9 and RET51 are internalized at different 

rates and that interactions with the AP2-clathrin adaptor complex, which promotes receptor 

recruitment to CCPs, is an important determinant of this process (25, 202). To further assess the 

individual contributions of NEDD4 and CBL to internalization of RET9 and RET51 

internalization, respectively, we used total internal reflection fluorescence (TIRF) microscopy to  
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Figure 3.6. RET isoform ubiquitin linkages and GDNF-stimulated recruitment to CCPs.  
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Figure 3.6. RET isoform ubiquitin linkages and GDNF-stimulated recruitment to CCPs.  
 
(A and B) Analysis of polyubiquitin chains linked to RET9 and RET51 in response to GDNF (15 
min) by ubiquitin chain restriction analysis (UbiCREST). RET9 and RET51 isoforms were 
immunoprecipitated for RET from SH-SY5Y cells expressing NEDD4 or CBL, respectively, and 
treated with the indicated deubiquitinating (DUB) enzymes. Cleavage products were separated by 
SDS-PAGE and analyzed by silver staining (A). Asterick indicates released ubiquitin chains. 
Bands corresponding to the DUB enzymes are indicated by boxes. (B) Remaining ubiquitination 
of RET9 and RET51 was analysed by immunoblotting for ubiquitin (anti-HA) and RET. No DUB 
control shows original immunoprecipitated RET samples. USP2, which cleaves all ubiquitin 
chains, was used as a positive control for DUB activity.  (C-E) Representative dual-colour TIRF 
microscopy images showing RET9 and AP2 in Mock KD and NEDD4 KD cells (C, top), and 
RET51 and AP2 in Mock KD and CBL KO (D, top) or GRB2 KD (E, top) SH-SY5Y cells. Cells 
were stimulated with GDNF for indicated times, fixed and subjected to immunofluorescence 
staining for RET and AP2. Scale bars: 5 µm. Arrows represent AP2-RET colocalization. TIRF 
images were subjected to automated image analysis to detect AP2 puncta (C-E, bottom). Shown 
are the means ±s.e.m. of RET fluorescence intensity within AP2 puncta in GDNF treated cells 
(n>70 cells taken from four independent experiments, >50,000 AP2 puncta analyzed per 
condition) relative to corresponding untreated cells (0 min GDNF). ✢P<0.0001; ‡P=0.0134; 
‡‡P<0.0001; *P<0.0001; **P=0.0010 using one-way ANOVA and Bonferroni post-test. 
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visualize the localization of RET isoforms at the cell surface. We measured the total intensity of 

RET within CCPs in response to GDNF stimulation, using TIRF microscopy coupled to 

automatic CCP detection and analysis (cmeAnalysis; MatLab), as we have previously used to 

monitor RET isoform recruitment to CCPs (202). CCPs were detected by AP2 staining, which 

exclusively detects cell-surface clathrin structures (122). Mock KD and NEDD4 or GRB2 KD or 

CBL KO were generated in the SH-SY5Y neuroblastoma cell line, which endogenously expresses 

both RET isoforms. Cells were stimulated with GDNF, then fixed and subjected to 

immunofluorescence staining for RET isoforms and AP2 (Figure 3.6, C-E). Based on the timing 

of RET-isoform recruitment to CCPs in our previous studies (202), we assessed GDNF-mediated 

localization of RET to AP2 puncta after 5 min for RET51 and after 15 min for RET9 compared to 

no treatment (0 min GDNF). Consistent with our previous studies (202), GDNF stimulation 

resulted in time-dependent localization of endogenous RET receptors to AP2 puncta at the cell 

surface in Mock KD cells (Figure 3.6, C-E). We detected RET51 at AP2 puncta following 5 min 

of GDNF treatment, and RET9 after 15 min GDNF (Figure 3.6, C-E). Minimal overlap of AP2 

puncta with RET staining was observed in the absence of GDNF. In NEDD4 KD cells, we 

detected few CCPs harbouring RET9, even upon GDNF stimulation (Figure 3.6, C). Automated 

detection of AP2 structures (202), followed by systematic quantification of RET localized therein, 

demonstrated that the GDNF-dependent RET9 recruitment to AP2 puncta was significantly 

impaired in NEDD4 KD cells (Figure 3.6, C). Interestingly, the ligand-dependent increase in 

localization of RET51 to AP2 puncta in response to GDNF was unaffected in both CBL KO 

(Figure 3.6, D) and GRB2 KD cells (Figure 3.6, E). Localization of RET51 to puncta was slightly 

greater in CBL KO cells under all conditions, probably as a result of the larger and flatter 

morphology of these cells.  Conversely, RET51 localization to puncta was lower overall in GRB2 

KD cells, likely reflecting the pleiotropic effects of GRB2 on diverse cellular processes. 

Together, our data suggest that ubiquitination of RET9 by NEDD4 may promote its recruitment 
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to CCPs and subsequent internalization, but that CBL-mediated ubiquitination is not essential for 

these early steps in recruitment of RET51 to CCPs for internalization.  

3.3.9 Internalization of ubiquitinated RET isoforms 

Ubiquitination of RTKs is an important determinant of receptor internalization from 

CCPs at the cell membrane into endosomal compartments (155). The roles of CBL- and NEDD4-

mediated ubiquitination in RET isoform internalization from the cell surface have not been 

explored. We used surface biotinylation assays to investigate the effects of ubiquitination on 

RET9 and RET51 internalization in CBL KO and GRB2 and NEDD4 shRNA KD SH-SY5Y 

cells compared with Mock KD control cells (Figure 3.7). Consistent with our previous studies 

(25, 202), RET51 internalization was detected by 5 min of GDNF treatment in Mock KD cells, 

whereas RET9 internalized more slowly, with appreciable internalization detected only after 15 

min (Figure 3.7, A-C). NEDD4 KD reduced RET9 internalization, such that appreciable 

internalization was only detectable after 30 minutes GDNF treatment in these cells (Figure 3.7, 

A). RET51 internalization was not affected by knockdown of NEDD4. CBL KO had little effect 

on the rates of RET51 or RET9 internalization (Figure 3.7, B), suggesting that ubiquitination is 

not essential for RET51 internalization, or that other CBL family members could compensate for 

loss of CBL in these cells.  As our data indicate that depletion of the GRB2 adaptor protein 

abrogates CBL interaction with, and ubiquitination of, RET51 (Figure 3.3, A-B) we assessed the 

effect of GRB2 KD on RET internalization (Figure 3.7, C). In GRB2 KD SH-SY5Y cells, RET51 

internalized more slowly than in Mock KD cells, and appreciable internalization was detected 

only after 15 min of GDNF treatment (Figure 3.7, C). Internalization of RET9 was not affected 

by GRB2 KD.  Together, our data identify isoform-specific differences in RET ubiquitination and 

suggest that these differences may modulate internalization of RET9 and RET51 into endosomal 

compartments.  
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Figure 3.7. Isoform-specific RET internalization is modulated by ubiquitin ligases. 
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Figure 3.7. Isoform-specific RET internalization is modulated by ubiquitin ligases. 
 
Biotinylation and internalization assays were performed in SH-SY5Y cells with shRNA 
knockdown of (A) NEDD4 or (C) GRB2, or (B) CRISPR knockout of CBL. Total surface 
proteins were biotinylated at 4°C prior to GDNF treatment for the indicated times. Remaining 
surface biotin was stripped and the amount of biotinylated internalized RET was assessed by 
streptavidin immunoprecipitation (IP) and immunoblotting with RET isoform specific antibodies. 
TP, total surface RET (no internalization, no stripping); M, MeSNa stripping control (no 
internalization). Tubulin was used as a loading control in all experiments. Amount of internalized 
RET protein at indicated times was determined by densitometry and expressed relative to initial 
surface-localized and biotinylated RET isoform (TP) is shown in charts on right. Values are the 
means ±s.e.m. for a minimum of three independent experiments. *P= 0.006; **P=0.03; 
✢P=0.0006 using two-tailed Student’s t-test. 
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3.4 DISCUSSION 

Multiple ubiquitin ligases are involved in the regulation of signal transduction pathways 

following ligand-mediated activation of receptor tyrosine kinases. Ubiquitination of RTKs can 

promote endocytosis, as well as target receptors for degradation or recycling (155). Consistent 

with previous studies (41, 68, 203), we have shown that the RET9 and RET51 isoforms are 

ubiquitinated upon GDNF stimulation. Our data, which focus on ubiquitination of wildtype RET 

isoforms rather than oncogenic activated mutants, allow us to evaluate early events in response to 

GDNF-mediated RET ubiquitination and suggest there may be differences in these processes 

between RET9 and RET51. 

We demonstrate that the CBL E3-ligase promotes ubiquitination of RET51 but not RET9. 

Our data indicate that CBL is recruited to RET51 via interactions with the GRB2 adaptor protein 

at phospho-tyrosine pY1096, a site unique to RET51 (Figure 3.8, A). CBL plays well-

characterized roles in ubiquitination of RTKs such as EGFR and MET, and is implicated in RTK 

internalization and trafficking (156, 214). We showed that both CBL KO and GRB2 KD reduced 

RET51 ubiquitination. We saw no residual interaction of RET51 and CBL in the GRB2 KD cells, 

suggesting that other adaptors or RET binding sites had minimal roles in linking CBL to RET51. 

Interestingly, neither CBL KO nor GRB2 KD inhibited ligand-dependent recruitment of RET51 

to AP2 puncta, which are markers of CCPs. We have previously shown that RET51 directly binds 

the AP2 clathrin adaptor and that this is required for receptor internalization (202). Our data 

suggest that indirect interactions between RET51 and AP2, through recruiting ubiquitin-binding 

proteins, do not significantly enhance ligand-dependent RET51 localization to AP2 puncta. 

Interestingly, however GRB2 KD, but not CBL KO, did lead to delayed internalization of RET51, 

suggesting that there may be roles for ubiquitination in recruiting other endocytic proteins at these 

later steps. Interactions between RET and the Cbl-3/c and Cbl-b CBL family members have also 

been identified in some cell types (68, 176, 203), perhaps suggesting that other members of this  
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Figure 3.8. Recruitment of E3 ubiquitin ligases to activated RET9 and RET51 is mediated 
by isoform-specific adaptor complexes.  

Models of RET9 and RET51 recruitment of E3-ubiquitin ligases. A) RET51 recruits GRB2 
through an SH2-mediated interaction at RET pY1096 in response to GDNF. The GRB2 adaptor 
protein facilitates an interaction between RET51 and CBL ubiquitin ligase. B). Activation of 
RET9 by GDNF promotes early phosphorylation events that alter the conformation of the RET9 
C-terminal tail, rendering it accessible for binding of SHANK2 at the PDZ domain (FTRF1072). 
RET9 also recruits GRB10 through an SH2-mediated interaction at pY1062. The RET9-GRB10 
interaction is promoted and/or stabilized by SHANK2 and recruits the NEDD4 ubiquitin ligase. 
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family could compensate for CBL depletion but not GRB2 loss in RET51 ubiquitination and 

internalization in SH-SY5Y.  Together, our data implicate a GRB2-CBL complex in RET51 

internalization in SH-SY5Y cells, consistent with recent studies demonstrating that depletion of 

multiple CBL family members was not sufficient to abrogate EGFR internalization but that 

GRB2 KD blocked receptor endocytosis (153). 

 We showed that wild-type RET9 is not associated with, or appreciably ubiquitinated by 

CBL, suggesting that other ubiquitin ligases could be involved. NEDD4 is the prototypical 

member of an E3 ligase family with roles in fetal growth and nervous system development (157). 

NEDD4 has previously been shown to ubiquitinate several RTKs, including neurotrophic tyrosine 

kinase receptor type 1 (NTRK1), targeting it for endocytosis and degradation (154, 207, 215, 

216). Our data demonstrate that RET9 is primarily ubiquitinated by the NEDD4 ubiquitin ligase 

in response to GDNF. Furthermore, depletion of NEDD4 impaired ligand-dependent RET9 

localization to CCPs and decreased the rate of RET internalization, suggesting that NEDD4-

mediated ubiquitination is important both for early recruitment of AP2 to RET9 and for 

subsequent endocytosis. We showed that the RET9-NEDD4 association required both the RET9-

specific phospho-tyrosine binding site pY1062 and C-terminal PDZ-binding motif (FTRF1072), 

suggesting that multiple adaptors may be needed to enhance and stabilize this interaction. 

The association of NEDD4 with RTKs is frequently mediated through interactions with 

the GRB10 adaptor, which binds receptors in a phosphorylation-dependent manner and recruits 

NEDD4 to facilitate receptor ubiquitination (216-218). RET has been previously shown to bind 

GRB10 upon activation (209), although the specific RET residues involved in the interaction 

were not determined. Here, we demonstrate that the GRB10 SH2 domain binds RET9 at pY1062, 

a site that is also required for NEDD4-mediated ubiquitination of RET9. A similar GRB10-

mediated interaction between NEDD4 and the insulin-like growth factor receptor (IGF-IR) 

promotes ubiquitination and internalization of the IGF-IR (216, 219). Interestingly, we found that 
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binding of a full length GRB10 protein was also impaired by mutation of the RET9 C-terminal 

PDZ-binding motif, suggesting additional complex members were involved in NEDD4 

recruitment.  

RET has been previously shown to recruit adaptor proteins through interactions with the 

PDZ-binding motif at the RET9 C-terminus (62). The SHANK2 PDZ-scaffolding protein is 

recruited to a number of cell surface receptors and has been shown to internalize with clathrin 

from the cell membrane and localize to endosomes and lysosomes (210), making it a candidate 

for RET binding.  Here, we show that SHANK2 binds the RET9 C-terminal PDZ-binding motif 

in a kinase dependent-manner and that NEDD4 recruitment to RET9 is increased in the presence 

of excess SHANK2. RET9-NEDD4 association was also increased in the presence of excess 

GRB10 and further enhanced by GRB10 and SHANK2 co-expression. Together, our data suggest 

that both SHANK2 and GRB10 are involved in the recruitment of NEDD4 to activated RET9 

receptors and that the NEDD4-GRB10-SHANK2 complex plays important roles in RET9 

ubiquitination and endocytosis (Figure 3.8, B). 

Although traditionally PDZ protein binding was thought to be phosphorylation 

independent, our data show that SHANK2 binding to RET9 requires an active kinase but does not 

occur through the pY1062 site unique to RET9, suggesting that conformational changes in the 

RET9 C-terminus associated with autophosphorylation may be required for SHANK2 recruitment 

(Figure 3.8, B). Recent studies have shown that RET9 kinase activation leads to a cascade of 

autophosphorylation events commencing with Y1062 phosphorylation (186). These data suggest 

RET9 Y1062 accessibility could contribute to its more rapid site phosphorylation and recruitment 

of signalling proteins (186). As we showed that GRB10 and SHANK2 associate constitutively, 

SHANK2-RET binding may facilitate association of GRB10 with the conformationally activated 

RET9, promoting subsequent NEDD4 recruitment to the complex via GRB10. Our data suggest 

cis-regulatory roles for phosphorylation of RET9 C-terminal tyrosines by also enhancing 
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accessibility for PDZ protein binding to the C-terminus of RET9. 

 Ubiquitination of membrane receptors, originally identified as a signal for degradation, 

also plays important roles in regulating protein interactions required for diverse cellular processes 

(212). Covalently attached polyubiquitin chains can be formed through multiple ubiquitin 

linkages, most frequently through lysines K48 or K63 which have been associated with 

intracellular routing of ubiquitinated substrates (212, 220). K48 linkages are able to target 

proteins for proteasomal degradation, while K63 linkages appear to have more diverse cellular 

functions and may orchestrate receptor signal transduction, endocytosis and intracellular 

trafficking to multiple compartments as well as targeting them for degradation (221-223). Here, 

we showed that both RET isoforms are associated with K48 and K63 ubiquitin chains in response 

to GDNF. Interestingly, we showed that K63 linkages are relatively more prevalent for RET51 

than RET9.  K63 polyubiquitination of substrates recruits ubiquitin-binding proteins that are 

important for sorting RTKs for proteasomal or lysosomal degradation or recycling to the cell 

membrane (220, 221). We have previously shown that internalized RET51, but not RET9, can be 

sorted to RAB11 positive recycling endosomes for return to the cell surface, or targeted for 

degradation (25, 172) suggesting that decoration with specific polyubiquitin chains may provide 

an important layer of regulation of RET51 sorting in the early and late endosomes.  

Our data demonstrate that RET9 and RET51 have differential mechanisms of receptor 

ubiquitination in response to activation by GDNF. We show that RET51 ubiquitination is 

modulated by the CBL E3-ligase recruited through interactions with the GRB2 adaptor protein. 

