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Abstract 

 RET is a transmembrane receptor that is implicated in a variety of processes such 

as cell proliferation, differentiation, migration, survival, and death. One of the proteins 

that is activated downstream of RET is the guanine nucleotide exchange factor (GEF), 

βPIX. βPIX removes GDP bound to inactive Cdc42/Rac, freeing a space for GTP-binding 

and transformation of Cdc42/Rac to the active GTPase state. βPIX is vital in cytoskeletal 

rearrangements and the regulation of focal adhesion complex assembly and disassembly. 

Although our lab has previously shown that RET and βPIX do not directly interact, the 

mechanism through which βPIX is activated downstream of RET is not yet known. 

 In the current study, we confirmed that RET activation mediates βPIX 

phosphorylation. We showed that mutations in the SH3 and Dbl-homology domains of 

βPIX result in slower rates and in some cases impairment of wound healing and cell 

migration downstream of RET, indicating a role for βPIX in RET-mediated cell 

migration. In contrast, we have shown that GTPase mutants of Cdc42 and Rac were not 

sufficient to impair wound healing, but did result in less cell migration. This suggests that 

similar, yet distinct roles exist for Cdc42 and Rac in the regulation of cytoskeletal 

dynamics. We have shown that SH3 and Dbl-homology domain mutations in βPIX result 

in changes in cell morphology, suggesting a role of βPIX in the development of cell 

extensions downstream of RET. Alternatively, we have shown that GTPase mutants of 

Cdc42 or Rac alone do not induce cell morphology changes, further emphasizing the 

similar, yet distinct roles for Cdc42 and Rac in RET-mediated cell migration. Lastly, we 

have shown that βPIX is re-localized from the focal adhesion to the cytoplasm upon RET 
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activation, suggesting that following focal adhesion complex formation, βPIX may be 

recycled. 
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Chapter 1 
 

 Introduction 

 

1.1. Receptor Tyrosine Kinases 

 Receptor-tyrosine kinases (RTKs) are transmembrane proteins that share intrinsic 

tyrosine kinase activity. RTKs are implicated in a variety of processes such as cell 

proliferation, differentiation, migration, survival, and death (1-3). They facilitate the 

transfer of γ-phosphate from ATP to the hydroxyl groups of tyrosines on various proteins 

(4). RTKs are ligand-activated via growth factors that induce receptor dimerization and 

autophosphorylation at tyrosine residues (3). This process initiates signal transduction by 

inducing the binding of other proteins to the receptor via Src-2 homology (SH2) or 

protein-tyrosine binding (PTB) domains (5). Due to the vital role that RTKs play in cell 

differentiation, it is not surprising that perturbed regulation of RTKs can lead to tumour 

growth (2). 

 

1.2.  RET Receptor 

A well-studied RTK, the transmembrane glycoprotein, RET (RE-arranged during 

Transfection), is encoded by the RET proto-oncogene (6). The RET receptor plays a vital 

role in the activation of signaling cascades responsible for regulating cell growth, 

proliferation, transformation and migration (1, 7-11). The RET receptor is primarily 

expressed in neural crest-derived cells and the kidneys (12). With regards to disease, RET 

gain-of-function mutations are associated with medullary thyroid carcinoma (MTC) and 
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multiple endocrine neoplasia (MEN) types 2A and 2B (13) and loss of function mutations 

are associated with the developmental disorder, Hirschsprungs disease (14).   

 

1.3.  RET Structure 

RET contains many of the structural features that are characteristic of members of 

the RTK family such as: a ligand-binding extracellular domain; a hydrophobic 

transmembrane domain; and an intracellular domain containing the tyrosine kinase 

domain (15). The extracellular domain of RET is unique as it contains four cadherin-like 

repeats bind calcium molecules to maintain the structural strength of the receptor (16). In 

addition, the cadherin region is necessary for RET ligand and co-receptor binding (17). C-

terminal to the cadherin region, lies the cysteine-rich region, which contains twenty-seven 

cysteines that facilitate the formation of disulfide bonds, maintaining the correct tertiary 

structure of the RET receptor (18). The schematic structure of the RET receptor is shown 

in Figure 1.1. 

 

1.4.  RET Activation 

Unlike many other RTKs, RET activation is not accomplished by direct binding of 

the ligand to the receptor. Ligands for RET are members of the glial cell line-derived 

neurotrophic factor (GDNF) family of ligands (GFLs) (19). The GDNF family of ligands 

preferentially binds glycosyl-phosphatidylinositol (GPI)-linked cell surface proteins 

(GFRα1-4) (20). Activation of RET is accomplished by binding of GDNF to its co-

receptor, GFRα1 (21). Following GDNF-induced activation of RET, dimerization and 

subsequent trans-autophosphorylation of tyrosine residues occurs (17). 
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1.5.  RET Signaling 

Following GDNF-induced activation of the RET receptor, a variety of signal 

transduction pathways are activated (Figure 1.1) (22). Constitutive activation of the RET 

receptor is implicated in several different types of thyroid carcinoma (22-24). These 

tumours can form in the follicular cells in the case of papillary thyroid carcinoma (PTC) 

and within the parafollicular C cells in the case of medullary thyroid carcinoma (MTC) 

(25). MTC may be derived from multiple endocrine neoplasia type 2 (MEN 2) 

syndromes, namely MEN 2A, MEN 2B and FMTC (25). PTC can arise from somatic 

rearrangements that cause heterologous genes to combine with RET, resulting in chimeric 

RET/PTC oncogenes (26). Both the RET/PTC oncogenes and MEN 2 mutations result in 

continous activation of intracellular tyrosine residues on the RET receptor through 

constitutive autophosphorylation of the kinase domain and oligomerization of the N-

terminal (27). More than half of the intracellular tyrosines on RET have been shown to be 

phosphorylated in response to RET activation (25). 

Upon RET activation, a number of intracellular tyrosine residues are 

phosphorylated. Adapter proteins containing Src homology 2 (SH2) domains bind to 

amino acid sequences within these sites (28). To date, RET has been shown to interact 

with adaptor proteins GRB7/10 (29), PLCγ1 (30), GRB2 (31), SHC (32), FRS2 (33), 

DOK4/5 (34), Enigma (35), to name a few. PI3K has been shown to be activated 

downstream of RET activation, thus activating the protein kinase Akt (36). In addition, 

the c-Jun pathway is also activated downstream of RET activation through Cdc42/Rac 

GTPases and the p38 mitogen-activated protein kinase (MAPK) pathway (1). 
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Downstream of RET activation, many proteins are activated by the Src tyrosine 

kinase, such as focal adhesion kinase (FAK) (37). Src belongs to the Src family of 

tyrosine kinases, including Fyn and Yes (19, 24). Src binds to tyrosine residue Y981 on 

RET and Src phosphorylation occurs on tyrosine residue Y416 (38). The activation of Src 

is associated with the phosphorylation of FAK, a non-receptor protein –tyrosine kinase 

(PTK), which is located at focal adhesions (39). FAK phosphorylation on tyrosine 

residue/s Y576/577 has been shown to be mediated by Src in several cell types, such as 

mouse BALB/3T3 fibroblast cells (40). Therefore, FAK phosphorylation may occur in a 

Src-dependent manner downstream from other receptor tyrosine kinases such as 

epidermal growth factor receptor (EGFR) (39). Once phosphorylated, FAK 

phosphorylates a variety of intracellular signaling molecules implicated in cell migration 

such as guanine nucleotide exchange factor, βPIX (25). 
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Figure 1.1. A schematic diagram of the RET receptor tyrosine kinase. RET is ligand-

activated by GDNF binding to its co-receptor GFRα1. RET consists of cadherin-like 

domains, a cysteine-rich region, a transmembrane domain and a tyrosine kinase domain. 