Loss of GRB2-mediated interactions abrogates ubiquitination and reduces RET51 internalization 

from the cell membrane. In contrast, RET9 recruits the NEDD4 ubiquitin ligase via a 

multicomponent adaptor protein complex including SHANK2 and GRB10 that interacts with 

multiple RET9 C-terminal binding motifs. Our data are consistent with previous studies showing 

distinct kinetics of RET9 and RET51 localization to CCPs in response to GDNF, which suggests 
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the involvement of differential internalization signals for each RET isoform (202). Modification 

of RET isoforms by different ubiquitin ligases may promote differential interactions of RET 

isoforms with ubiquitin-binding endosomal trafficking molecules, that could in part contribute to 

the differential trafficking and signalling patterns downstream of RET activation that have 

previously been observed (25, 171, 202). Our data, described here, support a model in which 

ubiquitination may contribute to these processes, and these contributions may differ between 

RET9 and RET51, but other factors including membrane and compartment localization and 

signalling protein complex interactions are also important players. RET’s roles in both 

development and cancer suggest that its precise regulation is critical for maintaining cellular 

homeostasis, making it an important target for anti-cancer therapies (21). Understanding of the 

mechanisms by which RET is down-regulated following ligand mediated activation are key to the 

development of such potential new treatments. 

3.5 MATERIALS AND METHODS 

3.5.1 Expression constructs 

Expression constructs encoding the full-length RET9 and RET51 isoforms, and GFRa1, 

have been previously described (25, 171). Truncations and point mutations were introduced by 

PCR-based site-directed mutagenesis and sequence verified. The GST-fusion construct encoding 

human icRET51 (residues 664–1114) has been previously described (202).  

 FLAG- and HA-tagged CBL expression constructs were gifts from Drs. Ye-Guang Chen 

(224) and Wallace Langdon (225), respectively. Full-length NEDD4 obtained from Dr. Madhavi 

Kadakia (226) was modified to include an amino terminal 2x FLAG tag. GST-NEDD4 was 

provided by Dr. Xiaolong Yang (Queen’s University, Kingston, ON). The HA-Ubiquitin 

construct (227) was provided by Dr. Dirk Bohmann. GST-GRB10 was provided by Dr. Justus 

Duyster (228). Full-length GRB10 (isoform A) was generated by PCR and sequence verified. The 
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HA-SHANK2 construct was obtained from Dr. Min Goo Lee (229). His-tagged DAB2, SHC PTB 

domain, and CBL-SH2 constructs were obtained from Dr. Gavin MacBeath (201, 230). shRNAs 

against human NEDD4, and GRB2 were obtained from Dharmacon (GE Healthcare, Mississauga 

ON, Canada). CRISPR constructs targeting CBL were obtained from Horizon Discovery Group 

(Cambridge, UK). 

3.5.2 Cell culture and transfection 

HEK293 (CRL-1573) and SH-SY5Y (CRL-2266) cells were obtained from ATCC 

(Manassus VA). HEK293 cells were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (MilliporeSigma, Oakville, ON) supplemented with 10% fetal bovine serum (FBS) 

(MilliporeSigma). Cells were transfected using Lipofectamine 2000 according to the 

manufacturer’s instructions (Life Technologies, Burlington, ON). Endogenous RET expression 

was stimulated in SH-SY5Y cells with 10 µM retinoic acid (MilliporeSigma) overnight prior to 

each experiment. RET activation was induced with 50 ng/ml GDNF (Peprotech, Rocky Hill, NJ) 

for the indicated times.  

Polyclonal shRNA knockdown (KD) or empty vector control (Mock KD) cell lines were 

generated by lentiviral transduction as previously described (202) and selected with puromycin 

(1.5 µg/ml) to generate stable polyclonal KD HEK293 and SH-SY5Y cell lines. CRISPR/Cas9 

gene editing was used to generate CBL knockout (CBL KO) in HEK293 and SH-SY5Y cells. 

3.5.3 Immunoprecipitation and western blotting 

Cells were washed with phosphate buffered saline (PBS) and lysed in lysis buffer [20 

mM Tris-HCl (pH 7.8), 150 mM NaCl, 1 mM sodium orthovanadate, 1% Igepal, 2 mM EDTA, 1 

mM phenylmethylsulfonyl fluoride, 10 µg/mL aprotinin, and 10 µg/mL leupeptin], as previously 

described (25, 171).  For UbiCREST analyses, 10 mM N-ethylmaleimide and 100 mM NaF were 

added to the lysis buffer. Protein concentrations were determined using the BCA Protein Assay 
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kit, (ThermoFisher Scientific, Waltham MA) according to the manufacturer’s instructions. For 

immunoprecipitations, 1 mg whole cell lysate was incubated with 1 µg antibody for 2-4 hours at 

4°C with agitation, followed by addition of 40 µl Protein A/G agarose (Santa Cruz 

Biotechnologies, Santa Cruz, CA) and overnight incubation at 4°C with agitation. Protein 

complexes were collected by centrifugation at 2000 x g, washed 4 times with lysing buffer and 

resuspended in Laemmli buffer. Proteins were separated by SDS-PAGE and transferred to 

nitrocellulose membranes (BioRad Laboratories, Mississauga, ON), as described (25, 171). 

3.5.4 Antibodies 

 RET expression was detected using C-19G (RET9), C-20G (RET51) or H300 (pan-RET) 

(Santa Cruz Biotechnology), D3D8R or E1N8X (pan-RET) (Cell Signaling Technology, Beverly, 

MA) antibodies. RET tyrosine phosphorylation was detected using the anti-phospho-RET 

(pY905, Cell Signaling, #3221) antibody. NEDD4 (H-135), CBL (C-15), GRB2 (C-23) and 

SHANK2 (H-150) antibodies were from Santa Cruz Biotechnology. The GRB10 antibody was 

from Cell Signaling (#3702). Anti-γ-tubulin and anti-phospho tyrosine (4G10) antibodies were 

obtained from MilliporeSigma. Antibodies for detection of epitope tags were: GST (S-tag-05); 

HIS (H-15); HA (F7 or Y11) (Santa Cruz Biotechnology); FLAG-M2 (MilliporeSigma).  

3.5.5 Ubiquitination assays 

HEK293 cells were transiently co-transfected with the indicated constructs and HA-

tagged ubiquitin. Cells were serum starved overnight followed by treatment for 30 min with 

MG132 (5 µM; MilliporeSigma) prior to activation of RET with GDNF for 15 min. Cell lysates 

were collected and immunoprecipitated with the indicated antibodies and immunoblotted, as 

described.   
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3.5.6 Ubiquitin chain restriction analyses 

Ubiquitin chain restriction analysis was performed using the UbiCREST kit 

(BostonBiochem, Cambridge MA) according to the manufacturer’s instructions. Briefly, RET9 or 

RET51 was immunoprecipitated from whole cell lysates of transiently transfected HEK293 cells 

treated with GDNF (15 min), as described above. Precipitated protein complexes were washed 

three times in PBS with 0.05% Tween-20 and with deubiquitinase (DUB) dilution buffer. Beads 

were distributed into reaction tubes, suspended in DUB dilution buffer containing individual 

DUB enzymes and incubated at 37°C for 30 min.  Supernatants were collected, resolved by SDS-

PAGE and visualized using a Bio-Rad Silver Staining Plus kit. Residual beads were suspended in 

Laemmli buffer with 1% 2-mercaptoethanol and analysed by western blotting. DUB enzymes 

used, and their cleavage specificities were: OTUD3 (cleaves K6- and K11-linked polyubiquitin); 

CEZANNE (K11); His6-TRABID (K29, K33, and K63); OTUB1 (K48); GST-AMSH (K63); YOD1 

(K6, K11, K27, K29, and K33); OTULIN (linear polyubiquitin only); and USP2, which cleaves most 

ubiquitin linkages (used as a positive control). 

3.5.7 Bacterial expression and purification of tagged proteins 

Expression constructs for GST or GST-tagged proteins and His-tagged SH2 and PTB 

protein domains were grown in BL21 codon plus –RP Escherichia coli. Harvest and purification 

was performed as previously described (202). 

3.5.8 Far western assays 

Purified His-tagged proteins (2 µg) were resolved by SDS-PAGE gels and transferred to 

nitrocellulose membranes. Membranes were blocked in 5% milk in TBS-T for 1-2 hours at room 

temperature. Purified GST-icRET51 or GST-alone (1 µg/ml) proteins were incubated with 

blocked membranes overnight at 4°C. Membranes were washed in TBS-T and probed with an 
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anti-GST or ant-His antibodies for 2 hours at room temperature. Blots were washed with TBS-T 

and incubated with secondary antibody for 1 hour. 

3.5.9 GST-pull-down assays 

5 µg GST-fusion protein was re-bound to 10 µL glutathione-sepharose 4B beads (GE 

Healthcare) and incubated with 1 mg whole cell lysates for 2-4 hours. Beads were washed four 

times with lysis buffer prior to the addition of Laemmli buffer and analysis by SDS-PAGE and 

immunoblotting. 

3.5.10 Biotinylation assays 

Biotinylation of cell surface proteins was performed in SH-SY5Y cells with the indicated 

shRNA knockdown or with CRISPR/Cas9 generated knockout of CBL, as previously described 

(25, 172). Briefly, cells were serum starved for three hours prior to labeling with biotin and 

activation of RET with 50 ng/ml GDNF for the indicated times. Remaining biotin label was 

stripped from the cell surface using 50 mM MeSNa. Cells were lysed and the biotinylated 

proteins recovered with streptavidin-conjugated agarose (ThermoScientific).  

3.5.11 Statistical analyses 

Experiments were repeated independently a minimum of 3 times. Means and standard 

errors (±s.e.m.) were calculated for each experimental condition, and significance between 

conditions was determined using a two-tailed Student’s t-test for α=0.05. Densitometry was 

performed using ImagePro (Media Cybernetics, Rockville, MD). 

3.5.12 Immunofluorescence staining and TIRF microscopy 

SH-SY5Y cell lines were seeded onto poly-L-lysine coated #1.5 glass coverslips 

(Electron Microscopy Sciences, Hatfield, PA) at 350,000 cells per well in six well plates. Cells 
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were treated with retinoic acid (10 µM) overnight and serum starved for 3 h prior to addition of 

GDNF ligand (50 ng/ml) for the indicated times. Cells were fixed with 3% paraformaldehyde, 

quenched with 100 mM glycine in PBS, permeabilized in 0.1% Triton X-100 and blocked in 3% 

BSA. Cells were incubated with primary antibodies against AP2 (AP6, Abcam) (1:400) and 

RET9 (C19R, Santa Cruz) or RET51 (EPR2871, Abcam, Cambridge, UK) (1:50) for 2 hours at 

room temperature followed by Hoechst (1:500), Alexa 594 and 488 secondary antibodies (1:200) 

(ThermoScientific) for one hour at room temperature. Coverslips were wet mounted on glass 

slides in PBS for imaging. Some TIRF microscopy experiments were performed using a 150x 

(NA 1.45) objective on an Olympus IX81 instrument equipped with Cell TIRF modules 

(Olympus Canada, Richmond Hill, ON) using 491 nm (50 mW) and 561 nm (50 mW) laser 

illumination and 520/30, 624/50 emission filters. Images were acquired using a C9100-13 EM-

CCD camera (Hamamatsu Corp., Bridgewater, NJ). Additional TIRF microscopy experiments 

were performed on a Quorum Diskovery TIRF microscope (Guelph, ON), comprised of a Leica 

DMi8 microscope equipped with a 63x (NA 1.49) TIRF objective with a 1.8x camera relay (total 

108x magnification).  Imaging was done using 488 nm and 561 nm laser illumination using 

527/30 and 630/75 emission filters. Images were acquired using a Zyla 4.2Plus sCMOS camera 

(Hamamatsu Corp.). 

3.5.13 Automated measurement of RET recruitment to AP2-positive CCPs 

Automated detection of AP2 puncta and robust analyses were implemented in MATLAB 

(MathWorks) cmeAnalysis software (http://lccb.hms.harvard.edu/software.html). Briefly, this 

method uses a Gaussian model-based approach to detect and analyze diffraction-limited AP2 

structures (202), in this case determined in single frames within the green AP2 channel (‘master’ 

channel). RET fluorescence intensities at AP2 puncta, corresponding to the amplitude of the 

Gaussian model in the red channel (‘slave’ channel) within detected AP2 puncta were also 
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obtained for each AP2 object. Average values of RET fluorescence within AP2 puncta in fixed 

cells were normalized to total RET expression in the TIRF field and are shown as means for a 

minimum of 50,000 AP2 puncta per condition. The statistics (ANOVA and Bonferroni post test) 

show differences in the relevant comparisons in a minimum of four independent experiments. 
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Chapter 4 

GGA3-mediated recycling of the RET receptor tyrosine kinase 

contributes to cell migration and invasion 
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4.1 ABSTRACT 

The RET receptor tyrosine kinase plays important roles in regulating cellular processes 

such as proliferation, migration and survival in the normal development of neural-crest derived 

tissues. However, aberrant activation of RET can contribute to tumourigenesis, regional invasion 

and metastasis of many human cancers. In addition to activating oncogenic RET mutations in 

thyroid and lung carcinomas, expression of wildtype RET is associated with aggressive spread of 

breast and pancreatic tumours. RET is expressed as two main isoforms that differ in C-terminal 

sequences. The long isoform termed RET51 is known to recycle via RAB11 endosomes. Here, 

we show that the endosomal sorting protein GGA3 interacts with RET51 and mediates GDNF-

dependent slow-recycling of RET51 receptors to the plasma membrane. Our data show that the 

GRB2 adaptor is required for ARF6 recruitment to RET51 and facilitates GGA3 interaction. 

RET51 recycling is also mediated by ARF6. Depletion of GGA3 accelerated RET51 degradation 

and also attenuated GDNF-induced AKT activation. Further, we showed that GGA3 and ARF6 

contribute to GDNF-dependent cell motility, migration and invasion. Our data establish the 

ability of RET to recycle as a mechanism coordinating RET signalling complexes and directed 

cell movement and invasion. 

4.2 INTRODUCTION 

Internalization of activated receptor tyrosine kinases (RTKs) from the plasma membrane, 

and subsequent endosomal trafficking are critical processes that spatially and temporally regulate 

downstream signals (12). RTKs that enter early endosomes via clathrin coated pits (CCPs) are 

sorted either for recycling back to the cell surface or for trafficking to multivesicular bodies and 

late endosomes for eventual degradation in lysosomes (11). Progress through these steps is 

modulated via interactions between the RTK and compartment-localized trafficking proteins that 

recognize specific RTK sorting sequence motifs and protein modifications (127, 231). These 
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trafficking proteins determine the path and ultimate fate of the receptors (11, 166). Recently, 

Golgi-associated molecules (158, 159) have been identified as important players that localize to 

early endosome compartments to promote the recycling of certain RTKs as well as RTK-

mediated cell migration, invasion, survival, and metastasis (161, 232).  

The sorting protein Golgi associated, gamma adaptin ear-containing ARF-binding protein 

3 (GGA3) has been identified as a key factor mediating recycling of the MET and TRKA 

receptors (158, 159). MET receptor recycling occurs via formation of a multicomponent complex, 

consisting of GGA3, CRKII, and the small GTPase ADP ribosylation factor 6 (ARF6), that 

associates indirectly with MET and recruits it into RAB4-mediated fast-recycling pathways (158). 

Silencing of GGA3 expression accelerates MET degradation and attenuates ERK activation and 

cell migration, upon ligand stimulation (158). In contrast, the TRKA receptor has been shown to 

undergo RAB11-mediated slow-recycling through interactions with GGA3 (159). Active TRKA 

phosphorylates SRC, which in turn recruits active ARF6 to early endosomes. ARF6 stabilizes the 

direct binding of GGA3, through its VPS27, HRS, STAM (VHS) domain, to an internal acidic 

dileucine motif within TRKA (159). GGA3 depletion increases TRKA degradation, and 

decreases NGF-induced AKT phosphorylation and cell survival (159). Participation of GGA3 in 

fast or slow recycling of RTKs has been predicted to be dependent on the modality by which 

GGA3 interacts with these receptors and other adaptors involved (159). Of note, the role of 

GGA3 in recycling pathways is not universal, as GGA3 is also important for sorting of the 

epidermal growth factor receptor (EGFR) (233) and β-site amyloid precursor protein cleaving 

enzyme 1 (BACE1) (234) to lysosomes through ubiquitination-dependent interactions. It is 

therefore important to study the association of GGA3 with other receptors, as individual RTKs 

may differentially interact with or even modify (235) the GGA3 sorting protein to serve various 

purposes.  
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RET (REarranged in Transfection) encodes a receptor tyrosine kinase that is important for 

development of the kidneys and enteric nervous system. RET is also a potent oncogene that 

contributes to tumourigenesis, regional invasion and metastasis of many human cancers (21). 

Constitutively activating RET mutations are drivers of inherited and sporadic thyroid cancers 

(118, 236) and lung adenocarcinomas (95, 97, 98). Increased expression and activation of 

wildtype RET is associated with aggressive spread of breast (108, 111, 175) and pancreatic 

cancers (100, 105, 237). RET is expressed as two main isoforms, RET9 and RET51, through 

alternative splicing of 3’ exons (21). These isoforms are co-expressed and differ in their unique 9 

or 51 C-terminal amino acids, respectively (180). We have shown that RET51 has a greater 

ability to promote cell motility and invasion than RET9 (118), but the underlying mechanisms are 

not fully understood.  

RET is activated by a multimeric complex including a glial-cell line derived neurotrophic 

factor (GDNF) family ligand and cell surface GDNF family co-receptor (GFRα) (21). Activated 

RET9 and RET51 isoforms form independent complexes (40) with distinct molecular and 

functional properties. RET9 has an important signalling hub at tyrosine Y1062 and a unique C-

terminal PDZ-binding domain, while RET51 has an additional phospho-tyrosine, Y1096 (21). 

These differences lead to recruitment of distinct adaptors (238) and stimulation of multiple 

signalling pathways, including mitogen-activated protein kinase kinase (MEK)/ERK and 

phosphatidylinositol 3-kinase (PI3K)/AKT (21). These adaptor complexes facilitate the 

recruitment of NEDD4 and Casitas B-lineage Lymphoma (CBL) E3-ubiquitin ligases to RET9 

and RET51, respectively (238). After activation, both RET isoforms are internalized via CCPs to 

early RAB5-positive endosomes, where signalling persists (25, 202). We have shown that RET51 

internalizes more rapidly than RET9 (25, 202), and that this process requires the growth factor 

receptor-bound protein 2 (GRB2) adaptor protein (238). RET51 returns to the membrane via 

RAB11-mediated slow-recycling endosomes, but not the RAB4-mediated fast-recycling pathway, 
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while RET9 is not recycled but is targeted to the lysosome for degradation (25). We predict these 

differences in RET isoform recycling ability are mediated by specific protein interactions with the 

C-terminal tail sequence of RET51.  

Protein interactions governing recycling to the cell surface after activation and 

internalization into endosomal compartments are not characterized for RET. Here, we show that 

the endosomal sorting protein GGA3 interacts with RET51 through VHS-domain binding and 

ARF6 recruitment via GRB2. We showed that GGA3 and ARF6 facilitate RET51 slow-recycling 

to the plasma membrane, and promote GDNF-dependent cell motility, migration and invasion. 

Depletion of GGA3 accelerated RET51 degradation and attenuated GDNF-induced AKT 

activation. Our data suggest RET recycling as a mechanism coordinating RET signalling 

complexes and directed cell movement and invasion. 

4.3 RESULTS 

4.3.1 RET51 recycles via RAB11 endosomes 

Previous studies have shown that some RTKs can recycle from early endosomes back to 

the cell surface through slow-recycling, RAB11-positive endosomes (159, 160, 239). Here, we 

used surface biotinylation assays (172) and SH-SY5Y neuroblastoma cells, which endogenously 

express both RET isoforms, to assess the abilities of RET9 and RET51 to recycle (Figure 4.1, A-

C). Consistent with our previous studies (25, 202, 238), internalization of both RET9 and RET51 

was detected after 15 min of GDNF treatment. However, we saw significant reductions in 

biotinylated RET51 (>50%) but not RET9 receptors; following a second incubation at 37˚C to 

allow recycling of receptors, followed by a second stripping of surface biotin, suggesting that a 

portion of RET51 receptors had undergone recycling (Figure 4.1, B-C). We have previously 

shown that RET51 localizes to RAB11 endosomes in response to GDNF (25), but the key 

interactions required for this localization were not determined. As we have previously shown that  
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Figure 4.1. Internalized RET51 is recycled back to the cell surface via RAB11 endosomes.   
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Figure 4.1. Internalized RET51 is recycled back to the cell surface via RAB11 endosomes.   

(A) Schematic diagram of cell-surface biotinylation assays to evaluate internalization and 
recycling. Cell-surface proteins are biotinylated on ice. Surface-biotinylated total protein (TP) is 
either cell-surface biotin stripped (MC- MeSNa control/ internalization 0 min GDNF) or 
incubated at 37˚C with GDNF ligand for 15 min to allow internalization, and remaining cell 
surface biotin is stripped. Cells may be harvested to identify biotin-labelled internalized proteins 
(INT) or incubated at 37˚C to allow recycling and a second round of surface stripping. Protein 
recycling is indicated by differences in amounts of biotinylated proteins detected in the presence 
(REC – recycling 30 min) or absence (DC – degradation control) of this final stripping step. (B) 
SH-SY5Y cells were serum starved for 3 h, then treated as in A]. Biotinylated proteins were 
collected by streptavidin pull down (Strep. PD). Whole cell lysates (WCL) and pull-down 
samples were separated by SDS-PAGE. RET9 and RET51 were detected by western blot using 
isoform-specific antibodies. Tubulin was used as a loading control. (C) Relative levels of 
biotinylated RET isoforms compared to internalized levels (INT), for these assays (n = 5) are 
shown as mean ± S.E.M.. Levels of biotinylated RET51 are significantly reduced after surface 
strip II (REC) compared to DC, indicating that it has undergone recycling. No appreciable RET9 
recycling was detected. * P = 0.0004, using two-tailed Student’s t-test. (D) Using CRISPR/Cas9, 
total RET knockouts (KO) were generated in SH-SY5Y cells. RET KO cells were transiently 
transfected with mCherry-tagged RET51 or RET51 Y1096F for microscopy experiments. (E) 
Representative confocal microscopy images showing the distribution of EGFP-tagged RAB11 
endosomes and mCherry-tagged RET51 or RET51 Y1096F in RET KO SH-SY5Y cells after 30 
min of GDNF treatment. Arrowheads indicate colocalization between RAB11 and RET51 in 
perinuclear regions of interest (white boxes). No colocalization was detected between RAB11 and 
RET51 Y1096F. tM1 = 0.70, tM2 = 0.73, Costes P-value = 1.00. Manders coefficients were 
obtained using ImageJ, Coloc2 software after background substraction (n = 20 cells). Scale bars: 
20 µm.   
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Y1096 in RET51 is a key site for recruitment of adaptors, we investigated whether Y1096 on 

RET51 could mediate this trafficking route. Using CRISPR/Cas9 (238), we generated total RET 

knockouts (KO) in SH-SY5Y cells and re-introduced fluorescently-tagged constructs for RET51, 

or a RET51 Y1096F mutant (Figure 4.1, D), to assess localization in response to GDNF. We 

detected colocalization of RAB11 and RET51, but not RET51 Y1096F, in recycling endosomes 

in the perinuclear region of cells (Figure 4.1, E). Our data are consistent with previous reports 

showing that a portion of RET51 receptors avoids degradation by slow-recycling back to the cell 

surface (25), but that RET9 does not. 

4.3.2 RET51 recruits GGA3 in a ligand and kinase-dependent manner 

Recruitment of RTKs to recycling endosomes requires interactions with trafficking 

adaptors in early endosomes (158, 159). In co-immunoprecipitation assays, we showed that 

RET51 and GGA3 interact in a ligand-dependent manner in transiently transfected HEK293 cells 

(Figure 4.2, A). Association of RET51 and GGA3 was detected after 15 min and was maximal by 

30 min of GDNF treatment. In SH-SY5Y cells, we also detected an endogenous interaction 

between GGA3 and RET51, but not RET9, in response to GDNF for 30 min (Figure 4.2, B), and 

showed ligand-dependent colocalization of RET51 and GGA3 after 15 min of GDNF treatment 

(Figure 4.2, C). GGA3 has been shown to promote RAB11 recycling by binding directly to an 

internal acidic dileucine motif (DxxLL) within the TRKA receptor through its VHS domain 

(159). In in vitro pulldown assays, we showed that a purified GST-tagged GGA3-VHS domain 

binds RET51 in response to GDNF (30 min) (Figure 4.2, D). These results suggest that the 

GGA3-VHS domain recognizes the internal acid dileucine motif D797GPLL in RET. The GST-

GGA3-VHS protein did not associate with kinase dead RET51 (K758M) or kinase inactive 

truncation (RET aa1-999) mutants that still contain the RET51 acidic dileucine motif (Figure 4.2, 

D). Since GGA3 contains other functionally relevant domains, we also performed  



 

 

 

101 

 
 
Figure 4.2. RET51 recruits GGA3 in a ligand and kinase-dependent manner. 
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Figure 4.2. RET51 recruits GGA3 in a ligand and kinase-dependent manner. 

(A) HEK293 cells transiently expressing RET51, myc-GGA3, and GFRα1 were treated with 
GDNF for indicated times. Whole cell lysates (WCL) and immunoprecipitated (IP) samples (anti-
GGA3) were separated by SDS-PAGE and immunoblotted for the indicated proteins. (B) SH-
SY5Y cells pre-treated with retinoic acid and serum starved were incubated in the absence or 
presence of GDNF for 30 min. WCL and IP samples (anti-GGA3) were separated by SDS-PAGE 
and immunoblotted for the indicated proteins. (C) Representative confocal microscopy images 
showing the distribution of endogenous GGA3 and RET51 in SH-SY5Y cells with or without 
GDNF (15 min). Cells were fixed and stained with GGA3 and RET51 antibodies. Arrowheads 
indicate colocalization of GGA3 and RET51 in intracellular regions of interest white box). tM1 = 
0.64, tM2 = 0.48, Costes P-value = 1.00. Manders coefficients were obtained using ImageJ, 
Coloc2 software after background substraction (n = 20 cells). Scale bars: 20 µm.  (D) HEK293 
cells transiently expressing GFRα1 and either RET51, vector control (pcDNA), kinase dead 
RET51 (K758M), or RET kinase-inactive truncation mutant (RET aa1-999), were untreated or 
treated with GDNF (30 min) and WCL harvested for pull-down assays with GST-GGA3-VHS 
domain or GST-alone. Samples were separated by SDS-PAGE and immunoblotted for the 
indicated proteins. (E) HEK293 cells transiently expressing GFRα1, myc-GGA3 and the 
indicated RET9 or RET51 construct or vector control (pcDNA), were treated with GDNF (30 
min), and WCL and IP samples (anti-myc) separated by SDS-PAGE and immunoblotted for the 
indicated proteins. 
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co-immunoprecipitations with full-length GGA3, and showed that GGA3 binds to RET51 (aa1-

1114), but does not interact with RET9, a kinase-dead RET51 (K758M) and with RET51 

truncation mutants (aa1-999, aa1-1095) (Figure 4.2, E). Our data suggest that GGA3 binds to the 

RET51 C-terminal tail sequence.  The GGA3 VHS domain interaction with TRKA was stabilized 

by ARF6 (159), suggesting that RET51 may potentially recruit additional players that facilitate 

the interaction between the GGA3 VHS domain and the RET51 acidic dileucine motif. 

4.3.3 Interaction of RET51 and GGA3 is mediated by GRB2 and occurs after RET 

internalization 

As GGA3 recruitment requires RET51 C-terminal sequences, we evaluated the unique 

phosphotyrosine Y1096 that recruits distinct signalling complexes to RET51 (238) as a potential 

RET51-GGA3 recruitment site. We showed that the RET51 and GGA3 interaction was abrogated 

by a tyrosine to phenylalanine substitution at Y1096 (Y1096F) (Figure 4.3, A), suggesting that 

GGA3 interaction is stabilized through indirect interactions with adaptor proteins through this 

site. The GRB2 adaptor has previously been shown to recruit multiple signaling proteins to 

Y1096 (43, 238). GGA3 interaction with RET51 was lost in shRNA GRB2 KD HEK293 cells 

(Figure 4.3, A). Consistent with this, GGA3 colocalized with fluorescently-tagged RET51, but 

not RET51 Y1096F, after GDNF treatment for 30 min in total RET CRISPR-KO SH-SY5Y cells 

(Figure 4.3, B). We did not detect colocalization of RET51 and GGA3 in GRB2 KD SH-SY5Y 

cells (Figure 4.3, C). As we have previously shown that GRB2 interactions are important for 

promoting RET51 internalization (238), and GRB2 is required for GGA3 interaction with RET51, 

we assessed the effects of GGA3 KD on RET51 recruitment to AP2-positive CCPs, using Mock 

KD and GGA3 KD SH-SY5Y cells that we validated with multiple clones (Figure A.10, A). We 

measured the total intensity of RET51 within AP2-positive CCPs in response to GDNF 

stimulation, using Total Internal Reflection Fluorescence (TIRF) microscopy coupled to  
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Figure 4.3. Interaction of RET51 and GGA3 is mediated by GRB2.  
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Figure 4.3. Interaction of RET51 and GGA3 is mediated by GRB2.  

(A) Mock or GRB2 KD HEK293 cells transiently expressing GFRα1, myc-GGA3 and either 
RET51, vector control (pcDNA), kinase dead RET51 (K758M), or RET51 Y1096F, were treated 
with GDNF for 30 min. Whole cell lysate (WCL) and immunoprecipitated (IP) samples (anti-
GGA3) were separated by SDS-PAGE and immunoblotted for the indicated proteins. (B) 
Representative confocal microscopy images showing the distribution of EGFP-tagged GGA3 and 
mCherry-tagged RET51 Y1096F in RET KO SH-SY5Y cells, in the presence of GDNF for 30 
min. No colocalization was detected in regions of interest (white boxes). Manders coefficients 
were obtained using ImageJ, Coloc2 software after background substraction (n = 20 cells). Scale 
bars: 20 µm.   (C) Representative confocal microscopy images showing the distribution of 
endogenous GGA3 and RET51 in GRB2 KD SH-SY5Y cells, in the presence of GDNF for 15 
min. Cells were fixed and stained for GGA3 and RET51. No colocalization was detected in 
regions of interest (white boxes). Manders coefficients were obtained using ImageJ, Coloc2 
software after background substraction (n = 20 cells). Scale bars: 20 µm.  (D) Representative 
dual-colour TIRF microscopy images showing RET51 and AP2 in Mock KD (upper and middle 
panels) and GGA3 KD cells (bottom panel). Cells were stimulated with GDNF for 0 or 5 min, 
fixed and subjected to immunofluorescence staining for RET and AP2. Scale bars: 5 µm. Arrows 
represent AP2-RET colocalization. TIRF images were subjected to automated image analysis to 
detect AP2 puncta (bottom). Shown are the RET fluorescence intensities within AP2 puncta 
(mean ± S.E.M.) in GDNF-treated cells (n > 15 cells taken from three independent experiments, > 
50,000 AP2 puncta analysed per condition) relative to untreated cells (0 min GDNF). * P = 
0.0121, ** P = 0.0381, using one-way ANOVA and Bonferroni post-test. (E) HEK293 cells 
transiently expressing GFRα1, myc-GGA3, RET51, and either EGFP-tagged empty vector 
(EGFP-EV), dynamin-2 dominant negative (EGFP-DYN DN), or RAB5 dominant negative 
(EGFP-RAB5 DN), were treated with GDNF for 30 min. WCL and IP samples (anti-GGA3) were 
separated by SDS-PAGE and immunoblotted for the indicated proteins. 
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automatic CCP detection and analysis (cmeAnalysis; MatLab), as previously described (202, 

238). GDNF stimulation resulted in localization of endogenous RET receptors to AP2 puncta by 

5 min of GDNF treatment in Mock KD cells, as shown in our previous studies (202, 238), and 

GDNF-dependent RET51 recruitment to AP2 puncta was unaffected in GGA3 KD cells (Figure 

4.3, D). Further, we showed that GGA3 interaction with RET51 was impaired in the presence of 

excess dynamin-2 (DYN) dominant negative (DN) mutant, which prevents scission of CCPs from 

the cell surface (171, 240), or a RAB5 DN mutant, which prevents clathrin-coated vesicles from 

fusing with early endosomes (241) (Figure 4.3, E). Together, our data indicate that GGA3 is not 

required for recruitment of RET51 to AP2-positive CCPs, and suggest GGA3 interaction may 

occur once RET51 has left the cell-surface. 

4.3.4 Active ARF6 is recruited to RET51 through GRB2 interactions 

We have previously shown that RET51 becomes ubiquitinated by the CBL E3-ligase, 

which is recruited through the GRB2 adaptor in response to GDNF (238). As GGA3 contains a 

GGA and TOM1 (GAT) domain previously shown to interact with GTP-bound ARF proteins or 

ubiquitin (233), we assessed the possibility that RET51 ubiquitination may modulate GGA3 

recruitment to RET51. We have previously shown that KO or overexpression of CBL affects 

relative levels of RET51 ubiquitination (238). However, overexpression or knockout of CBL in 

HEK 293 cells had no effect on GGA3 binding to RET51 (Figure 4.4, A), suggesting that GGA3 

does not interact with RET51 through ubiquitin, in contrast to GGA3 interactions with EGFR 

(233). In addition, a truncated form of GGA3, which includes the VHS and GAT domains, was 

able to co-immunoprecipitate with RET51 (Figure 4.4, A), suggesting that the GGA3 hinge 

region and the gamma-adaptin ear (GAE) domain are not required for this interaction. RET51 did 

not interact with GGA1VHS+GAT or GGA2VHS+GAT truncated proteins, indicating the GGA3 

interaction was specific (Figure A.9).  
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Figure 4.4. Active ARF6 is recruited to RET51 via GRB2. 
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Figure 4.4. Active ARF6 is recruited to RET51 via GRB2. 