Phosphorylation of tyrosine residues leads to the activation of a variety of signal 

transduction cascades. The phosphorylation of RET at Y981 leading to Src and FAK 

phosphorylation is highlighted due to its importance in the proposal.  
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1.6.  The PIX Family of Guanine Nucleotide Exchange Factors 

The PIX family of proteins, including βPIX and αPIX, are best known for their 

ability to bind to the Rho GTPases, such as Cdc42 and Rac, and moderate their activity 

through guanine nucleotide exchange factor (GEF) activity (41). βPIX removes GDP 

bound to inactive Cdc42/Rac, freeing a space for GTP-binding and transformation of 

Cdc42/Rac into the active GTPase state (41-42). βPIX, βPIX-2, and αPIX (Figure 1.2) 

are the three members of the PIX family and are all highly expressed in the nervous 

system (43).  

The PIX family of GEF’s has previously been identified as vital PAK (p21-

activated kinase) binding partners (43), however, due to structural differences, the 

members of the PIX family of GEFs have been shown to have opposing effects on 

downstream proteins (45). For example, it has been shown that αPIX has an inhibitory 

effect on Cdc42/Rac-induced PAK activation, while βPIX’s GEF activity was shown to 

increase Cdc42/Rac-induced PAK activation (46). A schematic diagram of βPIX and 

schematic diagrams of other PIX family members are shown in Figure 1.2. βPIX is vital 

in cytoskeletal rearrangements and the regulation of focal adhesion complex assembly 

and disassembly (41). Therefore, βPIX is often found within focal adhesions, as it induces 

PAK localization to focal adhesions through Cdc42 and Rac activation (41). 

 

1.7. βPIX Structure 

βPIX consists of an SH3 domain, DH domain, PH domain, T1 region, CBD 

domain and leucine zipper (42-44). The SH3 domain binds proteins via proline and 

hydrophobic amino acids (42). The DH (Dbl homology) domain is for GEF activity (44). 
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The plecstrin homology domain (PH) domain binds a variety of proteins (43). The T1 

region is also used for GEF activity (44). The Cat (Cool-associated tyrosine 

phosphosubstrate/Git (G protein-coupled receptor kinase interactor)-binding (CBD) 

domain is used to bind several different focal adhesion proteins, such as GIT (45). The 

final structural component of βPIX is the leucine zipper. The established sites of βPIX 

phosphorylation are ser516 and thr526 (46). The members of the PIX family differ by the 

presence and/or absence of domains. αPIX has a calponin homology (CH) domain and a 

unique C-terminal (50C), however, an isoform of βPIX, βPIX-2, was recently been found 

that has both a CH domain and a serine-rich region (47).  

 

1.8. βPIX Activation  

It is currently unknown how βPIX is activated downstream of RET, however Src 

and FAK phosphorylation have been shown to lead to βPIX activation downstream of 

other RTKs, such as EGFR (48). It has been shown that Src mediates phosphorylation of 

tyrosine residues Y576/577 on FAK (40).  Sites of βPIX phosphorylation identified by 

mass spectrometry include: S71, S79, S131, S135, S145, S146, S192, S195, S340, 

S427/S428, S498, S516, Y542, S559, S588 and T592 (46). Following phosphorylation, 

FAK has been shown to phosphorylate βPIX downstream of EGFR, inducing βPIX’s 

GEF activity on Cdc42/Rac (40). RET has also been shown to directly phosphorylate 

FAK (49) (Figure 1.5). Therefore, it is plausible that FAK phosphorylation, either by 

RET or Src, may induce βPIX phosphorylation. It is reasonable to predict that βPIX is 

activated in the same fashion downstream from RET. 
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In addition, it has been shown that βPIX may disturb RET interactions with 

Casitas B-lineage Lymphoma (Cbl), an E3-ubiquitin ligase that plays an essential role in 

the degradation of RET. It was proposed that this is accomplished by βPIX either forming 

a complex with RET and Cbl, or by sequestering Cbl alone. In previous studies in our lab, 

it, was shown that Cbl and βPIX co-immunoprecipitate without RET present in the 

complex (93). Furthermore, it was shown that βPIX phosphorylation was dependent on 

RET activation using immunoprecipitations. In vitro kinase assays revealed that RET did 

not directly phosphorylate βPIX (93), suggesting that the relationship between βPIX and 

RET may be similar to that seen for EGFR. 

It has been shown that βPIX plays a vital role in the degradation of EGFR. A 

study by Feng et al. (48) confirmed that βPIX acts as both an upstream activator and 

downstream target for the Rho GTPase Cdc42. βPIX phosphorylation was shown to be 

dependent on EGFR activation and to be necessary in order for βPIX to perform 

nucleotide exchange factor activity on Cdc42, as well for βPIX complex formation with 

the E3 ligase Cbl. βPIX-Cbl complex formation was shown to regulate EGFR 

degradation, demonstrating that phosphorylation of βPIX as a result of EGFR activation 

is essential in maintaining the balance between signaling and degradation of EGFR (48). 

 

1.9. Rho GTPases 

Cdc42 and Rac belong to a family of molecules, referred to as Rho GTPases, that 

play a pivotal role in the regulation of the actin cytoskeleton, cell polarity, microtubule 

dynamics and regulation of a variety of signal transduction pathways (50). Rho GTPases 

are able to hydrolyze GTP to GDP. It is by switching between these two conformational 
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states: the GTP-bound “active state” and the GDP-bound “inactive state”; that GTPases 

are able to perform their cellular functions (51). Guanine nucleotide exchange factors 

(GEFs), such as βPIX, are classified as activators and GTPase activating proteins (GAPs) 

are classified as inactivators (52). Although Cdc42 and Rac are both involved in 

cytoskeletal arrangement, they each play slightly different roles within the cytoskeleton.  

Rac induces assembly of stress fibers and lamellipodia, while Cdc42 promotes more 

finger-like membrane extensions (filopodia) (53). It has been shown that Cdc42 was 

required for the organization of cellular protrusions, however Rac did not appear to be 

required for the organization of normal cellular protrusions (Figure 1.3). 
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Figure 1.2. A schematic diagram of the PIX family proteins. Shown are the Src 3 

homology (SH3) domain, Dbl homology (DH) domain, plecstrin homology (PH) domain, 

T1 domain, proline-rich domain (PRD), CBD [Cool-associated tyrosine 

phosphosubstrate/Git (G protein-coupled receptor kinase interactor)-binding domain], and 

a leucine zipper domain. In addition, βPIX-2 is shown, which differs from βPIX by the 

presence of the calponin homology (CH) domain and a serine-rich region (SR) between 

the T1 and PRD domains. Also shown is αPIX, including a CH domain, which crosslinks 

actin filaments into bundles, as well a unique C-terminal (50C). 
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1.10.  Rho GTPases and Downstream Signaling 

It was previously shown that βPIX can bind to tyrosine residues on PAK (46). 

This binding facilitates the activation of PAK by Cdc42/Rac, and the subsequent 

localization of PAK to focal adhesions (47). It is important to note that reorganization of 

the actin cytoskeleton during cell migration has been shown to be dependent on 

Cdc42/Rac activation (50). In turn, by inducing the exchange of GDP for GTP on Cdc42 

and Rac, βPIX is able to regulate cytoskeletal rearrangement. Within fibroblasts, Rac and 

Cdc42 are associated with filopodia and stress fiber formation, lamellipodia formation, 

and membrane ruffling, respectively (51).  More recently, it has been proposed that βPIX 

may be able to exert effects both downstream of Cdc42, and upstream of Rac. This is 

based on the finding that βPIX dimerization is necessary for interaction with Rac, but not 

with Cdc42 (52). Through interaction with PAK and Cdc42/Rac, βPIX is able 

to regulate the activation and localization of many other intracellular proteins, specifically 

those involved in focal adhesion complexes and cell migration (53). 

 

1.11.  Focal Adhesions 

The focal adhesion is the cellular connection between the extracellular matrix and 

the actin cytoskeleton. The focal adhesion is essential for cell adhesion and cell 

movement. Its dynamic nature allows cells to attach and detach during cell migration 

(54). In addition, throughout cell migration, the focal adhesion is reorganized through the 

phosphorylation of a variety of focal adhesion proteins, such as FAK (55). Once a cell is 

attached, the actin cytoskeleton is reorganized into stress fibers that end at the focal 

adhesion (52).  
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Figure 1.3. Electron micrographs of HeLa cells transfected with dominant negative 

inhibitors Cdc42 and Rac, N17Cdc42 and N17Rac, respectively. Cells transiently 

expressing N17Cdc42 construct had reduced cellular protrusions, however cells 

expressing the complementary dominant negative inhibitor for Rac, N17Rac (right), did 

not appear to reduce the number of cellular protrusions (53). 
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1.12. Cell Migration 

The steps that a cell must undergo in order to migrate are organized into several 

major events (Figure 1.4). The first is cell polarization, in which focal adhesion 

molecules localize to leading edge of the cell where they begin to form a complex (55). 

The cell undergoes extension, in which Cdc42/Rac-mediated actin polymerization pushes 

on the cell membrane as focal adhesions are being assembled and disassembled at the 

leading edge of the cell (55-56). The bulk of the cell then moves towards the leading 

edge, creating a lagging edge with residual focal adhesions (55-57). Actin polymerization 

and cytoskeletal rearrangements are mediated by Rho GTPases such as Rac and Cdc42 

(51-53). The relocalization of focal adhesion proteins from the cytoplasm to the focal 

adhesion facilitates focal adhesion assembly and disassembly (57). The final step of cell 

migration is degradation, in which the focal adhesions and actin filaments at the lagging 

edge of the cell are degraded and recycled at the leading edge of the cell (55-57) (Figure 

1.4) 

Cell migration is a highly regulated process, incorporating a balance between 

adhesion at the leading edge of the cell and detachment at the trailing edge of the cell, 

governed by the phosphorylation of focal adhesion proteins (59). The absence of focal 

adhesion proteins or mutations in the proteins themselves result in perturbed cell 

migration. For example, it has been shown that when FAK phosphorylation was 

prevented, cell motility was significantly impaired (60). The effect that FAK impairment 

has on cell motility may stem from its ability to activate βPIX (61). It has been shown 

that in FAK+ cells, FAK phosphorylates βPIX, thus increasing its binding to Cdc42/Rac 
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(61). Impairing FAK-mediated phosphorylation of βPIX results in the lack of Cdc42/Rac 

localization to focal adhesions and reduced cell migration (62). 

 

1.13. RET and Cell Migration 

 The role of RET activation in cell migration is well-established. In the gut, 

activated RET facilitates the directional migration of enteric nervous system progenitors 

towards a localized source of GDNF (37). Progenitor cells of the sympathetic nervous 

system (SNS) in RET-deficient lack the ability to migrate and project axons (11), further 

emphasizing the importance of RET and RET activation in cell migration. In addition, 

RET activation by GDNF led to increased cell motility, continuous assembly and 

disassembly of focal adhesions and migration towards GDNF (56). It has been shown that 

RET activation induces the formation of lamellipodia, filopodia and the reorganization of 

cytoskeletal elements (54). In neuroblastoma cells, RET activation was found to induce 

focal adhesion and stress fiber formation, further emphasizing the significance of RET in 

the development and organization of focal adhesions and facilitating subsequent cell 

migration (59). 

 

1.14. Experimental Rationale 

As previously mentioned, the role that RET plays in cell migration has been well 

established (10-12, 37), however, the mechanism through which RET facilitates βPIX 

phosphorylation and induces subsequent cell migration is not well known. It has been 

shown that Src mediates phosphorylation of FAK (39). RET has been shown to indirectly 

(47) and directly (60) phosphorylate FAK (Figure 1.5). Following phosphorylation, FAK 
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has been shown to phosphorylate βPIX downstream of EGFR, inducing βPIX’s GEF 

activity on Cdc42/Rac (48). Knocking down βPIX phosphorylation in these cells resulted 

in a lack of targeting of Cdc42/Rac to focal adhesions and inefficiency of cell spreading 

(51).   It is reasonable to predict that βPIX is activated in the same fashion downstream 

from RET (Figure 1.5). Many of the proteins that have been implicated in the regulation 

of cell migration downstream from RET, such as, PAK (46), FAK (59), GIT (45) and 

paxillin (59) have all been shown to form a complex with βPIX at focal adhesions, 

suggesting that βPIX may play a significant role in RET-mediated cell migration as well. 

 

1.15. Hypothesis 

We hypothesize that GDNF-mediated RET activation induces βPIX 

phosphorylation. Once phosphorylated, βPIX acts as a GEF for Cdc42 and/or Rac. As a 

result, we hypothesize that mutated βPIX, Cdc42 and/or Rac will slow cell migration 

downstream of RET. Due to its role as a GEF for Cdc42 and/or Rac, we hypothesize that 

mutations of either βPIX, Cdc42 or Rac will result in altered cell morphology in the form 

of less cellular protrusions. In addition, it is thought that phosphorylated βPIX localizes to 

the focal adhesion in order to facilitate cell migration. 

 

1.16.  Objectives 

1) To confirm that RET activation induces βPIX phosphorylation.  

2) To investigate the role of βPIX, Cdc42 and Rac in response to RET.  

3) To investigate the role of βPIX, Cdc42 and Rac in cell morphology downstream of 

RET activation. 
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4) To investigate the localization of βPIX in the cell downstream of RET activation. 
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Figure 1.4. Schematic representation of cell migration. A) In the first step of cell 

migration (cell polarization) focal adhesion molecules localize to leading edge of the cell 

where they begin to form a complex. B) The second step is extension, in which actin 

polymerization pushes on the cell membrane and focal adhesions are being assembled and 

disassembled at the leading edge of the cell. C) The third step is sliding, in which the bulk 

of the cell moves towards the leading edge, thus creating a lagging edge with residual 

focal adhesions. D) The fourth and final step of cell migration is degradation, in which 

the focal adhesions and actin filaments at the lagging edge of the cell are degraded are 

transported to the leading edge to be recycled (shown as the return of the cell to the 

original morphology). 
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Figure 1.5. A proposed model for the role of βPIX in RET-mediated cell migration. 

RET is activated by GDNF, via its co-receptor GFRα1, leading to RET dimerization and 

subsequent autophosphorylation of selected tyrosine residues.  Src is phosphorylated by 

RET and Src phosphorylates FAK , leading to βPIX phosphorylation. βPIX can bind 

PAK, leading to PAK localization to focal adhesions. βPIX performs GEF activity on 

Cdc42 and Rac, allowing Cdc42 and Rac to interact with cytoskeletal filaments. 

Phosphorylated βPIX is localized to the focal adhesions along with focal adhesion 

proteins such as FAK and paxillin. 
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Chapter 2 

Methods 

 

2.1. Cell Lines 

 The HEK293, MIA PACA-2 and SK-N-SH cell lines was purchased from 

American Type Cell Collection (ATCC) (Manassas, VA). The HEK293 cell line was 

derived from human embryonic kidney (HEK) (63) and was stably transfected with full 

length RET9 and co-receptor GFRα by Shirley Myers (63). MIA PACA-2 is a human 

pancreatic carcinoma cell line (64) and SK-N-SH is a human neuroblastoma cell line (65). 

 

2.2. Cell Culture 

 All cell lines were cultured in Dulbecco modified Eagle’s minimal essential 

medium (DMEM) (Sigma-Aldrich, Oakville ON, CA) supplemented with 10% FBS 

(Sigma-Aldrich, Oakville ON, CA) and 5% sodium pyruvate. Cells were incubated at 

37°C with 5% CO2 in an Isotemp® model 546 incubator (Fisher Scientific, Nepean ON). 