(A) Wildtype or CBL KO HEK293 cells transiently expressing GFRα1, RET51, myc-GGA3 or 
myc-GGA3VHS+GAT, and Flag-CBL, were treated with GDNF for 30 min. Whole cell lysate 
(WCL) and immunoprecipitated (IP) samples (anti-myc) were separated by SDS-PAGE and 
immunoblotted for the indicated proteins. (B) HEK293 cells transiently expressing GFRα1 and 
RET51 were treated with GDNF for indicated times. WCL and GGA3-protein binding domain 
(PBD) bead pulldown samples were separated by SDS-PAGE and immunoblotted for the 
indicated proteins.  (C) HEK293 cells transiently expressing GFRα1, and kinase dead RET51 
(K758M), RET51 or RET51 Y1096F, were treated with GDNF for 15 min and analysed as in B].   
(D) Mock or GRB2 KD HEK293 cells transiently expressing GFRα1 and RET51 were treated 
with GDNF for 15 min and analysed as in B]. (E) Live-cell experiments were performed using 
20% UV to photoactivate RET51-PAmCherry in EGFP-RAB11 endosomes (5µm by 5µm 
circular region of interest) in Mock, GGA3, and ARF6 KD SH-SY5Y cells. Cells were treated 
with or without GDNF (30min). Scatter plots show fluorescence intensities of RET51-
PAmCherry (mean ± S.E.M.) in EGFP-RAB11 endosomes. * P < 0.0001, ** P = 0.0081, *** P = 
0.0132, using a one-way ANOVA with Bonferroni post-test.



 

 

 

109 

Active GTP-bound ARF6 can bind to the GAT domain of its GGA3 effector, and has 

been shown to stabilize interactions between MET or TRKA and GGA3 specifically in early 

endosomes (158, 159). We performed co-immunoprecipitation assays using GGA3-ARF6 protein 

binding domain (PBD) beads, which bind the active GTP-bound form of ARF6, to evaluate ARF6 

activity downstream of RET51. We showed that ARF6 activation was maximal after 15 min 

GDNF treatment and decreased subsequently (Figure 4.4, B). ARF6 activation was also 

dependent on RET51 kinase activity and required the Y1096 phospho-binding site (Figure 4.4, 

C). Further, ARF6 was not activated in GRB2 KD compared to Mock KD cells, in response to 

GDNF (Figure 4.4, D). RTK-mediated GGA3 recruitment and ARF6 activation have been shown 

to occur in early endosomes to promote recycling (158, 159). We used photoactivatable 

PAmCherry-RET51 constructs and assessed localization to RAB11 endosomes in Mock, GGA3, 

and ARF6 KD SH-SY5Y cells that we validated with multiple clones (Figure A.10, A). 

Fluorescence intensity of photoactivated RET51-PAmCherry in EGFP-tagged RAB11 recycling 

endosomes was greater in the presence of GDNF for 30 min, and was reduced in GGA3 KD and 

ARF6 KD compared to Mock KD cells (Figure 4.4, E). These data suggest that GGA3 and ARF6 

may play roles in promoting RET51 localization to RAB11 endosomes and suggest their 

involvement in RET51 recycling. 

4.3.5 GGA3 silencing impairs RET51 slow recycling and enhances its degradation 

GGA3 promotes RAB4 fast-recycling of the MET receptor and RAB11 slow-recycling of 

the TRKA receptor (158, 159). To investigate the role of GGA3 in RET51 recycling, we 

performed surface biotinylation assays (172), using Mock KD and GGA3 KD SH-SY5Y cells. 

Cells were incubated 5 min to allow for fast-recycling, or 30 min to allow for slow-recycling, 

prior to the second cell-surface strip. As predicted from our previous experiments, RET51 does 

not undergo fast-recycling in either cell line (Figure 4.5, A and C). Our data show that RET51  
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Figure 4.5. GGA3 silencing impairs RET51 slow recycling and enhances its degradation.  
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Figure 4.5. GGA3 silencing impairs RET51 slow recycling and enhances its degradation.  

(A) Mock or GGA3 KD SH-SY5Y cells were serum starved for 3 h, then treated in sequential 
steps as shown in Figure 4.1, A]. Biotinylated proteins were collected by streptavidin pull-down 
(Strep. PD). Whole cell lysate (WCL) and pull-down samples were separated by SDS-PAGE and 
immunoblotted for the indicated proteins. A fast recycling control (FRC) allowed for 5 min of 
recycling. (B) Mock or ARF6 KD SH-SY5Y cells were serum starved for 3 h, then analysed as in 
in A]. (C) Relative levels of biotinylated RET, compared to internalized levels (INT), for assays 
shown in A] and B] (n = 3) are shown as means ± S.E.M.. Levels of biotinylated RET51 are 
significantly reduced after surface strip II (REC) compared to DC in Mock KD and ARF6 KD 
cells. * P = 0.0009, ** P = 0.0158, *** P = 0.0078, using a one-way ANOVA with uncorrected 
Fisher’s LSD post-test.  (D) Representative confocal microscopy images showing the distribution 
of EGFP-tagged RAB11 endosomes and mCherry-tagged RET51 in GGA3 KD SH-SY5Y cells, 
in the presence of GDNF for 30 min. No colocalization was detected in regions of interest (white 
boxes). Manders coefficients were obtained using ImageJ, Coloc2 software after background 
substraction (n = 20 cells). Scale bars: 20 µm.  (E) Mock and GGA3 KD SH-SY5Y cells were 
pre-treated one hour in serum-free media with cycloheximide, then transferred to serum-free 
media containing cycloheximide or DMSO alone, and GDNF and harvested after the indicated 
times. Samples were separated by SDS-PAGE and immunoblotted for the indicated proteins. (F) 
RET51 expression levels from E], normalized to tubulin loading controls, were plotted ± S.E.M. 
on a non-linear fit of log-dose vs response/one-phase decay curve, relative to protein levels at 
time 0 h (n = 3). RET51 protein half-lives (t1/2) are indicated. RET51 levels significantly 
decreased at times 4 h and 8 h due to degradation. * P < 0.0001, ** P < 0.0001, using two-tailed 
Student’s t-test. 
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slow-recycling is significantly reduced compared to degradation control in Mock KD cells. 

Biotinylated RET51 receptors were not significantly reduced after a second round of surface 

stripping compared to degradation control in GGA3 KD cells (Figure 4.5, A and C). To 

investigate potential effects of ARF6 KD on RET51 slow recycling, we used Mock and ARF6 

KD SH-SY5Y cells for biotinylation assays as above. Our data show that RET51 slow-recycling 

is significantly reduced compared to degradation control in ARF6 KD cells (Figure 4.5, B-C). As 

KDs of GGA3 and ARF6 were similar (93.3% and 94.4%, respectively) (Figure A.10, A), these 

data suggest that GGA3 KD has a greater effect on RET51 recycling than ARF6 KD. In GGA3 

KD cells, we showed that colocalization of RET51 and RAB11 decreased relative to Mock KD 

cells (Figure 4.5, D), suggesting that RET51 may be trafficking to other endosomal compartments 

in the absence of GGA3. To determine whether RET51 might be targeted for degradation in the 

absence of recycling, we examined the degradation of RET51 in Mock and GGA3 KD cells 

treated with cycloheximide to inhibit new protein synthesis. RET51 protein levels were 

significantly decreased by 4 h cycloheximide treatment in Mock and GGA3 KD cells (Figure 4.5, 

E-F). RET51 degradation occurred more rapidly in GGA3 KD cells, with less than 10% of 

protein remaining after 4 h (Figure 4.5, E-F). RET51 protein had a longer half-life (t1/2 = 1.7 h, in 

Mock KD cells compared to t1/2 = 1.2 h in GGA3 KD cells) (Figure 4.5, F). Together, these data 

show that GGA3 KD enhanced RET51 degradation compared to Mock KD SH-SY5Y cells, and 

suggest that in the absence of GGA3, RET51 receptors may move into late endosomes and 

lysosomes for degradation, rather than RAB11-positive endosomes. 

4.3.6 GGA3 and ARF6 promote GDNF-mediated cell motility and migration 

We have previously demonstrated that RET51 promotes cell motility and migration in 

different cell types (118), but the involvement of recycling proteins GGA3 and ARF6 in these 

processes has not been investigated. Using individual cell tracking and mean square displacement 
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analyses, we showed that GGA3 KD and ARF6 KD individually reduced cell motility compared 

to Mock KD SH-SY5Y cells in the presence of GDNF (Figure 4.6, A-B). In wound healing 

assays, we showed that GGA3 KD and ARF6 KD reduced GDNF-dependent cell migration of 

SH-SY5Y cells (Figure 4.6, C-D). GGA3 KD had a greater effect than ARF6 KD on both cell 

motility and migration (Figure 4.6). 

4.3.7 GGA3 and ARF6 contribute to GDNF-mediated cell invasion  

GGA3 has been shown to promote ERK and AKT signalling downstream of MET and 

TRKA receptors, respectively (158, 159). In SH-SY5Y cells, GGA3 KD reduced GDNF-

mediated AKT phosphorylation, but not ERK phosphorylation (Figure 4.7, A). ARF6 KD had no 

appreciable effect on RET-mediated AKT and ERK phosphorylation. AKT signalling is 

upregulated by many RTKs as they return to the cell surface in RAB11 endosomes (159, 160, 

239) and these signals can lead to the development of invasive and metastatic cancers (160, 161). 

To assess the role of RET51 in RET-mediated cell invasion, we grew SH-SY5Y KD cells as 

spheroids embedded in a 3D collagen matrix (173), and assessed the abilities of GGA3 KD or 

ARF6 KD to block GDNF-mediated cell invasion. Both GGA3 and ARF6 KD significantly 

reduced invasiveness of SH-SY5Y cells, compared to Mock KD cells (Figure 4.7, B and D). 

Blocking ERK signalling with MEK1/2 inhibitor U0126 (Figure A.10, B) did not inhibit GDNF-

mediated cell invasion (Figure 4.7, C and E). The PI3K inhibitor LY294002 significantly 

decreased AKT signalling (Figure A.10, B) and GDNF-directed cell invasion of SH-SY5Y cells 

(Figure 4.7, C and E). Our data indicate that depletion of GGA3 and ARF6 abrogates GDNF-

mediated cell motility, migration and invasion; and identify AKT signalling as a targetable 

pathway to prevent GDNF-mediated cell invasion in SH-SY5Y cells.  
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Figure 4.6. GGA3 and ARF6 promote GDNF-mediated cell motility and migration.  
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Figure 4.6. GGA3 and ARF6 promote GDNF-mediated cell motility and migration.  

(A) Mean squared displacement (MSD) analysis of Mock, GGA3 and ARF6 KD SH-SY5Y cells. 
Displacement from initial position was tracked at 20-min intervals over 8 h for a minimum of 300 
individual cells/indicated condition. MSD for all tracked cells ± S.E.M. is plotted for each time 
point. (B) Individual paths taken by 50 randomly selected cells are shown for each condition. 
MSD of GGA3 and ARF6 KD cells was reduced relative to Mock KD control in the presence of 
GDNF. * P < 0.0001, ** P = 0.0025, respectively, using one-way ANOVA with Bonferroni post-
test. (C) Representative phase-contrast images of the indicated cells migrating into a scratched 
wound in a confluent cell monolayer. Remaining wound area at the indicated time is highlighted 
by red shaded area. Scale bars = 300 µm. (D) Wound closure relative to Mock KD + G at 24 h 
was quantified. GDNF-dependent wound closure was significantly increased in Mock and ARF6 
KD cells. * P = 0.0002, ** P = 0.0381, *** P < 0.0001, **** P = 0.0058, using a one-way 
ANOVA with uncorrected Fisher’s LSD post-test. 
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Figure 4.7. GGA3 and ARF6 contribute to GDNF-mediated cell invasion through AKT 
dependent pathways.  

 



 

 

 

117 

Figure 4.7. GGA3 and ARF6 contribute to GDNF-mediated cell invasion.  

(A) Mock, GGA3 and ARF6 KD SH-SY5Y cells were serum starved overnight in the presence of 
retinoic acid. Cells were treated with or without GDNF for 30 min before harvesting. Whole cell 
lysate (WCL) samples were separated by SDS-PAGE and immunoblotted for the indicated 
proteins. (B) Mock, GGA3 and ARF6 KD SH-SY5Y RET-mediated cell invasion. SH-SY5Y 
spheroids were embedded into a collagen matrix in the presence or absence of GDNF. Embedded 
spheroids were allowed to invade for 12 hours. Scale bars: 100 µm. (C) SH-SY5Y RET-mediated 
cell invasion into collagen matrix. SH-SY5Y spheroids were embedded into a collagen matrix in 
the presence or absence of GDNF. Embedded spheroids were treated with the indicated 
compounds and allowed to invade for 12 hours. Scale bars: 100 µm. (D) Quantification of Mock, 
GGA3 and ARF6 KD SH-SY5Y invasion. Scatter plots show the invasiveness relative to 
spheroid area (mean ± S.E.M.) of each KD condition. * P = 0.0351, P < 0.0001, P < 0.0001, using 
one-way ANOVA with Bonferroni post-test. (E) Quantification of SH-SY5Y invasion following 
inhibitor treatment. Scatter plots show the mean cell invasion (± S.E.M.) of each inhibitor 
condition. * P < 0.0001, ** P < 0.0001, *** P = 0.0001, using one-way ANOVA with Bonferroni 
post-test. 
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4.3.8 Internalization and RAB11 recycling of RET51 promotes cell migration and invasion 

Upon activation, RET51 is internalized through processes requiring AP2 and GRB2 

adaptors (202, 238). Similar to recycling pathways, clathrin-mediated endocytosis has been 

shown to be required for RTK-directed cell migration and invasion (242). We showed that 

depletion of AP2 or GRB2 decreased GDNF-directed cell migration and invasion (Figures A.10, 

A-B and A.11). Thus, both RET internalization and recycling contribute to GDNF-dependent cell 

motility, migration and invasion (Figure 4.8). 

4.4 DISCUSSION 

We have previously shown that RET9 and RET51 isoforms differ in their abilities to 

internalize prior to entering early endosomes and being sorted to different locations within the 

cell (25, 202, 238). RET51 associates with AP2 and GRB2 adaptors (202, 238); whereas RET9 

recruits AP2 and the NEDD4 ubiquitin ligase, through PDZ-binding protein SHANK2 and 

GRB10 interactions, in order to internalize via clathrin-mediated endocytosis (238). RET51 can 

internalize more rapidly and robustly than RET9 (25, 202), suggesting that different RET isoform 

signalling complexes and adaptors mediate the temporal differences. NEDD4 and CBL E3-

ubiquitin ligases tag RET9 and RET51, respectively, with ubiquitin chains (238), and both RET 

isoforms can be downregulated by proteasomal or lysosomal degradation (25, 176). However, 

RET51 and not RET9 is able to escape early endosomes and return to the cell surface via 

perinuclear RAB11 slow-recycling endosomes (25). Traditionally, receptor recycling was thought 

to be a default pathway, but compelling evidence has emerged that supports the idea that RTK 

recycling is an active process that involves motif-based sorting, multicomponent protein 

complexes, and activation of select signalling cascades (158-160). Our findings elucidate the 

mechanisms that regulate entry of RET51 into the recycling compartment, a process that remains  
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Figure 4.8. GGA3 associates with RET51 in a multicomponent complex.  

Upon activation and internalization into early endosomes, RET51 actives ARF6 via the GRB2 
adaptor to stabilize interaction of GGA3. GGA3 binds to RET51 through its VHS domain. GGA3 
promotes slow recycling of RET51 to the plasma membrane and activation of the AKT pathway. 
In the absence of GGA3, RET51 degradation increases. 
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poorly understood for most RTKs. RET51 receptors return to the cell surface, thereby promoting 

cell migration and invasion, characteristic of RET-associated tumours (118).  

 Recently, Golgi-associated proteins have been identified as critical players important for 

endosomal recycling of RTKs (158-160). EGFRs are recognized by the adaptor Golgi Membrane 

Protein 1 (GOLM1), which leaves the trans-Golgi network to bind internalized receptors in early 

endosomes (160). GOLM1 also promotes RAB11 recycling, leading to enhanced EGFR 

signalling that drives hepatocellular carcinoma cell migration, invasion and tumour metastasis to 

lungs (160, 161). GGA3 is another Golgi-related protein that facilitates RTK recycling: RAB4 

fast-recycling pathway for the MET receptor (158), and the RAB11 slow-recycling pathway for 

the TRKA receptor (159). The involvement of GGA3 in these two different pathways is 

determined by the manner that GGA3 binds these RTKs and also recruits other factors. We have 

shown that GGA3 interaction with RET51 is ligand-dependent, similar to the MET receptor 

(158); however, the VHS domain of GGA3 is predicted to bind to an internal acidic dileucine 

recycling motif within RET51, like the TRKA receptor (159). RET51 interacts with GGA3, but 

not GGA1 and GGA2, likely due to the residues within and surrounding the DXXLL motif as 

shown in other studies (159, 243). As seen for MET and TRKA receptors (158, 159), RET51 

interacts with GGA3 and recruits activated ARF6. GTP-bound ARF6 localizes to early 

endosomes (158, 159), unlike other ARF family members (244), and promotes recycling by 

stabilizing GGA3-RTK interactions (158, 159). Our results show that ARF6 activation 

downstream of RET51 is dependent on the adaptor protein GRB2, which binds directly to RET51 

at Y1096, but does not bind RET9 (238). ARF6 activity increased following GDNF stimulation 

for 15 min, suggesting that recruitment of ARF6 may localize to early endosomes and stabilize 

binding between GGA3 and RET51. The GRB2 adaptor localizes to early endosomes (245) and 

facilitates ARF6 activation in other contexts (246), possibly through ARF6 guanine nucleotide 

exchange factors (GEFs) (247). In contrast, decrease in ARF6 activation over time may indicate 
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that an ARF6 GTPase activating protein (GAP) may be recruited to RET51 at later stages of 

recycling to ensure return to the cell surface. ARF6 activity is controlled by different GEFs, 

including GEP100 (247, 248), and many GAPs, such as ACAP1 (249), to cycle between GTP or 

GDP-bound forms, and has been shown to play roles not only in recycling, but also cell 

proliferation, migration and invasion (247, 248, 250, 251). 