Cells were grown and to 70% confluency at which point they were split. 

 

2.3. Constructs 

 The dominant negative inhibitors for Cdc42 and Rac, N17Cdc42 and N17Rac, 

were provided by Dr. Bruce Elliot (Department of Pathology & Molecular Medicine, 

Queen’s University) and originated by Dr. Alan Hall (CRC Oncogene & Signal 

Transduction Group, MRC Laboratory for Molecular Cell Biology) (66). The βPIX 

constructs, including: βPIX-W43K, Myc-βPIX, FLAG-βPIX and βPIX-DGEF were 
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obtained from Dr. Alan Mak (Department of Biochemistry, Queen’s University) (67). 

βPIX-W43K contains an SH3 domain mutation, primarily inhibiting PAK binding (68). 

The βPIX-DGEF construct has a mutation in the Dbl homology region (amino acids 101-

279), which prevents guanine nucleotide exchange factor activity (68). Table 2.1 

summarizes the constructs used in this study. 
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Table 2.1. Constructs Used in this Study 

Construct  Function Tag References 
FLAG-βPIX Normal FLAG, Myc (29) 
βPIX-DGEF No GEF 

activity 
Myc (67) 

βPIX-W43K No PAK 
binding 

Myc (66) 

N17Cdc42 Dominant 
negative 
inhibitor 

Myc (41) 

N17Rac Dominant 
negative 
inhibitor 

Myc (41) 
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Table 2.2. Primers Used for QRT-PCR Reactions 

The following primers were used in PCR reactions to examine the expression of genes 

encoding proteins RET, βPIX and Cdc42 in select cell lines.  

  
Primer Sequence 
RLH51-F 5’ 

CGCGACGCGTCTTGGTGGCGTGAAACTC 
3’ 

RLH51-R 5’ 
GACTAGCTAGCGGACATCTTCCCATTCT 
3’ 

βPIX-F  5’ CCATTGCAGACCAGTGAGAA 3’ 
 

βPIX-R  5’ GGTGATTGGCACAATACGTG 3’ 
Cdc42-F 5’ CGATGGTGCTGTTGGTAAAA 3’ 
Cdc42-R 5’ GTGGATAACTCAGCGGTCGT 3’ 
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2.4. qRT-PCR Reactions 

RNA from SK-N-SH and MIA PACA-2 cell lines was provided by Jessica Hickey 

(69). qRT-PCR reactions were performed with the QuantiTect SYBR Green RT-PCR Kit 

(Qiagen, Missisauga, ON) according to manufacturer’s protocol. Reactions took place in 

cuvettes, each containing 200ng of RNA 1uM (final concentration) of each forward and 

reverse primers (Table 2.2), half volume of 2X Quanti Tect SYBR Green RT-PCR Master 

Mix (Dye) and 0.01 volume of Quanti Tect RT Mix. Negative controls contained RNase 

free water instead of RNA. 

 The SmartCycler instrument (Cepheid, Sunyvale, CA) run by SmartCycler version 

2.0b software was used to perform four-stage qRT-PCR on all samples. Within stage one, 

RNA was reverse transcribed at 50°C for 30 minutes. Within stage two, Taq polymerase 

was activated and reverse transcriptase was inactivated for fifteen minutes at 95°C. PCR 

reactions were performed for forty cycles within stage three. Each cycle consisted of 

fifteen seconds at 95°C, twenty-five seconds at 55°C and fifteen seconds at 72°C. The 

resultant amplification curve represented the fluorescent signal recorded for each cycle 

plotted against the cycle number. The cycle number that corresponds to the point at which 

the fluorescence value reaches the threshold is referred to as the Ct value (Ct). The 

threshold was determined by the computer program. Within stage four, melting curve 

analysis was performed by the program by monitoring fluorescence while increasing 

temperature from 60°C to 95°C. 

 

 

 



  29 

2.5. Plasmid DNA Isolations 

 The Biorad Gene Pulser II® (Biorad Laboratories, Hercules, CA) was used to 

transform plasmids into E.Coli DH5α cells. In an electroporation cuvette, 1ng DNA and 

80µl electrocompotent DH5α cells (prepared by J. Vanhorn) were combined and 

subjected to 2500V at a capacitance of 25µF and resistance of 200Ω. Following 

electroporation, the cells were incubated in 250µl LB medium for thirty minutes at 37°C. 

Cells were plated onto LB agar plates with 50mg/mL ampicillin and cloraphenical and 

grown overnight at 37°C with shaking. Isolation of DNA was performed according to 

manufacturer’s protocol using the Qiagen Midiprep Kit (Qiagen, Mississauga, ON). 

 

2.6. Transient Transfections 

 Transfections were performed with 1x106 and 5x104 cells, for 100mm and six-

well plates, respectively. For transfections in six-well plates: two sets of eppendorf tubes 

were used; both sets first containing 750µl of OPTI-MEM® reduced serum medium 

(Invitrogen, Burlington, ON). 3µg DNA was added to one set of tubes and 9µl 

Lipofectamine Reagant (Invitrogen, Burlington, ON) was added to the other set of tubes 

containing OPTI-MEM®.  Six-well plates required 1µg DNA, 400µl OPTI-MEM and 3µl 

lipofectamine in the transfection mixture. The first set of tubes containing OPTI-MEM® 

and DNA, and the second set of tubes containing OPTI-MEM®  and lipofectamine were 

incubated at room temperature for five minutes.  The two sets of tubes were mixed and 

incubated for thirty minutes at room temperature.  The transfection mixture was pipetted 

onto the cells. Media was changed six hours after transfection. 

2.7. Protein Harvesting 
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 Protein was harvested forty-eight hours following transfection. Medium was 

removed and cells were washed three times with 1X PBS pH 7.4 (Appendix 1). Following 

washes, cells were lysed with 400µl and 200µl of 1X lysis buffer (Appendix 1) for 

100mm and six-well plates, respectively. Cell lysate were removed from the plates with a 

cell scrapper and pooled. The harvested lysates was then rocked at 4°C for thirty minutes, 

centrifuged at 13,000g (Fisher Scientific Accuspin Microcentrifuge) at 4°C, and the 

supernatant collected.  

 

2.8. Protein Assay 

 Protein assays were performed according to manufacturer’s instructions using the 

BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA). The protein assay 

mixture included: 12µl cell lysate, 12µl 1X lysis buffer and 200µl of working reagant  

(provided in kit). Protein concentration was determined through the use of absorbance 

readings at 595nm provided by an EL(x) 800UV microplate autoreader (Bio-Tex 

Instruments Inc, USA). 

 

2.9. Immunoprecipitations 

 500µg of cell lysates, and (1:50) antibody were used for every 

immunoprecipitation. Lysates were incubated with antibody at 4°C while gently rocking 

for two hours. Protein A/G beads (1:10) (Santa Cruz Biotechnology, Santa Cruz, CA) 

were added and lysates were rocked overnight. Samples were washed three times with 

500µl 1X lysis buffer (Appendix 1) by centrifuging at 3000g (Fisher Scientific Accuspin 
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Microcentrifuge). All lysis buffer was removed and 50ul of 1X laemmli buffer was added 

to the pellet. 
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Table 2.3. Antibodies used for immunoprecipitation, immunoblotting and 

immunofluorescence. 

Name Supplier Type Use 
βPIX Santa-Cruz 

Biotechnology Inc. 
(Santa Cruz, CA, USA) 

primary Immunoblotting 
Immunofluorescence 
1:1000 

Myc Santa-Cruz 
Biotechnology Inc. 