 In TIRF microscopy experiments, we determined that GGA3 KD did not affect the 

recruitment of RET51 into CCPs, indicating that GGA3 is involved after receptors are 

internalized, as previously shown with other RTKs (158, 159). Consistent with this, 

overexpression of DYN and RAB5 DN mutants, which prevent internalization into early 

endosomes, decreased RET51 and GGA3 interaction. We showed that both GGA3 and ARF6 KD 

decreased RET51 recycling back to the cell surface, although GGA3 silencing completely 

blocked the slow recycling process. These data may suggest that low residual levels of ARF6 can 

facilitate the return of RET51 to the plasma membrane, or that additional factors may be 

involved. Since RTKs can recycle to the plasma membrane and contribute to actin dynamics and 

cell motility (158, 232), we tracked motility of Mock, GGA3 and ARF6 KD cells in the absence 

and presence of GDNF ligand stimulation. GGA3 and ARF6 individually increased GDNF-

dependent mean square displacement of cells. In migration assays, GGA3 and ARF6 KD reduced 

the GDNF-dependent wound healing ability of cells. Interestingly, we observed that GGA3 had a 

greater effect in promoting RET-mediated cell motility and migration than ARF6, suggesting that 

GGA3 may be associated with signalling pathways that contribute to these cell behaviours. 

GGA3 promotes ERK signalling downstream of the MET receptor to increase migratory 

properties of cells (158), but enhances cell survival by activating AKT signalling downstream of 

TRKA (159). We demonstrated that GGA3 KD prevents GDNF-dependent AKT signalling. The 

AKT pathway is associated with modulating cell-surface levels and RAB11-recycling of RTKs as 

well as cell migration and invasion (159, 160, 239). Thus, we investigated the roles of GGA3 and 
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ARF6 and AKT signalling in GDNF-dependent cell invasion using 3D spheroid models (173). 

Interestingly, ARF6 KD completely blocked cell invasion in the presence of GDNF to similar 

levels as GGA3 KD. ARF6 contribution to RET-mediated cell migration and invasion may reflect 

the well characterized role that ARF6 plays in driving cell invasion in many cancers (247, 248, 

250-252), as well as engaging other invadopodial components (253). We also showed that 

GDNF-dependent cell invasion was significantly decreased in spheroids treated with AKT 

inhibitors, whereas targeting ERK signalling had no effect. These data highlight the broader 

implication of GGA3 interactions with RET51. GGA3, in a multicomponent protein complex 

with GRB2-ARF6, promotes RET51 RAB11-recycling and AKT signalling, which in future may 

represent therapeutic targets alongside RET. The key roles of GGA3 in promoting RET-

dependent cell migration and invasion, similar to GOLM1 enhancing invasive and metastatic 

properties of EGFR (160, 161), point to the potential of GGA3 in also playing a role in metastasis 

of RET-associated tumours.  

 In addition to investigating the effect of GGA3 KD on RET51 recycling, we also studied 

degradation of RET51 over time. Similar to MET and TRKA receptors (158, 159), GGA3 

depletion increased the rate of RET51 degradation and protein half-life. In GGA3 KD cells, 

RET51 colocalization with RAB11 recycling endosomes decreased, suggesting that RET51 

receptors continued to traffic towards late endosomes and lysosomes for degradation. In contrast 

to MET and TRKA, EGFR interacts with GGA3 through ubiquitin, which plays a role in 

facilitating EGFR degradation (233). We showed that overexpression or knockout of the E3-

ubiquitin ligase CBL, which ubiquitinates RET51 (238), did not alter GGA3 recruitment. RET51 

recruitment of ARF6 may lead to distinct endosomal compartmentalization of receptors destined 

to recycle, from those targeted by CBL ubiquitination and ESCRT complexes to late endosomes 

(166), prior to degradation.  
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Of importance to our study, GGA3 binding and ARF6 recruitment provide a mechanism 

by which RET51, the relatively more invasive RET isoform (118), can recycle to the cell surface 

after internalization (Figure 4.8), while escaping CBL-mediated degradation and signal 

attenuation. Therapeutically targeting players involved in RET51 recycling, migration and 

invasion, such as ARF6 (254), may prove to be an effective strategy to enhance RET51 

downregulation in RET-associated cancers. 

4.5 MATERIALS AND METHODS 

4.5.1 Expression constructs 

Expression constructs encoding the full-length RET9 and RET51 isoforms, fluorescently-

tagged RET, RET truncations and point mutations, EGFP-RAB11, and GFRa1 have been 

previously described (25, 202, 238). RET51 Y1096F-mCherry and RET51-PAmCherry plasmids 

were generated by restriction enzyme digests and sequence verified. pGST-GGA3-VHS (255) 

was a gift from Dr. James Hurley (#44420; Addgene, Cambridge, MA). The full-length myc and 

EGFP-tagged GGA3 constructs (233) were provided by Dr. Juan Bonifacino. The constructs for 

myc-tagged VHS+GAT domains of GGA1 and GGA3, and the HA-tagged VHS+GAT domains 

of GGA2 (256) were gifted from Dr. Stuart Kornfeld. The EGFP-tagged dynamin-2 dominant 

negative (DYN-K44A) mutant (240), and EGFP-RAB5a dominant negative (RAB5-S34N) 

mutant (241) were provided by Drs. Mark McNiven and Marino Zerial, respectively. The FLAG-

CBL expression construct was provided by Wallace Langdon (225). shRNAs against human 

GGA3, ARF6, and GRB2 were obtained from Dharmacon (GE Healthcare, Mississauga ON). 

CRISPR constructs targeting CBL and RET were obtained from Horizon Discovery Group 

(Cambridge, UK).  
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4.5.2 Cell culture and transfections 

HEK293 (CRL-1573) and SH-SY5Y (CRL-2266) cells were obtained from ATCC 

(Manassus VA). HEK293 cells were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (MilliporeSigma, Oakville, ON) supplemented with 10% fetal bovine serum (FBS) 

(MilliporeSigma). Cells were transfected using Lipofectamine 2000 according to the 

manufacturer’s instructions (Life Technologies, Burlington, ON). SH-SY5Y endogenous RET 

expression was stimulated with 5 µM retinoic acid (MilliporeSigma) overnight prior to each 

experiment. RET activation was induced with 100 ng/ml GDNF (Peprotech, Rocky Hill, NJ) for 

the indicated times.  

Polyclonal shRNA KD of GGA3, ARF6, and GRB2, or empty vector control (Mock KD) 

cell lines were generated by lentiviral transduction as previously described (202, 238) and 

selected with puromycin (1.5 µg/ml) to generate stable polyclonal KD HEK293 and SH-SY5Y 

cell lines. CRISPR/Cas9 gene editing was used to generate CBL and RET KO in HEK293 and 

SH-SY5Y cells, respectively, as described (238).  

4.5.3 Immunoprecipitation and western blotting 

Cells were washed with Phosphate Buffered Saline (PBS) and lysing buffer (20 mM Tris-

HCl (pH 7.8), 150 mM NaCl, 1 mM sodium orthovanadate, 1% Igepal, 2 mM EDTA, 1 mM 

phenylmethylsulfonyl fluoride, 10 µg/mL aprotinin, and 10 µg/mL leupeptin), as previously 

described (238). Protein concentrations were determined using the BCA Protein Assay kit, 

(ThermoScientific, Waltham, MA) according to the manufacturer’s instructions. For 

immunoprecipitations, 1 mg whole cell lysate was incubated with 1 µg antibody for 2-4 hours at 

4°C with agitation, followed by addition of 40 µl Protein A/G agarose (Santa Cruz 

Biotechnologies, Santa Cruz, CA) and overnight incubation at 4°C with agitation. For ARF6 

activity assays, 1 mg whole cell lysate was incubated with GGA3-ARF6 protein binding domain 
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(PBD) beads according to the manufacturer’s instructions (Cytoskeleton, Denver, CO) for 2-4 

hours at 4°C with agitation. Protein complexes were collected by centrifugation at 2000 x g, 

washed 4 times with lysing buffer and resuspended in Laemmli buffer. Proteins were separated 

by SDS-PAGE and transferred to nitrocellulose membranes (BioRad Laboratories, Mississauga, 

ON), as described (238). 

4.5.4 Antibodies 

RET expression was detected using C-19G (RET9), C-20G (RET51) (Santa Cruz 

Biotechnology), D3D8R or E1NX8 (pan-RET) (Cell Signaling Technology, Beverly, MA) 

antibodies. GGA3 antibody H-300 (Santa Cruz Biotechnology) was used for co-

immunoprecipitations, and GGA3 antibody 612311 (BD Transduction Laboratories, San Jose, 

CA) was used for detection. phospho-ERK (E-4), ERK1 (K-23), GFP (B-2), CBL (C-15) and 

GRB2 (C-23) antibodies were from Santa Cruz Biotechnology. ARF6 (D12G6), phospho-AKT 

Ser473 (193H12) and AKT (9272) were from Cell Signaling Technology. Anti-γ-tubulin (T6557) 

was obtained from MilliporeSigma. Antibodies for detection of epitope tags were: GST (S-tag-

05); HA (F7 or Y11) (Santa Cruz Biotechnology), and myc (9B11) (Cell Signaling Technology). 

Western blots were incubated with appropriate HRP-linked secondary antibodies: anti-mouse 

(7076) or anti-rabbit (7074) from Cell Signaling Technology, or anti-goat (2384) from Santa Cruz 

Biotechnology. 

4.5.5 Purification of GST-tagged proteins and GST pull-down assays 

Expression constructs for GST or GST-tagged proteins were grown in BL21 codon plus –

RP Escherichia coli. Harvest and purification was performed as previously described (202). 5 µg 

GST-fusion protein was re-bound to 10 µL glutathione-sepharose 4B beads (GE Healthcare) and 

incubated with 1 mg whole cell lysates. Beads were washed four times with lysing buffer prior to 

the addition of Laemmli buffer and analysis by SDS-PAGE and immunoblotting. 
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4.5.6 Cell motility assays 

Cells were seeded at low density (3x104 cells/well) in a 24-well plate in DMEM 

supplemented with 1% FBS and 5 µM retinoic acid (MilliporeSigma). Cells were allowed to 

adhere for 18 h. Medium was aspirated and replaced with fully supplemented DMEM treated 

with 100 ng/mL GDNF (Peprotech). Images were captured every 20 min over 8 h using an 

Incucyte ZOOM system equipped with a 4x objective lens (Essen BioScience, Ann Arbor, MI). 

Image exportation and analysis of individual cells (50 per condition) were performed as 

previously described (118). Mean squared displacement was determined using DiPer software 

(257). 

4.5.7 Wound healing assays 

Cells were seeded at high density (5x104 cells/well)  in a 24-well plate in DMEM 

supplemented with 1% FBS and 5 µM retinoic acid (MilliporeSigma). Cells were grown to ~90% 

confluence, before wounds were scratched in each well. Medium was aspirated and replaced with 

fully supplemented DMEM treated with 100 ng/mL GDNF (Peprotech). Images were captured 

every 4 h over 24 h using an Incucyte ZOOM system equipped with a 4x objective lens (Essen 

BioScience). Image exportation and analysis of individual cells were performed as previously 

described (118). 

4.5.8 3D spheroid invasion assays 

Cells (1x103) were seeded into each well of a U-bottomed cell-repellent plate (Greiner 

Bio-One, Monroe, NC) in DMEM supplemented with 5% FBS and 1 mg/mL methylcellulose 

(173). Cells were incubated for 24 hours to generate one spheroid/well. Spheroids were collected 

and embedded into 2.5 mg/mL collagen (Corning Inc., Corning, NY), overlaid with media 

containing ligand (100 ng/mL GDNF), and incubated for 12 h. Spheroids were treated with 

MEK1/2 (U0126) and PI3K (LY294002) inhibitors (Cell Signaling Technology) at 20 µM and 25 
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µM, respectively, or DMSO alone. Invasion into the surrounding matrix was quantified using 

ImageJ (National Institutes of Health, Bethesda, MD), as previously described (173). Briefly, Z-

projections were generated and analysed by thresholding images to exclude background, and 

measuring the area of the spheroid and invading cells/the area of the spheroid body to determine 

the spheroid invasiveness relative to spheroid area (173).  

4.5.9 Boyden chamber cell migration assays 

PET membrane transwell inserts with 8 µm pores were seated in 24-well companion 

plates (BD Biosciences, Bedford, MA), coated on both sides with growth factor-reduced Matrigel 

(BD Biosciences) and allowed to dry overnight. Coated transwells were rehydrated with 1% FBS 

DMEM and seeded with 8x104 retinoic acid-treated SH-SY5Y cells in 1% FBS DMEM, with or 

without GDNF. Plates were incubated for 48 hours to allow cells to invade, with fresh medium 

added daily. Following incubation, cells were fixed in 2% paraformaldehyde and stained with 

0.5% crystal violet. Random fields of view from each slide were imaged under phase contrast 

(200x magnification) and the number of migrating cells in each field counted, as previously 

described (118).  

4.5.10 Inverted Boyden chamber cell invasion assays 

SH-SY5Y cells with Mock or AP2M1 KD (202) were subjected to an inverted invasion 

assay, as previously described (118), in the absence or presence of GDNF and stained with 

CellTracker CMFDA (Corning Inc.). Cells invade upwards through a cell culture insert (8 µm 

pores) and into a deep Matrigel plug towards a source of GDNF ligand over 48 hrs. Optical 

sections were taken every 10 µm through the Matrigel with a Quorum Spinning Disc confocal 

microscope (Quorum Technologies, Guelph, ON). The percentage of cells displaced greater than 

30 µm into Matrigel represented cell invasion. 
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4.5.11 Biotinylation assays 

Biotinylation of cell surface proteins was performed, as previously described (172). 

Briefly, cells were serum starved for three hours prior to labeling with biotin and activation of 

RET with 100 ng/ml GDNF for the indicated times. Remaining biotin label was stripped from the 

cell surface using 50 mM MeSNa. For recycling conditions, cells were re-incubated in media for 

indicated times before remaining biotin was stripped a second time. Cells were lysed and the 

biotinylated proteins recovered with streptavidin-conjugated agarose (ThermoScientific). 

4.5.12 Degradation assays 

Mock and GGA3 KD SH-SY5Y cells were treated overnight with 5 µM retinoic acid 

(MilliporeSigma) prior to each experiment to stimulate endogenous RET expression. Cells were 

pre-treated for one hour in serum-free media with retinoic acid and cycloheximide (BioShop 

Canada) (100 µg/ml in DMSO). After pre-treatment, the media was replaced with serum-free 

media containing cycloheximide (100 µg/ml in DMSO) or DMSO alone, and GDNF (100 ng/ml) 

(Peprotech) and incubated for the indicated times. Protein degradation was assessed by 

immunoblotting. 

4.5.13 Statistical analyses 

Experiments were repeated independently a minimum of 3 times. Means and standard 

errors (± S.E.M.) were calculated for each experimental condition, and significance between 

conditions was determined using an ANOVA or two-tailed Student’s t-test for α = 0.05, as 

indicated. Densitometry was performed using ImageJ (National Institutes of Health, Bethesda, 

MD). 
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4.5.14 Immunofluorescence staining and microscopy 

SH-SY5Y cell lines with Mock KD, GGA3 KD or RET KO were seeded onto Poly-L-

Lysine coated #1.5 glass coverslips (Electron Microscopy Sciences, Hatfield, PA) at 3.5 x 105 

cells per well in six well plates. Cells were either treated with retinoic acid (5 µM) overnight or 

transfected with indicated constructs before serum starvation for 3 hours prior to addition of 

GDNF ligand (100 ng/ml) for the indicated times. Cells were fixed with 3% paraformaldehyde, 

quenched with 100 mM glycine in PBS, permeabilized in 0.1% Triton X-100 and blocked in 3% 

BSA. Cells were incubated with primary antibodies against AP2 (AP6, Abcam) (1:400) or GGA3 

(612311, BD Transduction Laboratories) and RET51 (EPR2871, Abcam, Cambridge, UK) (1:50) 

for 2 hours at room temperature followed by Hoechst (1:500), Alexa 594 and 488 secondary 

antibodies (1:200) (ThermoScientific) for one hour at room temperature. Coverslips were wet 

mounted in PBS for imaging.  

Spinning Disk/TIRF microscopy experiments were performed on a Quorum Diskovery 

TIRF microscope (Guelph, ON), comprised of a Leica DMi8 microscope equipped with a 63x 

(NA 1.49) TIRF objective with a 1.8x camera relay (total 108x magnification). Image stacks with 

a 0.5 step size were acquired using 488 nm and 561 nm laser illumination, 527/30 and 630/75 

emission filters, and a Zyla 4.2Plus sCMOS camera (Hamamatsu Corp.). Regions of interest 

within cells were selected and Manders coefficients, with TR and TG  by Costes method were 

obtained using ImageJ Coloc2 software (National Institutes of Health) after background 

substraction.  

Live-cell photoactivation experiments were performed on a Leica SP8 Confocal 

comprised of a Leica DMI6000 microscope equipped with a 63x with a 1.4 camera relay, as well 

as temp/CO2 environmental control with Tokai Hit ThermoPlate System (ThermoScientific). 

Fluorescence of EGFP and the activated form of PAmCherry was excited with 488 nm and 561 

nm laser illumination, using 504/566 and 592/779 emission filters. Laser powers were adjusted to 
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minimize bleaching during the time-lapse acquisitions. Photoactivation was induced using a 405 

nm laser and 20% UV (5µm by 5µm regions of interest). Fluorescence intensities of RET51-

PAmCherry within photoactivation regions were determined using Plot Z-axis Profile functions 

in ImageJ (National Institutes of Health). 

For inverted boyden chamber assays and 3D spheroid assays, a Quorum Wave FX 

spinning disc confocal microscope system (Quorum Technologies) with a 60× objective lens 

(Olympus Canada Inc., Richmond Hill, ON) and Metamorph software (Molecular Devices, 

Sunnyvale, CA) were used to acquire optical sections. ImageJ (National Institutes of Health) was 

used to normalize channel intensities and generate maximum-intensity Z-projections. 

4.5.15 Automated measurement of RET recruitment to AP2-positive CCPs 

Automated detection of AP2 puncta and robust analyses were implemented in MatLab 

(MathWorks) cmeAnalysis software (http://lccb.hms.harvard.edu/software.html). Briefly, this 

method uses a Gaussian model-based approach to detect and analyze diffraction-limited AP2 

structures (202, 238), in this case determined in single frames within the green AP2 channel 

(‘master’ channel). RET fluorescence intensities at AP2 puncta, corresponding to the amplitude 

of the Gaussian model in the red channel (‘slave’ channel) within detected AP2 puncta were also 

obtained for each AP2 object. Average values of RET fluorescence within AP2 puncta in fixed 

cells were normalized to total RET expression in the TIRF field and are shown as means for a 

minimum of 50,000 AP2 puncta per condition.  
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Chapter 5 

GENERAL DISCUSSION 

 

Summary of Research Findings and Significance 

5.1 Molecular Mechanisms Regulating RET Isoform Trafficking 

Recent studies have demonstrated that the RET receptor contributes to a much broader 

array of cancers than previously recognized (21), through the expression of wild-type RET 

promoting invasion and tumour spread (100-102, 104, 105, 108). Molecular studies suggest that 

RET isoforms have distinct but complementary roles in these processes (118), but the underlying 

mechanisms of these contributions are not known. Here, we postulated that differential protein 

interactions regulate subcellular trafficking and ultimate localization of RET9 and RET51 (25). 

We show differences in RET isoform interactions, localization, and biological functions and 

establish that these are mediated via protein-protein interactions with the distinct C-terminal tail 

sequences of each RET isoform (202, 238). We show that these unique interactions contribute to 

the sorting and subcellular trafficking of RET isoforms along different endocytic pathways, and 

that these processes spatially concentrate RET signals to coordinate cellular outcomes. In 

particular, we demonstrate that internalization and recycling processes enable the RET51 isoform 

associated directional cell movement or invasion, characteristic of RET-associated tumours. 

These studies provide a more fundamental understanding of RET isoform function that may in 

future improve our abilities to target these important RTKs in treatment of RET-mediated human 

pathologies.  



 

 

 

133 

5.2 Delayed RET9 Internalization  

RET51 associates with AP2 and GRB2 adaptors (202, 238); whereas RET9 recruits AP2 

and the NEDD4 ubiquitin ligase, through PDZ-binding protein SHANK2 and GRB10 interactions 

(238), in order to internalize via clathrin-mediated endocytosis. RET51 internalizes more rapidly 

and robustly than RET9 (25, 202), as the different RET isoform signalling complexes and 

adaptors mediate these temporal differences (238). Interestingly, our data suggest that SHANK2 

and NEDD4 interactions may affect maturation kinetics of the CCPs in which RET9 receptors 

reside. PDZ and ubiquitin-dependent interactions have been shown to delay the maturation 

kinetics of CCPs containing G-coupled protein receptors by modifying the actin cytoskeleton and 

slowing down recruitment of dynamin (258, 259). We have also shown that RET9 receptors can 

interact with other PDZ proteins including NHERF family members (data not shown), but these 

proteins did not recruit NEDD4, which is involved in ubiquitination and internalization of RET9. 

RET51 does not interact with SHANK2 proteins and CBL silencing did not alter RET51 

recruitment to CCPs and internalization (238), suggesting that CBL may not play roles in these 

processes, although it may be involved in later trafficking steps. RET51 degradation. As has been 

reported for EGFR (153), knockdown of individual endocytic proteins including AP2 as well as 

GRB2 or NEDD4 did not completely inhibit internalization of RET isoforms, suggesting that a 

coordinated effort by several adaptors is required for recruitment of receptors to CCPs and 

internalization. We did not detect any ligand-dependent interactions of RET isoforms with other 

clathrin-associated sorting proteins, including DAB2 (202), EPS15 and NUMB (data not shown), 

suggesting specificity in recruitment of endocytic adaptors to RET isoforms. 
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5.3 Flotillin-Assisted Endocytosis 

RET has been shown to localize to lipid rafts (30, 176), which are membrane 

microdomains enriched in cholesterol, sphingolipids, GPI-anchored proteins, specific adaptor 

proteins, and other components such as caveolins and flotillins (260, 261). Lipid rafts 

compartmentalize RET with subsets of signalling molecules such as SRC (30), and sequester 

RET away from degradation machinery located outside rafts (176). As we did not detect 

colocalization between RET isoforms and CAV1 at the plasma membrane (202), our data suggest 

that lipid rafts that contain RET may be caveolin-independent. Of note, RET has recently been 

detected in rafts associated with flotillin-1 (262), which is localized to planar lipid rafts 

independent of CAV1 (263, 264). Flotillin microdomains have been observed at the plasma 

membrane, but also in early endosomes, late endosomes and recycling endosomes (261). More 

specifically, flotillin-1 plays a role in assisting clathrin-dependent internalization at the plasma 

membrane by clustering cell-surface receptors both before endocytosis and after recycling (261). 

Flotillin has also been shown to reside at RAB11-positive endosomes and promote delivery of 

receptors to the cell surface through slow recycling (265, 266). Interestingly, translocation of 

RET into flotillin-associated lipid rafts was actin-dependent and occurred in response to GDNF 

(262). This timing was consistent with RET51 internalization, interaction with GGA3 and slow 

recycling to the membrane. It would be of interest to investigate whether RET isoforms 

differentially localize to flotillin-associated lipid rafts, as flotillin-1 may potentially assist the 

faster recruitment of RET51 to CCPs relative to RET9 and then cooperate with GGA3 to promote 

RET51 recycling, migration and invasion (25, 202, 238). Flotillin-1 has been shown to contribute 

to AKT activation, invasion of cancer cells in vitro and in vivo, tumour growth and metastatic 

spread (267). 
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5.4 Segregation of RET Isoforms in Compositionally Distinct Early Endosomes 

Our findings that unique RET isoform protein complexes are involved in internalization 

of these receptors suggest that cargo-selective subsets of endocytic proteins may also regulate the 

subsequent trafficking steps of RET isoforms in compositionally distinct early endosomes. 

NEDD4 and CBL E3-ubiquitin ligases tag RET9 and RET51, respectively, with ubiquitin chains 

(238). The decoration of RTKs with ubiquitin chains can recruit a variety of ubiquitin-binding 

proteins and ESCRT complex components, which associate indirectly with receptors through 

ubiquitin, to promote degradation (166). One such protein, HRS is required to target ubiquitinated 

receptors to late endosomes (168). HRS is phosphorylated by a number of RTKs and depletion of 

this endocytic protein decreases RTK degradation (168, 169). HRS directly associates with 

TSG101 to form the vesicles of the multi-vesicular bodies and to recruit RTKs within these sites, 

ensuring degradation and preventing recycling (170). It will be interesting to see if HRS may 

preferentially associate with RET9, as RET51 can recycle to the cell surface (25). In contrast, we 

have shown that RET51 binds to GGA3 through GRB2-mediated recruitment of ARF6. These 

data suggest that GRB2 may follow RET51 from the cell surface into early endosomes, as shown 

with other RTKs (245), where it will promote decoration of endosomal membrane domains with 

GTP-bound ARF6, coinciding with localization of its effector protein GGA3 from the Golgi to 

endosomes (159). 

 

5.5 RET Signalling during Endocytosis 

While RET9-mediated ERK signaling is transient, RET51 promotes rapid and sustained 

ERK activation (171, 202), suggesting RET51 signaling may be enhanced from endosomal 

compartments. However, a small proportion of RTKs at the cell surface may also sustain ERK 

signalling (245), suggesting that small pools of RET51 remaining at the cell surface after 
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internalization may also contribute to the temporal signalling differences between RET isoforms. 

These pools are unlikely to be a result from receptors returned to the cell surface through 

recycling, as ERK signalling was unaltered when RET51 recycling was blocked. Other 

modulators of the ERK pathway such as phosphatases (51), SHC proteins (59) and SPROUTY2 

(268, 269), may contribute to the temporal differences between RET9 and RET51, but have not 

been explored in a RET isoform context. In contrast, we demonstrated that RET51 activated AKT 

signalling, but not the ERK pathway, through involvement of GGA3, which interacts indirectly 

with Y1096 on RET51. Consistent with these data, mutation of Y1096 on RET51 has previously 

been shown to impair AKT signalling, but not ERK signalling (43), and GGA3 and/or RAB11 

recycling promotes AKT signalling of other RTKs (159, 239). Future studies may investigate 

whether RET51-GGA3 interactions also promote cell survival, as shown for the TRKA receptor 

(159). Here, we showed that AKT signalling is involved in RET51 ligand-dependent cell 

invasion. In other cancer cell models, EGFR and IGF-1R-mediated invasion has been shown to be 

AKT-dependent in pancreatic and breast cancer cells, respectively (270, 271).  

 

5.6 RET51 Escapes CBL-mediated Degradation 

One mechanism that contributes to MET oncogenesis involves its alternative splicing and 

the production of a MET isoform prevalent in lung cancers with deletion of exon 14 

(METDEx14) that lacks exon 14 encoding a 47-amino acid juxtamembrane region, which 

contains a direct binding site for the E3-ubiquitin ligase CBL (272-274). In the absence of CBL-

mediated ubiquitination, the METDEx14-spliced protein is internalized but accumulates in 

endosomes, thereby avoiding downregulation by lysosomal and proteasomal sorting mechanisms 

and promoting oncogenic signalling (275-277). The most common EGFR isoform, EGFRVIII, is 

prevalent in high-grade brain tumours and has a hypophosphorylated CBL-binding site that 
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allows increased recycling of the receptor (278). These studies emphasize the importance of 

studying the trafficking of different RTK isoforms and their potential escape from ligand-

dependent ubiquitination by CBL (276, 279, 280). Of importance to our study, GGA3 binding 

and ARF6 recruitment to RET51, but not RET9, provide a mechanism by which the long isoform 

of RET (118) can recycle to the cell surface after internalization (Figure 5.1), escaping 

degradation and signal attenuation. 

 

5.7 Broader Implications of GGA3 Binding to RET51 

Our studies have focused on the ability of RET51 to promote cell migration and invasion 

through GGA3-mediated recycling. However, the mechanisms by which GGA3 contributes to 

these processes may also involve other factors. GGA3 and ARF6 are required for MET-

associated activation of RAC1-GTPase at the membrane and for cell migration and invasion (158, 

281).  These data support a role for RTK recycling in localizing active receptors to the sites of 

dynamic actin structures and cell protrusions including lamellipodia and invadopodia. GGA3 and 

ARF6 have also been shown to associate with beta1 integrin (282) and matrix metalloproteinase 

MMP14/MT1-MMP (283), which may contribute to the formation of these distinct cell 

protrusions, respectively. ARF6 activity downstream of RTKs may be controlled by different 

GEFs, including GEP100 (247, 248), and many GAPs, such as ACAP1 (249), to cycle between 

GTP or GDP-bound forms, and has been shown to play roles not only in recycling, but also 

migration and invasion (247, 248, 250, 251). Further characterization of these interactions will 

provide insight into the layers of regulation involved in the processes of RET51 recycling, 

migration and invasion. 
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Figure 5.1. Internalization and RAB11 recycling of RET51 promotes cell migration and 
invasion.  

Upon activation, RET51 is internalized via AP2 and GRB2 adaptors, whereas RET9 is 
internalized via AP2 and NEDD4, which is recruited through SHANK2 and GRB10. CBL, 
recruited by GRB2, is not required for RET51 internalization but may play other trafficking roles. 
Once internalized, RET9 receptors do not recycle and are sorted to late endosomes and lysosomes 
along with a portion of RET51 receptors for degradation. Other RET51 receptors bind to the VHS 
domain of GGA3, and RET51-GRB2 complexes recruit active ARF6 to stabilize GGA3 
interaction. GGA3 and ARF6 promote RAB11-mediated slow-recycling of RET51 receptors to 
the plasma membrane, contributing to GDNF-dependent cell motility, migration and invasion. 
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5.8 Future Directions 

5.8.1 The mTOR Pathway: Unexplored Territory in RET Endosomal Trafficking 

The mTOR pathway consists of two multiprotein complexes, mTORC1 and mTORC2, 

involved in metabolism, cell proliferation, survival, migration, and invasion (284). Substrates of 

mTORC1 explicitly involved in cell growth and metabolism, include ribosomal protein S6, 

ribosomal protein S6 kinase 1 (S6K1) and translation initiation factor 4E-binding protein 1 (4-

EBP1) (284). mTOR signalling occurs downstream of RET (285); however, the potential role of 

mTOR in controlling RET trafficking has not been explored. Studies using active mutants of 

RAB5 have shown that mTORC1 signalling decreases in endosomes (286, 287). Based on these 

data, it may be possible that RET requires mTORC1 signalling for proper progression from early 

to late endosomes, whereas abberant signalling may lead to accumulation of RET in enlarged 

endosomes, a phenotype commonly associated with RAB5 mutation and increased mTORC1 

signalling (288). Future studies could investigate the role of mTOR in RET trafficking, as well as 

explore the effects of mTORC1 modulators (289-291). 

5.8.2 The Trafficking of Oncogenic RET mutants: Slow to Fast Recycling? 

The trafficking properties of wildtype RET (25, 171, 202, 238) and chromosomal 

rearrangements of RET (205) have been examined, but the internalization and recycling pathways 

of MEN2A/B mutants have not been characterized. These mutants are activated in the absence of 

ligand, even before reaching the cell surface for MEN2B mutants (292), and may have the ability 

to be constitutively endocytosed as has been reported with non-small cell lung cancer-associated 

oncogenic EGFR mutants (293). It has previously been shown that RET oncogenic mutants may 

have different substrate binding specificities (294). For example, MEN2B mutants show a 

decrease in GRB2 binding and an increase in CRK binding (294, 295).  It is possible that GGA3-

mediated recycling of RET51 may switch from a RAB11-dependent slow process to a RAB4-
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mediated fast-recycling process, involving the CRK adaptor as shown with the MET receptor 

(158). It is therefore of interest to investigate the abilities of RET mutants to internalize, recycle 

and impact on degradation and signalling.  

More research to better understand the altered trafficking and interactions of 

constitutively activating RET mutations may prove beneficial in designing new therapeutic 

targeting strategies or modifying current interventions to inhibit RET, as most small-molecule 

inhibitors that target RET, such as vandetanib and cabozantinib (296, 297), also target other 

RTKs. Therapeutically targeting players involved in RET recycling, migration and invasion, such 

as ARF6 (254), may prove to be an effective strategy to enhance RET downregulation in RET-

associated cancers. Identification of other druggable RET interactions may be facilitated by new 

methodologies, such as mammalian-membrane two-hybrid hybrid assays (298, 299), and 

proximity-dependent biotin identification and ascorbate peroxidase assays (300) that have 

recently been applied in cancer and membrane trafficking contexts (301, 302). 

5.9 Concluding Remarks 

RET is a developmentally important RTK that acts as an oncogenic driver in several 

cancers and has been more recently recognized as a critical determinant of invasion and spread in 

multiple tumour types. Our studies have established clear molecular differences between RET 

isoform interactions, subcellular localizations, and trafficking. The studies described here 

increase our knowledge of cellular mechanisms regulating RET function that may be important to 

limiting its oncogenic activities. It is anticipated that this information could in the future allow us, 

for example, to specifically address the neoplastic activities of RET while sparing its other 

functions by targeting pathways or target genes specific to one role or isoform of RET.  
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APPENDIX I 

Cell surface biotinylation of receptor tyrosine kinases to investigate 

intracellular trafficking 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

160 

Abstract  

Cell surface biotinylation is a biochemical approach to covalently bind membrane-impermeable 

biotin to the extracellular domain of membrane proteins, such as receptor tyrosine kinases 

(RTKs). Subsequent to ligand incubation periods, activated biotinylated receptors may internalize 

from the cell surface into early endosomes and then travel through intracellular compartments to 

either recycle back to the membrane or degrade in lysosomes. The biotin-labeled proteins may be 

detected through affinity purification with streptavidin agarose resins. This chapter describes 

methods for cell surface biotinylation to assess RTK trafficking steps.  