(Santa Cruz, CA, USA) 

primary Immunoblotting 
Immunofluorescence 
1:1000 

FLAG Sigma –Aldrich Co. 
(Oakville, ON, Canada) 

primary Immunoblotting 
Immunoprecipitation 
1:1000 

RET pTyr 
(pY1062) 

Santa-Cruz 
Biotechnology Inc. 

(Santa Cruz, CA, USA) 

primary Immunoblotting 
1:1000 

RET (H300) Santa-Cruz 
Biotechnology Inc. 

(Santa Cruz, CA, USA) 

primary Immunoblotting 
Immunofluorescence 
1:1000 

pTyr (pY99) Santa-Cruz 
Biotechnology Inc. 

(Santa Cruz, CA, USA) 

primary Immunoblotting 
1:1000 

pSrc (pY416) Invitrogen 
(Burlington, ON, Canada) 

primary Immunoblotting  
1:1000 

Src Cell Signaling Technology 
(Danvers, MA, USA) 

primary Immunoblotting 
1:1000 

Tubulin Sigma –Aldrich Co. 
(Oakville, ON, Canada) 

primary Immunoblotting 
1:2000 

Vinculin Sigma –Aldrich Co. 
(Oakville, ON, Canada) 

primary Immunoblotting 
Immunofluorescence 
1:1000 

Goat HRP Santa-Cruz 
Biotechnology Inc. 

(Santa Cruz, CA, USA) 

secondary Immunoblotting 
1:2000 

Rabbit HRP Cell Signaling Technology 
(Danvers, MA, USA) 

secondary Immunoblotting 
1:2000 

Mouse HRP Cell Signaling Technology 
(Danvers, MA, USA) 

secondary Immunoblotting 
1:2000 

Goat-mouse 
488 

Invitrogen 
(Burlington, ON, Canada) 

Fluorescent 
secondary 

Immunofluorescence 
1:2000 

Chicken-rabbit 
594 

Invitrogen 
(Burlington, ON, Canada) 

Fluorescent 
secondary 

Immunofluorescence 
1:2000 

Chicken-goat 
488 

Invitrogen 
(Burlington, ON, Canada) 

Fluorescent 
secondary 

Immunofluorescence 
1:2000 
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Mouse 594 Invitrogen 
(Burlington, ON, Canada) 

Fluorescent 
secondary 

Immunofluorescence 
1:2000 

 

2.10. Western Blotting 

 Prior to western blotting, samples and pre-stained protein marker (New England 

Biolabs, Mississauga, ON) were boiled at 99°C for five minutes. Immunoprecipitations 

and lysates were centrifuged at 6,000g (Fisher Scientific Accuspin Microcentrifuge) for 

ten seconds and placed on ice prior to loading.  10% SDS-PAGE resolving gels  

(Appendix 1) were poured into the casting apparatus (Biorad Laboratories Inc, Hercules, 

CA). The gel was allowed to set for thirty minutes at room temperature, and 4% stacking 

gel (Appendix 1) was poured on top of the resolving gel. 10ug of protein was loaded into 

each well with a syringe. Gels were electrophoresed at 20mA per gel with 650mL of 1X 

running buffer (Appendix 1) until the protein marker was run off the bottom of the gel, 

approximately ninety minutes. 

 Once completed, proteins were transferred onto nitrocellulose membranes (Biorad 

Laboratories Inc, Hercules, CA) at 150mA using a Biorad mini PROTEAN transfer 

apparatus for ninety minutes. Within the transfer apparatus, 650mL of transfer buffer 

(Appendix 1) and 0.1% SDS were added for transfer. The nitrocellulose membrane was 

placed in 5% milk in TBST (Appendix 1) for one hour at 37°C while shaking. The 

membrane was immunoblotted with selected antibodies (Table 2.3) have in 5% milk in 

TBST overnight at 4°C, with shaking. 

 The following day, primary antibodies were removed and the membrane was 

washed three times with TBST for ten minutes each. Appropriate secondary antibodies 

(Table 2.3) were added at a dilution of 1:2000 for one hour at room temperature, with 
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shaking. After one hour, the membrane was washed three times with TBST  (Appendix 1) 

for ten minutes each prior to the addition of Enhanced-chemi-luminscence (ECL) reagent 

(Perkin Elmer, Boston, MA) and exposure to autoradiography to produce an image on 

film  (AGFA Curix Ultra Medical X-Ray film, Electromedical Equipment, Richmond Hill, 

ON). Densitometry analysis was performed for the western blots examining βPIX 

phosphorylation in response RET activation by GDNF using the Image Pro Software. 

Three sets of independent replicates were performed and data was analyzed using an 

unpaired one-tailed t-test. 

 

2.11. Wound Healing Assays 

 SK-N-SH (65) cells were plated 1x10(6) cells with 10ng/ul of collagen (BD 

Biosciences, ON, CA) per well in six well plates and transfected with appropriate 

constructs (Table 2.1). Medium was changed to low serum 0.5% FBS five hours after 

transfection. Cells were serum starved for twenty-four hours prior to wound healing 

assays. GDNF was added to selected plates at 50ng/mL. Three wounds were made across 

each well with a 100µl pipette tip. Pictures were taken at time zero and every two hours 

for fifty hours. Three measurements of wound width were taken from each wound and the 

average was calculated for each well at every two-hour time point and the ratio of wound 

closure over time for each well was calculated. Four sets of independent replicates were 

performed and data was analyzed using an unpaired one-tailed t-test. 
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2.12. Boyden Chamber Assays 

 SK-N-SH (65) cells were plated 1x106 per well in six well plates and transfected 

with selected constructs (Table 2.1). Medium was changed to low serum 0.5% FBS five 

hours after transfection. Cells were serum starved twenty-four hours prior to boyden 

chamber assays. Cells were trypsinized, and counted using a hemocytometer and diluted 

with additional low serum 0.5% FBS medium to 1x106 cells/500µl and plated in the top 

chamber of each boyden chamber (BD Biosciences, ON, CA). 500µl of low serum 0.5% 

FBS medium was added in the bottom chamber and cells were incubated for one hour at 

37°C to ensure cells were acclimated. To begin the assay, GDNF was added to the bottom 

chamber at 50ng/mL and the chambers were placed at 37°C.  

 After twenty-four hours, the plates were removed from the incubator and placed 

on ice as the medium was removed from both chambers. 500µl of 3% paraformaldehyde 

in PBS and crystal violet stain (Appendix 1) was added to the top chamber and 500µl was 

added to the bottom chamber and incubated at room temperature for three hours. The 

fixing and staining solution was removed and both chambers were washed extensively 

with 1X PBS (Appendix 1). The upper surface of the top chamber was wiped with a 

cotton swab to remove attached cells and residual dye. The membrane was removed from 

the chamber with a razor and 4µl of monoil was placed on a coverslip with the upper 

membrane placed on top, facing downwards. A coverslip was secured over the membrane 

with an addition 4µl of monoil. Slides were viewed under light microscope in order to 

quantify the number of cells that had migrated through the membrane. Quantification was 

performed by first dividing the membrane into four quadrants, two sections were counted 

from each quadrant and an average was calculated for each condition. Approximately 50-
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100 cells were viewed per quadrant Three sets of independent replicates were performed 

and data were analyzed using an unpaired, one-tailed t-test. 

 

2.13. Confocal Microscopy 

 SK-N-SH (65) cells were grown to 1x106 cells/well on coverslips that were coated 

with 10ng/uL of collagen in six-well plates. Cells were transfected with selected 

constructs (Table 2.1). Medium was changed to low serum (0.5% FBS) five hours after 

transfection. Cells were serum starved twenty-four hours prior to adding GDNF. Cells 

were treated with 50ng/mL GDNF for thirty minutes and fixed with 3% 

paraformaldehyde in PBS (Appendix 1). Cells were washed three times with PBS and 

permeabolized with 0.015% TritonX-100 in PBS for 7.5 minutes. Cells were then washed 

three times with PBS and blocked for thirty minutes in 3% BSA in PBS overnight. 

Coverslips were placed cell-side-down in 85uL of blocking buffer (Appendix 1) 

containing primary antibodies (diluted 1:50) (Table 2.3) for forty-five minutes. Coverslips 

were placed in six well plates and washed three times with PBS (Appendix 1). Following 

washing, coverslips were placed cell-side-down on 85uL of blocking buffer (Appendix 1) 

containing secondary antibodies (diluted 1:100) (Table 2.3). 1 uL of phalloidin was added 

to the blocking buffer and the coverslips were covered with foil to protect them from 

light. Coverslips were placed in six-well plates and washed three times with PBS 

(Appendix 1). Following washing, coverslips were mounted on microscope slides using 

8uL of monoil and stored at 4°C in a covered portfolio until viewed under microscope. 

 Confocal microscopy was used to view the slides. Confocal microscopy employs a 

light source (Spectra Physics 8W Pulsed Tsunami TiSaphire laser for 2 photon imaging) 
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to excite fluorescent dyes. The laser was focused on a single plane, in order to scan across 

each slide in one focal plane. The slide was viewed at 100X and raised and lowered so 

that cells could be viewed on different focal planes. Images from different focal planes 

were then overlayed using Image Pro Plus Basic-Leica Operating Software to produce a 

single composite image including all fluorescence.  

For morphology studies, 5-10 cells were analyzed per slide and two independent 

slides were made per experimental condition. Cells scored were approximately 10µm in 

diameter and cell extensions were defined to be those >2µm. Three individual replicates 

were performed and a minimum of 5-10 cells were scored. For co-localization studies, 5-

10 cells were analyzed per slide and two slides were made per experimental condition. 

Scored cells had at least three visible focal adhesions. Image Pro Software was used to 

examine co-localization. Three individual replicates for each experimental condition were 

performed. 
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Chapter 3 

Results 

 

3.1. Evaluation of RET, βPIX and Cdc42 expression in MIA-PACA2 and SK-N-SH 

cells. 

 In order to choose an optimal model system for the investigation of the role of 

βPIX in RET-mediated cell migration, expression of the proteins of interest, RET, βPIX 

and Cdc42, was examined in two cell lines. It has previously been shown that RET is 

endogenously expressed in the human pancreatic carcinoma cell line, MIA-PACA2 (64) 

and RET is expressed in the neuroblastoma cell line, SK-N-SH (65). βPIX and Cdc42 

expression in both MIA-PACA2 and SK-N-SH cells have not been previously described. 

qRT-PCR was used to determine if RET, βPIX and Cdc42 were expressed in each of the 

aforementioned cells lines. RNA was isolated from MIA-PACA2 (64) and SK-N-SH (65) 

cells by Jessica Hickey. RNase free water was used as negative controls. Three replicates 

were performed for each condition. 

Data are presented as ΔCt values which were calculated by subtracting the Ct 

values for each condition from the Ct of their respective H2O controls. The ΔCt values for 

RET, βPIX and Cdc42 in MIA-PACA2 cells are 10.3 ± 0.62, 10.7 ±0.84, and 12.43 ± 

0.77, respectively (Figure 3.1). The ΔCt values for RET, βPIX and Cdc42 expression in 

SK-N-SH cells are 13.1 ± 0.41, 13.25 ± 0.83, and 18.9 ± 0.70, respectively (Figure 3.2).  
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Figure 3.1 Expression of RET, βPIX and Cdc42 in MIA-PACA2 cells. Bar graph of 

the ΔCt values for RET (blue), Cdc42 (green) and βPIX (red) expression in MIA-PACA2 

cells. RNase free water was used as a control for each pair of primers. ΔCt values were 

used to assess mRNA expression of RET, βPIX and Cdc42. Three replicates were 

performed for each experimental condition. Error bars are used to indicate deviation from 

the mean. 
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Figure 3.2. Expression of RET, βPIX and Cdc42 in SK-N-SH cells. Bar graph of the 

ΔCt values for RET (blue), Cdc42 (green) and βPIX (red) expression in SK-N-SH cells. 

RNase free water was used as a control for each pair of primers. The ΔCt values were 

used to assess mRNA expression of RET, βPIX and Cdc42. Three replicates were 

performed for each experimental condition. Error bars are used to indicate deviation from 

the mean. 
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3.2. RET-mediated βPIX phosphorylation 

 It has been previously shown by our lab that RET activation by GDNF is 

associated with βPIX phosphorylation (93). In order to confirm that RET activation 

facilitates βPIX phosphorylation, HEK293 cells stably expressing full length RET and co-

receptor GFRα1 were transiently transfected with FLAG-βPIX or pcDNA3.1 and 

stimulated with/out GDNF for thirty minutes prior to protein harvesting. Lysates were 

immunoprecipitated with anti-FLAG antibody and western blotted (Figure 3.3 A). A 

pY99 antibody, which stained for tyrosine phosphorylation, was used to assess βPIX 

phosphorylation. A low intensity pβPIX band was observed at 83kDa when GDNF was 

not added. In the presence of GDNF, a higher intensity pβPIX band was visible at 83kDa. 

No βPIX bands were visible for control lysates transfected with empty vector, pcDNA3.1. 

An anti-FLAG antibody was used to assess pan-βPIX in the lysates. Equal intensity bands 

at 83kDa for the FLAG-βPIX lysates, with and without GDNF, were observed, indicating 

equivalent amounts of βPIX protein for each condition. Densitometric analysis of βPIX 

phosphorylation in response to RET activation by GDNF showed that significantly higher 

pixel intensity, representing FLAG-βPIX phosphorylation, was observed when RET was 

activated by GDNF (p= 0.012) (Figure 3.4).  

The control lysates with empty vector showed no βPIX bands (Figure 3.3 A). In 

whole cell lysates (WCLs), RET activation by GDNF increased RET (pY1062) and Src 

(pSrc416) phosphorylation, resulting in higher intensity bands at 175kDa and 63kDa for 

pRET and pSrc, respectively (Figure 3.3 B). An H300 antibody was used to assess 

panRET and a panSrc antibody was used to assess total Src. The total amount of RET and 
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Src protein remained consistent with and without GDNF, resulting in bands of equal 

intensity at 175kDa and 63kDa, respectively (Figure 3.3 C). 
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Figure 3.3. RET-mediated βPIX phosphorylation. Western blot analysis of βPIX 

phosphorylation in response to RET activation by GDNF. HEK293 cells stably 

expressing RET and co-receptor GFRα1 were used, into which FLAG-βPIX was 

transiently transfected. HEK293 cells transiently transfected with pcDNA3.1 were used as 

a control. A) Cells were treated with the RET ligand, GDNF, and cell lysates were 

subjected to immunoprecipitation (IP) with an α- FLAG antibody to detect βPIX. pY99 

and α- FLAG antibodies were used to assess βPIX phosphorylation and panβPIX, 

respectively. B) Whole cell lysates (WCLs) in which pY1062 and pSrc418 antibodies 

were used to assess RET and Src phosphorylation, respectively. C) WCLs in which H300 

and panSrc antibodies were used to assess total RET and Src, respectively. 
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Figure 3.4. RET-mediated βPIX phosphorylation. Bar graph depicting densitometry 

analysis of βPIX phosphorylation in response RET activation by GDNF. HEK293 cells 

stably expressing RET and co-receptor GFRα1 were used, into which FLAG-βPIX was 

transiently transfected. HEK293 cells transiently transfected with pcDNA3.1 were used as 

a control. Significantly higher pixel intensity, representing FLAG-βPIX phosphorylation 

was observed when RET was activated by GDNF (p= 0.012). Three individual replicates 

of the experiment were performed. Error bars indicate deviation from the mean. 
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3.3. The effect of overexpressing βPIX, Cdc42 and Rac mutations on wound healing 

downstream of RET activation. 