Introduction  

Interactions between eukaryotic cells and their environment depend on the molecular 

composition of the plasma membrane. Cell surface receptors, including the large family of 

receptor tyrosine kinases (RTKs), are crucial for transmitting external messages into the cell by 

activating downstream signalling pathways. Upon ligand-induced activation, cells rapidly 

internalize RTKs into early endosomal compartments by clathrin-mediated endocytosis (Figure 

A.1) [1, 2]. Subsequent sorting events can modulate RTK signal transduction by recycling 

transmembrane proteins back to the cell surface, and/or targeting RTKs to lysosomes or the 

proteasome for degradation (Figure A.1) [3–5]. Subversion of these intrinsic mechanisms can 

lead to aberrant signalling and greater transforming potential [3]. The important molecular 

mechanisms that underlie internalization, degradation and recycling of membrane proteins can be 

studied using cell surface biotinylation approaches [6–9].  

Cell surface biotinylation is a valuable technique to covalently bind membrane-

impermeable biotin (EZ-link Sulfo-NHS-SS- Biotin) to primary amino groups within the 

extracellular domain of membrane proteins, such as RTKs. The biotin derivative only labels cell  
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Figure A.1.  RTK intracellular trafficking steps. 

(a) Internalization—Upon ligand binding and dimerization, phosphorylated receptors recruit 
adaptor proteins and activate downstream signalling pathways. Some of these adaptors recognize 
internalization signals and bind to RTK tyrosine-based (YXXΦ and NPXY) or dileucine based 
([D/E]XXXL[L/I]) motifs and/or ubiquitinated lysines, in order to facilitate the formation of a 
clathrin lattice. The plasma membrane then invaginates as clathrin-coated vesicles (CCVs) pinch 
off the surface and travel deeper into the cell and fuse to early endosomes, where activated RTKs 
may continue to signal. (b) Degradation—Receptors in early endosomes may interact with 
ESCRT complexes and become further ubiquitinated and directed to lysosomes or the proteasome 
for degradation. (c) Recycling—Sorting events that occur in the early endosome may also lead to 
receptors recycling back to the cell surface. 
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surface molecules, since its negatively charged sulfonate group prevents the molecule from 

passing through the cell membrane [6–9].  

In its simplest application, a biotinylation assay permits the quantification of the total 

amount of biotin-labeled proteins at the cell surface. Serum-starved cells are incubated in the 

absence or presence of ligand for varying times, and then surface biotinylated. Affinity 

purification of biotinylated proteins with streptavidin agarose resins can be used to precipitate the 

protein of interest from cell lysates. Streptavidin has an extremely high binding affinity for biotin 

conjugate, and the bonds are highly resistant to changes in pH, temperature, and denaturing 

agents. Following sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

immunoblotting, expression of the biotinylated RTK on the cell surface can be quantified. 

Labeling of cell surface receptors may be used to demonstrate a relative decrease in proportion of 

biotinylated receptors embedded in the plasma membrane after ligand activation.  

This biochemical tagging strategy can also be modified to measure internalization of 

biotinylated receptors (Figure A.2). Serum starved cells are first surface biotinylated and then 

incubated in the absence or presence of ligand for varying times. The biotin derivative has a 

cleavable disulfide bond which enables receptor-labeling reversibility, utilizing sodium-2-

mercaptoethanesulfonate (MeSNa). All remaining cell surface biotin can be cleaved with this 

reducing agent and washed away.  

An additional ligand incubation period and MeSNa strip, following a biotinylation 

internalization assay, allows the study of recycling of internalized proteins back to the cell surface 

(Figure A.3). Lastly, a biotinylation assay can be modified to determine the amount of 

biotinylated RTK that is degraded and lost from the cell surface over time.  
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Figure A.2.  Biotinylation internalization assay. 

(a) Cells were serum starved overnight and then cell surface proteins were biotinylated at 4°C, 
before returning the cells to 37°C with medium containing ligand for the indicated times. Cells 
were cooled to 4°C and the remaining surface biotin was stripped with MeSNa buffer. Each 
sample was lysed, biotinylated proteins extracted on streptavidin beads, and equal amounts of 
protein were resolved by SDS-PAGE and transferred to nitrocellulose. (b) Streptavidin 
immunoprecipitation (IP) and whole cell lysate (WCL) samples were visualized using an RTK-
specific antibody. Cell lysate samples removed prior to streptavidin IP were used as loading 
controls. TP total protein control (no internalization, no stripping), M MeSNa stripping control 
(no internalization, surface stripped). 
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Figure A.3.  Biotinylation recycling assay. 

(a) Cells were serum starved overnight and then cell-surface proteins were biotinylated at 4°C, 
before returning the cells to 37°C with medium containing ligand for 15 min. Cells were cooled 
to 4°C and the remaining surface biotin was stripped with MeSNa buffer. One sample was then 
re-incubated in medium with ligand at 37°C for 15 min to allow recycling and finally stripped 
again with MeSNa. Cells were lysed, biotinylated proteins extracted on streptavidin beads, and 
equal amounts of protein were resolved by SDS-PAGE and transferred to nitrocellulose. (b) 
Streptavidin IP and WCL samples were visualized using an RTK-specific antibody. Cell lysate 
samples removed prior to streptavidin IP were used as loading controls. Recycling assays were 
repeated in triplicate and quantified by densitometry. The difference between the DC and R15 
values was statistically significant (p < 0.0001). TP total protein control (no internalization, no 
stripping), M MeSNa stripping control (no internalization, surface stripped), DC degradation 
control (no stripping after recycling), R15 recycling for 15 min. 
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Techniques to biotinylate RTKs at the plasma membrane and study receptor trafficking 

steps have provided numerous advantages over antibody-labeling methods. In particular, 

biotinylation assays permit simultaneous investigation of the trafficking of multiple independent 

biotinylated receptors in the same experiment, while eliminating artifacts associated with cross-

linking. Biotin labeling does not require the use of antibodies specific to the extracellular domains 

of receptors, which are often difficult to make due to protein glycosylation. In addition, the small 

size of biotin minimizes interference with protein interactions and movement within the cell, and 

allows conjugation of multiple biotin moieties to each receptor for increased binding to 

streptavidin and enhanced signal.  

Materials 

Prepare all solutions using autoclaved, double-distilled water. Prepare and store all reagents at 

room temperature, unless otherwise indicated. Follow all institutional waste disposal regulations 

when disposing materials.  

2.1 Biotinylation Assay 
 
1. Biotinylation buffer (BB; 10x): 1.54M NaCl, 100 mM Hepes, pH 7.6, 30 mM KCl, 10 mM 
MgCl2, 1.0 mM CaCl2, 100 mM glucose (see Note 1). 
2. Sulfosuccinimidyl 2-(Biotinamido) Ethyl-1,3′ Dithiopropionate [EZ-link Sulfo-NHS-SS 
Biotin] (Thermo Fisher Scientific, Rockford, IL, USA): Store at 4°C, and only add to 1x BB 1 h 
before use because the NHS-ester moiety readily hydrolyzes and becomes nonreactive. 
3. MeSNa buffer (MB; 10x): 1.0 M NaCl, 500 mM Tris–HCl, pH 8.6, 10 mM MgCl2, 1 mM 
CaCl2 (see Note 1). 
4. Sodium-2-mercaptoethanesulfonate [MeSNa] (Sigma-Aldrich, Oakville, ON, Canada). 
5. Phosphate-buffered saline (PBS; 10x): 1.37 M NaCl, 26.8 mM KCl, 100 mM Na2HPO4, 17.6 
mM KH2PO4. Adjust the pH to 7.4. 
6. PBS* solution (* indicates presence of MgCl2 and CaCl2): 1x PBS, 1 mM MgCl2, 0.1 mM 
CaCl2. Store at 4°C. 
7. PBS* with glycine solution: 100 mM glycine, 1x PBS*. Store at 4°C. 
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2.2 Cell Harvesting and Sample Preparation 
 
1. Culture medium: Dulbecco’s modified Eagle medium (DMEM) with 10 % fetal bovine serum. 
2. Lysis buffer (LYS; 10x): 200 mM Tris–HCl, pH 7.8, 1.5 M 
NaCl, 10 % Igepal, 20 mM EDTA, pH 7.4. Add water to a volume of 20 mL. 
3. Protease and phosphatase inhibitor cocktail: 10 µg/mL 
leupeptin, 10 µg/mL aprotinin, 1 mM phenylmethylsulfonyl fluoride, and 1 mM sodium 
orthovanadate. 
4. Pierce BCA Protein Assay Kit (Thermo Fisher Scientific), or other protein quantification 
method. 
5. Laemmli Buffer (3x stock solution): 1.875 mM Tris–HCl, pH 6.8, 6 % sodium dodecyl sulfate 
(SDS), 30 % glycerol, 0.03 % bromophenol blue. Add water to a volume of 10 mL. Store at 
−20°C, in 1 mL aliquots. Add 120 µL of 2-mercaptoethanol (BME) to each aliquot before use, in 
a fume hood. To prepare 2x Laemmli, dilute in water. 
6. Pierce Streptavidin Agarose Resins (Thermo Fisher Scientific): Store at 4°C. 
 
2.3 SDS-PAGE and Western Blotting 
 
1. Acrylamide 30 % solution (toxic): Make sure to wear gloves and a mask when preparing. 
Dissolve 29 g acrylamide and 1 g N,N′-methylenebisacrylamide in 60 mL of water. Heat solution 
to 37°C to dissolve, and add water to a volume of 100 mL. Store at 4°C, in the dark. 
2. Resolving gel buffer: 1.5 M Tris–HCl, pH 8.8. 
3. Stacking gel buffer: 1.0 M Tris–HCl, pH 6.8. 
4. N,N,N,N′-Tetramethyl-ethylenediamine (TEMED): Store at 4°C (see Note 2). 
5. Ammonium persulfate (APS): Prepare fresh 10 % solution in water (see Note 2). 
6. SDS-PAGE running buffer: 0.025 M Tris–HCl, pH 8.3, 0.192 M glycine, 0.1 % SDS. 
7. SDS-PAGE transfer buffer: 0.025 M Tris–HCl, pH 8.3, 0.192 M glycine, 20 % methanol. 
8. Tris-buffered saline (TBS; 10x): 1 M NaCl, 100 mM Tris–HCl, pH 7.5. 
9. TBST solution: 1x TBS, 0.05 % Tween-20. 
10. Blocking solution: Dissolve 5 % weight per volume dry powdered milk in TBST. Store at 
4°C. 
11. Nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). 
12. Whatman 3M blotting paper. 
13. Western lightning enhanced chemiluminescence with horseradish peroxidase (PerkinElmer, 
Waltham, MA, USA) or other standard detection reagents. 
 

Methods 

Carry out all procedures at room temperature unless otherwise indicated. All tissue culture work 
must be performed in a sterile hood, following appropriate biosafety guidelines. Mammalian cells 
were grown at 37°C and 5 % CO2 in a humidified incubator, unless otherwise stated. 
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3.1 Biotinylation Assay Preparation 
 
1. Grow cells (HeLa, HEK293, or SH-SY5Y) in appropriate cell culture medium for optimal 
growth (see Note 3). 
2. Seed 1.0–1.5 x 106 cells per 10 cm plate and grow until 60–70 % confluency (1–2 days). Use 
one plate per condition to maximize protein collection (see Notes 4 and 5). 
3. Once cells reach approximately 80–90 % confluency, serum starve overnight (see Note 3). 
4. Prepare 1x BB (5 mL per plate), only 1 h before use, by diluting 
10x BB with water. Add 2.5 mg EZ-link Sulfo-NHS-SS-Biotin for every 5 mL of 1x BB needed. 
Store at 4°C. 
 
3.2 Labeling of Cell Surface Receptors 
 
1. After serum starvation, leave cells untreated and/or incubate with the RTK-specific ligand for 
selected times. In the presence of ligand, the receptors will leave the cell surface and internalize 
into the cell. 
2. Remove cells from the incubator and place on ice to prevent receptor movement during the 
biotinylation step. 
3. Gently wash each plate of cells twice with 5 mL of cold PBS*. 
4. Gently add 5 mL of cold 1x BB (plus biotin) to each plate. 
5. Place all plates at 4°C (refrigerator) for 45 min. 
6. Remove 1x BB (plus biotin) from plates. 
7. Gently add 5 mL of PBS* with glycine per plate for 5 min at 4°C (on ice). The glycine 
contains primary amines, which quench any remaining unbound biotin. 
8. Gently wash the cells twice with 5 mL of cold PBS* per plate (see Note 6). 
9. Proceed to Subheading 3.3. 
 
3.3 Internalization of Biotinylated Receptors 
 
1. Premix cell culture medium with the appropriate amount of ligand (need 10 mL per plate), and 
warm in 37°C incubator. 
2. Perform the basic cell surface protein biotinylation as described in Subheading 3.2, but omit 
step 1 and incorporate the additional steps below. Additional plates for controls are necessary (see 
Notes 4 and 7). 
3. During the 45-min incubation in Subheading 3.2, step 5 above, prepare 1x MB (5 mL for each 
of two washes per plate) by diluting 10x MB with water. Add 41 mg of MeSNa for every 5 mL of 
1x MB needed. Store at 4°C. 
4. Following step 8 washes with cold PBS*, place two plates [total protein (TP) and MeSNa 
stripping (M/0 min) controls] at 4°C (refrigerator). Keep the other plates on ice. 
5. Remove cold PBS* and add 10 mL of pre-warmed medium with ligand per plate. Place each 
plate at 37°C in a tissue culture incubator for required incubation periods (e.g. 5, 15, 30, 60 min). 
6. After the appropriate incubation period, remove each plate from the incubator and quick cool 
the plate by placing on ice. Wash twice with cold PBS* and place plates at 4°C (refrigerator). 
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7. Return all plates to the ice, except the TP control plate. 
8. Gently add 1x MB to each plate and place at 4°C (refrigerator) for 20 min. 
9. Replace with fresh 1x MB and incubate at 4°C (refrigerator) a further 20 min. 
10. Place all plates on ice. Gently wash the cells twice with 5 mL of cold PBS* per plate (see 
Note 6). 
11. Proceed to Subheading 3.6. 
 
3.4 Recycling of Biotinylated Receptors 
 
1. Follow the steps for internalization of biotinylated protein described in Subheading 3.3. 
Additional plates are necessary for the recycling assay (two plates per condition), as well as 
controls [TP, M/0 min, degradation control (DC)] (see Notes 4 and 8). 
2. Following the washes with cold PBS* in Subheading 3.3 step 10, add pre-warmed medium and 
ligand to the duplicate of each plate condition and place in incubator for a selected time period to 
allow recycling (e.g. 15 min). 
3. Remove plates from incubator and place on ice. Place the DC plate at 4°C (refrigerator) since it 
will not require additional MeSNa stripping. 
4. Gently add 1x MB to each plate and place at 4°C (refrigerator) for 20 min. 
5. Replace with fresh 1x MB and incubate at 4°C (refrigerator) a further 20 min. 
6. Place all plates on ice. Gently wash the cells twice with 5 mL of cold PBS* per plate (see Note 
6). 
7. Proceed to Subheading 3.6. 
 
3.5 Degradation of Biotinylated Receptors 
 
1. Premix cell culture medium with the appropriate amount of ligand (need 10 mL per plate), and 
warm at 37°C. 
2. Perform a basic cell surface protein biotinylation as described in Subheading 3.2 but omit step 
1 (see Notes 4 and 9). 
3. Following washes with cold PBS* in Subheading 3.2 step 8, place the TP control plate at 4°C 
(refrigerator). 
4. Keep all other plates on ice, and remove cold PBS*. 
5. Add 10 mL of pre-warmed medium with ligand per plate. Place all plates at 37°C for 
appropriate incubation periods (e.g. 5, 15, 30, 60 min) to monitor degradation over time. 
6. After the appropriate incubation period, remove each plate from the incubator and place on ice. 
7. Gently wash the cells twice with 5 mL of cold PBS* per plate (see Note 6). 
8. Proceed to Subheading 3.6. 
 
3.6 Cell Harvesting and Sample Preparation 
 
1. Prepare fresh 1x LYS and place on ice. Add a protease and phosphatase inhibitor cocktail, in 
order to prevent hydrolysis and preserve protein tyrosine phosphorylation. 
2. Remove 1x PBS* from cells and add 500 µL of 1x LYS (plus inhibitors) per plate. 
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3. Scrape cells to remove from plate and pipette protein lysates into microcentrifuge tubes. 
4. Place tubes on a rotator for 15 min at 4°C, and then centrifuge samples for 15 min at 16,000 x 
g in a microfuge at 4°C to pellet cell debris. 
5. Transfer the supernatant of each sample into a fresh tube and place on ice. 
6. Determine the protein concentration of each sample using a standard protein assay (e.g. BCA, 
Bradford) (see Note 10). 
7. Prepare WCL samples by adding 100 µg of each protein sample (equalized in volume to 67 µL 
with 1x LYS plus inhibitors) to 33 µL of 3 Laemmli. Store at −20°C. 
8. Prepare streptavidin IP samples by adding 500–800 µg of each sample (equalized in volume to 
400 µL with 1x LYS plus inhibitors) to 22 µL of streptavidin agarose resins. 
9. In a cold room (4°C), place streptavidin IPs on a rotator overnight. 
10. Centrifuge (2,250 x g for 3 min in a microfuge at room temperature) and wash pellets with 
200 µL of 1x LYS (plus inhibitors). Repeat centrifuge and wash steps a total of three times. 
Carefully remove supernatant without disrupting the beads, and add 40 µL of 2x Laemmli to each 
tube. Store IP samples at −20°C. 
 