 The role of RET is cell migration has been well established. It has previously been 

shown that RET activation by GDNF facilitates the directional migration of enteric 

nervous system (ENS) progenitor cells within the gut wall (11). In RET-deficient mice, 

neuronal precursors of the sympathetic nervous system are unable to migrate and project 

axons (70). 

In order to confirm that RET activation by GDNF promotes cell migration, wound 

healing assays were conducted. SK-N-SH (65) cells, endogenously expressing RET, were 

seeded on collagen, their preferred matrix (personal communication J. Hickey). Wounds 

were produced in the monolayer and cells were treated with GDNF. Cells not treated with 

GDNF were used as a control. Three wounds were made across each well. Pictures were 

taken at time zero and every two hours for fifty hours. Three measurements of wound 

width were taken from each wound and the average was calculated for each well at every 

time point. The ratio of wound width at time zero to wound width at the indicated time 

was calculated for each well and data are presented as average relative wound width. Five 

sets of independent replicates were performed and data were analyzed using an unpaired 

one-tailed t-test. 

In order to control for transfection efficiency, transfections protocols were 

optimized to ensure that the percentage of cells expressing transfected constructs was 

relatively equal (approximately 40% transfection efficiency) using immunofluorescence 

(not shown). As expected, cells in which RET was activated by GDNF were found to 



  50 

have a faster rate of wound closure than control cells in which RET was not activated 

with GDNF (Figure 3.5).  

It has previously been shown that Rho GTPases such as Cdc42 and Rac promote 

cell migration by facilitating the assembly and disassembly of the actin cytoskeleton (71). 

In addition, βPIX has been shown to be required for Rac to localize to focal adhesions 

and facilitate cell migration (53, 72). In order to investigate the roles of βPIX, Cdc42 and 

Rac in cell migration, wound healing assays were performed. SK-N-SH (65) cells, 

endogenously expressing RET, were seeded on collagen and transiently transfected with 

either βPIX-DGEF (no GEF activity), βPIX-W43K (unable to bind PAK), N17Cdc42 

(GTPase-dead) or N17Rac (GTPase-dead). Wounds were produced and cells were treated 

with GDNF. Cells that were not treated with GDNF were used as a negative control. The 

rate of wound closure was measured at two to ten hour intervals during a fifty-hour time 

course for each condition (see total data appendix 2). Five individual replicates were 

performed for each condition. 

Cells transiently transfected with βPIX-DGEF and RET-activated by GDNF had a 

slower rate of wound closure in comparison with cells without βPIX-DGEF and treated 

with GDNF (Figure 3.6). Cells transiently transfected with βPIX-W43K also had a slower 

rate of wound closure in comparison with RET +GDNF cells (Figure 3.6). In addition, 

after fifty hours, both cells transiently transfected with βPIX-DGEF and βPIX-W43K did 

not close wounds, however, control cells, that did not contain the mutant constructs, had 

closed the wounds (Figure, 3.5-3.7 and appendix 2). Cells transiently transfected with 

N17Cdc42 or N17Rac constructs, migrated into and closed wounds after fifty hours, as 

seen with control cells that did not contain mutant constructs (Figure 3.7). 
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 Our results show that, in SK-N-SH (65) cells, RET activation by GDNF facilitates 

faster cell migration leading to wound closure in comparison with those in which RET is 

not activated. Wounds remained open longer and failed to heal by completion of the assay 

in cells transiently transfected with βPIX mutants, suggesting that wildtype βPIX plays a 

role in cell migration that leads to wound closure. In contrast, cells transiently transfected 

with mutants for Rac or Cdc42 had rates of cell migration comparable to controls 

(Appendix 2- Figure A). 
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Figure 3.5. RET activation facilitates wound closure.  Line graph depicting the average 

relative wound width as a function of hours in SK-N-SH (65) cells either transfected with 

or without empty vector (pcDNA3.1) and with and without RET activation by GDNF. 

Cells were treated with GDNF at the time of wound induction. Three wounds were made 

per well and five individual replicates were performed for each experimental condition. 

Error bars indicate deviation from the mean. 
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Figure 3.6. Mutants for βPIX impair wound closure. Line graph depicting the average 

relative wound width as a function of hours in SK-N-SH (65) cells, expressing 

endogenous RET and transiently transfected empty vector (pcDNA3.1), or transiently 

transfected with βPIX-DGEF or βPIX-W43K with or without RET activation by GDNF. 

Three wounds were made per well and five individual replicates were performed for each 

experimental condition. Error bars indicate deviation from the mean.  
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Figure 3.7. Dominant negative inhibitors for Cdc42 and Rac do not impair wound 

closure. Line graph depicting the average relative wound width as a function of hours in 

SK-N-SH cells (65) transiently transfected with empty vector (pcDNA3.1) or transiently 

transfected with N17Cdc42 or N17Rac with or without RET activation by GDNF. Three 

wounds were made per well and five individual replicates were performed for each 

experimental condition. Error bars indicate deviation from the mean. 
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indicating neither mutations of Rac or Cdc42 was sufficient to perturb cell migration 

leading to wound closure. 

 

3.4 The effect of overexpressing βPIX, Cdc42 and Rac mutations on cell migration. 

 The role of RET activation in cell migration has been well-established (11, 57, 71, 

72). In the gut, activated RET facilitates the directional migration of enteric nervous 

system progenitors towards a localized source of GDNF (67). Progenitor cells of the 

sympathetic nervous system (SNS) in RET-deficient mice lack the ability to migrate and 

project axons (12), further emphasizing the importance of RET and RET activation in cell 

migration. In order to further investigate the relationship between RET activation by 

GDNF and cell migration, boyden chamber assays were used. SK-N-SH (65) cells, 

endogenously expressing RET, were seeded on collagen, the preferred matrix for SK-N-

SH cells (65)(personal communication, J. Hickey). The RET ligand, GDNF, was added to 

the lower chamber of all boyden chambers as an attractant. Data are shown as the average 

number of migrating cells. Unpaired two-tailed t-tests were used to analyze all results.  As 

expected, significantly more cells (p=0.042) migrated through the chambers in which 

GDNF was used as an attractant, in comparison to chambers in which GDNF was not 

added (Figure 3.8). Three individual replicates were performed. 

In order to further investigate the relationship between βPIX, Cdc42/Rac and cell 

migration downstream of RET, boyden chamber assays were used. SK-N-SH (65) cells, 

endogenously expressing RET, were transiently transfected with either βPIX-DGEF, 

βPIX-W43K, N17Cdc42 or N17Rac. Cells transiently transfected with empty vector, 

pcDNA3.1, were used as controls. The RET ligand, GDNF, was added to the lower 
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chamber of all boyden chambers as an attractant. Replicates were performed without 

GDNF to control for the effect of RET activation under each condition.  

Cells transiently transfected with either βPIX-DGEF or βPIX-W43K had 

significantly (p=0.029) less cell migration than cells without the mutant constructs 

(Figure 3.9). Cells transiently transfected with either N17Cdc42 or N17Rac in which 

GDNF was used as an attractant, had significantly (p=0.038, p=0.041, respectively) less 

cell migration in comparison to cells without the mutant constructs (Figure 3.10). Cells 

transfected with N17Cdc42 had less cell migration in comparison with those transfected 

with N17Rac, however, the difference in cell migration was not found to be significant 

(p=0.13) (Figure 3.10). Three individual replicates were performed. 