3.7 SDS-PAGE and Western Blotting Preparation 
 
1. Prepare 7 % resolving and 4 % stacking gels (see Note 2). 
2. Boil WCL and IP samples for 5 min, and then centrifuge tubes at 2,250 x g in a microfuge for 2 
min to pellet beads. 
3. Load supernatant samples and a protein ladder onto gels. 
4. Perform SDS-PAGE by standard procedures, and transfer separated proteins onto 
nitrocellulose membrane. 
5. Place nitrocellulose membranes in blocking solution for 30 min. 
6. Add primary antibody for 2 h–overnight. 
7. Wash three times with 10 mL of 1x TBST for 10 min each time. 
8. Add secondary antibody for 45 min to 1 h. 
9. Wash four times with 10 mL of 1x TBST for 10 min each time. 
10. Add western lightning enhanced chemiluminescence with horseradish peroxidase or other 
standard detection reagent, to nitrocellulose membrane and detect on X-ray film or by phosphor 
imaging. 
 
3.8 Expected Outcomes 
 
Labeling of cell surface receptors: The biotinylated RTK population represents the total amount 
of biotin-labeled proteins at the cell surface. In ligand-treated cells, a reduction in biotinylated 
proteins would be expected. Internalization of biotinylated receptors: The TP control represents 
the total amount of biotin-labeled proteins at the cell surface. Following MeSNa stripping, the 
biotinylated RTK population represents the internalized receptors that were protected from 
MeSNa stripping (Figure A.2). Recycling of biotinylated receptors: The TP control represents the 
total amount of biotin-labeled proteins at the cell surface. Following the first MeSNa strip, the 
biotinylated RTK population represents the internalized receptors that were protected from 
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MeSNa stripping. The DC represents the total remaining amount of biotin-labeled proteins 
subsequent to the second ligand incubation step. After the second MeSNa strip, the biotinylated 
RTK population represents the recycled receptors that were protected from MeSNa stripping 
(Figure A.3). Degradation of biotinylated receptors: The TP control represents the total amount of 
biotin-labeled proteins at the cell surface. Diminution of the biotinylated RTK population 
represents the degradation of activated receptors over time. 
 
3.9 Other Biotinylation Approaches 
 
We have previously described how biotin can be used in whole cells as a label for direct 
visualization of RTK trafficking from the plasma membrane to early endosomes, and recycling 
back to the cell surface [10]. More recently, we have also conducted synchronized ligand pulse 
experiments, whereby we pre-bind ligand to receptors for 45 min at 4°C while cells are 
incubating with biotin, then wash cells, and allow incubation for specific times. Although this 
method is more difficult to optimize, it can be applied to all the biotinylation approaches 
described above. 
 
 

Notes 

1. Make fresh 10x BB and 10x MB when you are about to start a series of biotinylation assays. If 

a precipitate forms over time in any solution, or if MeSNa stripping is not efficient, remake the 

buffers. 

2. Make 10 % APS fresh each time for best results, or store at 4°C 

for up to 2 weeks. Store TEMED at 4°C to reduce its pungent odour, and use in a fume hood to 

minimize fumes. Use thin, 10-well combs when preparing the gels for sharp bands when exposed 

on film. 

3. To increase adherence of cells during the biotinylation assay, grow cells in medium with 20 % 

FBS prior to the experiment, and/or serum starve cells for 2–3 h instead of overnight. 

4. Ensure that sufficient cells and plates are prepared for all the necessary time points and proper 

conditions/controls for each experiment [6]. Include TP control in basic cell surface biotinylation 

assays. Include TP and MeSNa-stripping controls for internalization assays. The TP control is a 

sample maintained at 4°C to inhibit internalization without ligand addition or MeSNa stripping. 
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The MeSNa control is a sample maintained at 4°C to inhibit internalization without ligand 

addition, but stripped by MeSNa. For recycling assays, include a sample without a second 

MeSNa strip as a degradation control. Include TP control in degradation assays. 

5. If cells do not endogenously express proteins of interest, transfect cells at 60–70 % confluency 

with RTK constructs using Lipofectamine 2000 (Life Technologies Invitrogen, Carlsbad, CA, 

USA). Change medium after 6 h and wait a total of 24–48 h before conducting a biotinylation 

assay. Other methods to increase expression of endogenous proteins in cells, such as all-trans 

retinoic acid addition, can also be employed. 

6. Do not cut out the washes in this step. Other steps however can be reduced to one PBS* wash 

if cells are not adhering firmly. 

7. Prior to assessing internalization of biotinylated receptors, cells can be treated with dynamin 

inhibitors, clathrin pitstop small molecule inhibitors, or dominant negative mutants of key 

endocytic players to further dissect RTK internalization 

[6, 11]. Comparison of protein internalization in multiple cell types may also reveal different 

trafficking mechanisms due to varying expression and regulation of endocytic players [12]. 

8. Prior to assessing recycling of biotinylated receptors, cells can be treated with recycling 

inhibitors, such as monensin, to block trafficking back to the cell surface, or transfected with 

dominant negative mutants to block Rab4 or Rab11 pathways [13, 14]. 

9. Prior to assessing degradation of biotinylated receptors, cells can be treated with lysosomal 

inhibitors, like chloroquine, and/or proteosomal inhibitors, such as MG132, in duplicate time 

points to explore the pathways important for degradation [6]. 

10. Use 1x LYS as a negative control and a range of BSA dilutions as positive controls. Standard 

deviation using this assay can be shocking at times, and it is difficult to equalize protein levels. 

Therefore, be sure to load samples in triplicates and determine the average protein concentration 

for each condition. 
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Figure A.1.  TIRF microscopy selectively excites fluorescence within a depth of 100 nm and 
not at the depth of Rab5-positive early endosomes.  

(A) Epi-fluorescence illumination (EPI) and total internal reflection fluorescence (TIRF) 
microscopy images of 100 nm fluorescent microspheres (Bangs Laboratories Inc., Fishers, IN). In 
an EPI image (left), fluorescent microspheres indicated by red arrows have settled onto the glass 
coverslip. The right panel shows a TIRF image of the identical field of view, but only the 
adherent microspheres (red arrows) are visible within the ~100 nm evanescent field. Scale bars = 
5µm. (B) Epi-fluorescence illumination (EPI) and total internal reflection fluorescence (TIRF) 
microscopy images of live cells expressing CLCa-EGFP and Rab5-Strawberry. EPI images show 
clathrin light chain and the endosomal marker Rab5 dispersed within a retinal epithelial pigment 
(RPE) cell. The TIRF images show that only CLCa-EGFP is visible at the cell membrane, within 
a depth of ~100 nm, as Rab5-positive early endosomes lie deeper within the cell. Scale bars = 5 
µm. 
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Figure A.2.  RET isoforms at the cell surface do not colocalize with CLCa or CAV1 
structures before GDNF stimulation.  

(A) Representative dual-colour TIRF microscopy images of RET9-mCherry or RET51-mCherry 
with CLCa-EGFP in RPE cells. No appreciable colocalization was detected in the absence of 
GDNF addition. Scale Bars = 10 µm. Insets (lower right) show the indicated regions at higher 
magnification. (B) Representative dual-colour TIRF microscopy images of RET9-mCherry or 
RET51-mCherry with CAV1-EGFP in HeLa cells. No colocalization was detected in the absence 
of GDNF addition. Scale bars = 10 µm. Insets (lower right) show the indicated regions at higher 
magnification.  
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Figure A.3.  CLCa-EGFP, but not CAV1-EGFP puncta at the cell membrane are enriched 
for RET isoforms.  

TIRF microscopy images of cells expressing RET9-mCherry or RET51-mCherry with CLCa-
EGFP or CAV1-EGFP were used to quantify RET isoform fluorescence intensities in the 
presence of GDNF (10 min). Circular regions of interest were drawn around 50 puncta of A) 
CLCa-EGFP or B) CAV1-EGFP or 50 random ROIs per cell (for 5 cells) for each condition, and 
the ROIs collected from the green channel images were transferred onto the corresponding red 
channel images of RET9-mCherry or RET51-mCherry. The randomly selected ROIs served as 
control regions representing background overlap of RET with clathrin or caveolin. (A) 
Significantly more RET9-mCherry and RET51-mCherry localized at CLCa-EGFP puncta, 
relative to randomly selected ROIs (*p = 9.4 x 10-10, **p = 7.4 x 10-13). (B) Significantly less 
RET9-mCherry and RET51-mCherry localized at CAV1-EGFP puncta, relative to randomly 
selected ROIs (*p = 1.2 x 10-13, **p = 2.0 x 10-15).  
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Figure A.4.  Clathrin and AP2M1 knockdown block clathrin-dependent endocytosis of the 
transferrin receptor (TfR).  

Polyclonal Mock KD, CHC KD, or AP2M1 KD cell lines were serum-starved and surface 
biotinylated at 4°C, before being returned to 37°C with media for 5 min. Cells were cooled to 4°C 
and the remaining surface biotin was stripped with MeSNa buffer. The amount of biotinylated 
TfR remaining in each sample, indicative of internalized protein, was assessed by streptavidin 
pulldown (Strep. IP) and immunoblotting. Constitutive internalization of TfR was blocked in the 
absence of either clathrin or AP2. WCL = whole cell lysate, TP = total surface protein control (no 
internalization, no stripping), M/0 = MeSNa stripping control (no internalization). Densitometry 
(in IMAGEJ) was used to determine the average percentage of initial surface-localized and 
biotinylated TfR recovered via pull-down on streptavidin beads. All western blots are 
representative of three or more independent experiments. 
 
 
 



 

 

 

178 

 
Figure A.5.  Fluorescence micrographs of CCPs and AP2 structures obtained by TIRF.  
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Figure A.8. Fluorescence micrographs of CCPs and AP2 structures obtained by TIRF.  
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Figure A.8. Fluorescence micrographs of CCPs and AP2 structures obtained by TIRF.  

(A) Automated detection of CCPs. Shown are representative fluorescence micrographs of 
cells expressing the indicated RET form in the absence or presence (6 min treatment) of GDNF. 
The positions of individual CCP detections are represented by red circles. The green channel 
(CLCa-EGFP) was selected as the ‘master’ channel such that object detection occurred only for 
CCPs. Within these detected objects, the software then measured the intensity of RET-mCherry 
(within the ‘slave’ red channel). The red channel was not used for object detection, and the 
detections represented by circles on both the CLCa-EGFP and RET-mCherry images correspond 
to the positions of the detected CCPs in the corresponding green channel. (B) RPE cells 
expressing CLCa-EGFP and GFRa1, with RET9-mCherry (bottom panels) or RET51-mCherry 
(top panels) were stimulated with GDNF and subjected to time-lapse TIRF microscopy with a 
frame rate of 0.5 s-1. Time-lapse image series were subjected to automated analysis of CCPs using 
cmeAnalysis (see Materials and Methods). Average fluorescence intensities for RET (red) and 
CLCa (green) per lifetime cohort (20-40s, 40-60s and 60-80s), are shown for RET-positive CCPs 
as mean ± SE (shaded areas). Grey boxes indicate the time corresponding to the initial 
recruitment of CLCa-EGFP, based on visual inspection of the traces. (C) GDNF stimulation 
results in time-dependent localization of RET receptors to AP2 puncta. RET9-mCherry or 
RET51-mCherry and GFRα1 were transiently expressed in parental RPE cells (not otherwise 
stably expressing any fluorescent proteins). Cells were stimulated with GDNF as indicated and 
then fixed and subjected to immunofluorescence staining for AP2. Whole cell images were 
subsequently used for automated detection of AP2 puncta as described in Figure 2.7. Shown are 
representative micrographs obtained by TIRF microscopy. Scale bars = 5 µm. Regions of interest 
(indicated by white boxes) correspond to the higher magnification images shown in Figure 2.7, A.   
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APPENDIX III 

Supplemental Figures S1-S4 for: Chapter 4: Crupi et al., GGA3-mediated 

recycling of the RET receptor tyrosine kinase promotes cell migration and 

invasion, Oncogene (Submitted) 
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Figure A.1.  RET51 does not interact with the VHS and GAT domains of GGA1 or GGA2.  

HEK293 cells transiently expressing GFRα1, myc-GGA1VHS+GAT or GGA2VHS+GAT-HA, and either 
RET51, vector control (pcDNA), kinase dead RET51 (K758M), or RET51 Y1096F, were treated 
with GDNF for 30 min. WCL and IP samples (anti-myc or anti-HA) were separated by SDS-
PAGE and immunoblotted for the indicated proteins. No interactions were detected between 
RET51 and GGA1 (top panel) or GGA2 (bottom panel). 
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Figure A.2.  Validation of shRNA knockdowns and kinase inhibitor activity.  

(A) GGA3 and ARF6 KD polyclonal SH-SY5Y cells were generated and validated by 
immunoblotting (top panels). GGA3 or ARF6 expression levels in biological triplicates of Mock 
and KD cells were normalized to tubulin loading controls (middle panels). GGA3 expression was 
significantly decreased by 93.3% ± S.E.M. in GGA3 KD cells relative to Mock KD controls. * p 
= 0.0003, using two-tailed Student’s t-test. ARF6 expression was significantly decreased by 
94.4% ± S.E.M. in ARF6 KD cells relative to Mock KD controls. * p = 0.0003, using two-tailed 
Student’s t-test. (B) SH-SY5Y cells treated with DMSO, PI3K inhibitor (LY294002) or MEK1/2 
inhibitor (U0126), in the absence or presence of GDNF for 1 h (lower panels). 
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Figure A.3.  Decreased expression of AP2M1 reduces GDNF-directed cell migration and 
invasion.  

(A) Retinoic acid treated SH-SY5Y cells (AP2M1 KD or Mock KD) were seeded into 12µg/cm2 

Matrigel coated 8µm pore transwells. 100 ng/mL GDNF was added to the companion plate and 
allowed to diffuse into the transwells to generate a concentration gradient across the transwell 
membrane. Cells cultured on Matrigel coated transwells in the absence of GDNF were used as 
controls. The addition of GDNF to the companion plate significantly increased migration across 
the transwell membrane relative to untreated controls, while AP2M1 KD reduced directional 
migration through the pores. Random fields of view from each slide were imaged under phase 
contrast (200x magnification) and the number of migrating cells in each field was counted. 
Values are means ± S.E.M. (error bars). (B) AP2M1 KD reduces GDNF-mediated invasion 
through Matrigel. SH-SY5Y cells with Mock or AP2M1 KD were subjected to an inverted 
invasion assay in the absence or presence of GDNF and stained with CellTracker CMFDA. Cells 
invade upwards through a cell culture insert (8µm pores) and into a deep Matrigel plug towards a 
source of ligand over 48 hrs. Optical sections taken every 10µm through the Matrigel with a 
Quorum Spinning Disc confocal microscope are shown. Relative gradient of GDNF concentration 
is indicated (green triangle). The percentage of cells displaced greater than 30 µm into Matrigel 
represented cell invasion. Representative images shown from at least 3 replicates. 
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Figure A.4.  GRB2 KD decreases GDNF-mediated cell migration. 

Comparison of cell migration for Mock KD and GRB2 KD cells. Cells migrating through the 
pores of a transwell membrane towards a source of GDNF were counted and migration is shown 
relative to the Mock KD in the presence of GDNF (left). The presence of a GDNF gradient 
significantly increased the number of migrating Mock KD cells (*p = 2.58x10-4), while GRB2 
KD significantly reduced migration compared to Mock KD (**p = 8.29x10-4). GRB2 and Mock 
KD cell migration was not significantly different in absence of a GDNF gradient (p>0.05). 
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APPENDIX IV 

Supplemental Figures for: Chapters 2-4 
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Figure A.1.  Immature and mature forms of RET protein. 

RET9 and RET51 isoforms both exist in the cell in two forms: immature partially-glycosylated 
RET within the ER and Golgi, and mature fully-glycosylated RET on the cell surface (left panel). 
Pan-RET and RET isoform-specific antibodies detect both the 155kDa precursor and 175kDa 
mature form of RET (right panel). Figures from Alternative splicing results in RET isoforms with 
distinct trafficking properties (25). 
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Figure A.2.  Knockdown and knockout methodologies. 

To generate lentivirus, HEK293T cells were co-transfected with psPAX2, PMD2.G and shRNA 
plasmids (top panel) or pLKO.1 empty vector. Combinations of viruses were used to infect 
various cell lines and generate polyclonal stable knockdowns. To generate CRISPR knockouts, 
cell lines were transfected with a fluorescent CRISPR plasmid (lower panel), and cells were 
individually flow sorted into 96 well plates to generate monoclonal knockouts. Knockdown and 
knockout cell lines were validated by immunoblotting. 
 