Our results indicate that SK-N-SH (65) cells, endogenously expressing RET, 

migrate towards a localized source of GDNF. Cells transfected with mutants for βPIX had 

significantly less cell migration in comparison to control cells without the mutant 

constructs. In addition, cells transfected with mutants for Cdc42 and Rac had significantly 

less cell migration in comparison to control cells without the mutant constructs. Cells 

transfected with N17Cdc42 had less cell migration in comparison with those transfected 

with N17Rac, however the difference in cell migration was not found to be significant 

(p=0.13). All data are shown in Appendix 2- Figure B. 
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Figure 3.8. RET-expressing cells migrate towards GDNF. Bar graph depicting the 

relationship between RET activation by GDNF and cell migration in SK-N-SH (65) cells. 

Data are presented as the average number of cells that migrated per slide (combining all 

fields of view), when cells were treated with/without GDNF. SK-N-SH (65) cells, 

endogenously expressing RET and those transiently transfected with empty vector 

(pcDNA3.1), migrated significantly (p=0.042) more towards a localized source of GDNF. 

Three individual replicates were performed for each experimental condition. Error bars 

indicate deviation from the mean. Unpaired two-tailed t-tests were used to analyze the 

results. Asterisk indicates a significant difference in the average number of cells 

migrating between the two conditions. Raw data on which these are based are shown in 

Appendix 2- Figure B. 
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Figure 3.9. Mutants for βPIX impair cell migration. Bar graph depicting cell 

migration of SK-N-SH (65) cells and transiently transfected with empty vector 

(pcDNA3.1) towards a localized source of GDNF in comparison with those transiently 

transfected with βPIX-DGEF or βPIX-W43K and with/without GDNF. Data are 

presented as the average number of cells that migrated per slide (total of all fields of 

view), when cells transiently expressed either βPIX-DGEF or βPIX-W43K. Cells 

containing the mutant constructs migrated significantly (p=0.029) less than positive 

control cells (RET +GDNF). Three individual replicates were performed for each 

experimental condition. Error bars indicate deviation from the mean. Unpaired two-tailed 

t-tests were used to analyze all results. Asterisk indicates a significant difference in the 

average number of cells migrating between the two conditions. Raw data on which these 

are based are shown in Appendix 2. 
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Figure 3.10. Dominant negative inhibitors for Cdc42 and Rac impair cell migration. 

Bar graph depicting cell migration of SK-N-SH (65) cells transiently transfected with 

empty vector (pcDNA3.1) towards a localized source of GDNF, in comparison with those 

transiently transfected with N17Cdc42 or N17Rac and treated with/without GDNF. Data 

are presented as the average number of cells that migrated per slide (total of all fields of 

view), when cells transiently expressed either N17Cdc42 or N17Rac. Cells expressing the 

dominant negative inhibitors, N17Cdc42 or N17Rac, migrated significantly less 

(p=0.038, p=0.041, respectively) than the positive control cells (RET +GDNF). Three 

individual replicates were performed for each experimental condition. Error bars indicate 

deviation from the mean. Unpaired two-tailed t-tests were used to analyze all results. 

Asterisk indicates a significant difference in the average number of cells migrating 

between the two conditions. Raw data on which these are based are shown in Appendix 2. 
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3.5. The effect of overexpressing βPIX, Cdc42 and Rac mutations on cell 

morphology downstream of RET activation. 

The effect of RET activation on cell morphology of neuroblastoma cells has been 

well-documented (10-12, 22). RET activation has been shown to induce focal adhesions 

and stress fiber formation in neuroblastoma cells, facilitating cell migration (58). We have 

shown that RET activation induces βPIX phosphorylation, however, the effect of 

mutations of βPIX, Cdc42 or Rac on cell morphology in neuroblastoma cells has not been 

previously described. In order to investigate the effect of mutations of βPIX, Cdc42 and 

Rac on cell morphology, immunofluorescence was used (Figure 3.11). SK-N-SH  (65) 

cells, endogenously expressing RET, were grown on coverslips with collagen, their 

prefered matrix (Hickey, 2008). Cells were transiently transfected with pcDNA3.1 as a 

control and treated with GDNF for thirty minutes prior to fixing and staining with 

selected antibodies. An anti-vinculin antibody was used to stain for focal adhesions. All 

slides were viewed with confocal microscopy.  Within each slide, 5-10 cells were 

analyzed and two slides were made per experimental condition. Three individual 

replicates were performed. Cells were scored for desity of extensions. Cells scored were 

approximately 10µM in diameter and extensions were defined to be those projections 

extending >2µm from the cell surface.  

Cells transfected with βPIX-DGEF or βPIX-W43K were observed to have 

significantly (p=0.048) fewer cell extensions and a more rounded appearance in 

comparison with control cells that were not transfected with mutant constructs. Cells 

transfected with N17Cdc42 or N17Rac were observed to have cell extensions comparable 

in number to those on control cells.  
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Figure 3.11. Overexpressing mutant forms for Cdc42, Rac and βPIX alters cell 

morphology in SK-N-SH cells. Confocal microscopy pictures depicting cell morphology 

of SK-N-SH (65) cells when transfected with selected constructs. An anti-vinculin 

antibody was used to stain focal adhesions. Cells transfected with βPIX-DGEF or βPIX-

W43K were observed to have significantly fewer (p=0.048) cell extensions and a more 

rounded appearance in comparison with control cells that were not transfected with 

mutant constructs. Cells transfected with N17Cdc42 or N17Rac were observed to have 

cell extensions comparable in number to control cells. Three individual replicates were 

performed under each condition. Scale bars of indicated sizes are shown. 
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Figure 3.12. Quantification of morphology changes induced by treatment with 

mutants for Cdc42, Rac and βPIX. Bar graph depicting the number of cellular 

extensions present on SK-N-SH (49) cells in response to transfection of mutants for 

βPIX, Cdc42 and Rac, βPIX-DGEF, βPIX-W43K, N17Cdc42 and N17Rac. Cells were 

transfected with pcDNA3.1 as a control. Transfected cell were identified by the presence 

of a Myc tag using immunofluroscence. Cells transfected with βPIX-DGEF or βPIX-

W43K were observed to have significantly fewer (p=0.048) cell extensions and a more 

rounded appearance in comparison with control cells that were not transfected with 

mutant constructs. Cells transfected with N17Cdc42 or N17Rac were not found to have a 

significantly different number of cell extensions in comparison to control cells. 

Transfected cells with a diameter of approximately 10µm were scored and 5-10 cells were 

scored per experiment. Three individual replicates were performed of each experiment. 

Cell extensions were defined to be >2 microns. Data are shown as means ±SDs. The 

asterisk is used to denote a significant relationship. 
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3.6. The relationship between RET activation and βPIX localization. 

The effect of RET activation on cell migration has been well-documented (10-12, 

20). RET activation has been shown to induce focal adhesion and stress fiber formation in 

neuroblastoma cells, facilitating cell migration (58). We have shown that RET activation 

mediates βPIX phosphorylation, however, the effect of RET activation on βPIX 

localization has not been previously described. In NIH-3T3 cells, co-localization has been 

observed between βPIX and Rac at actin filaments and cellular protrusions (73-74). 

Downstream of EGFR, βPIX has also been shown to be strongly co-localization with the 

focal adhesion protein paxillin at focal adhesions (75-76). Therefore it is plausible that 

βPIX is localized to focal adhesions downstream of RET activation. 

SK-N-SH (65) cells, endogenously expressing RET, were grown on coverslips 

with their preferred matrix, collagen (Hickey, 2008), and treated with GDNF for thirty 

minutes prior to fixing and staining with selected antibodies. An anti-panβPIX antibody 

was used to examine the localization of endogenous βPIX in the cell. An anti-vinculin 

antibody was used to stain for focal adhesions within the cells. Phalloidin was used to 

stain for filamentous actin. All slides were viewed using confocal microscopy. 

When RET was not activated, vinculin was highly concentrated in focal adhesions 

at the cell surface (Figure 3.13). βPIX was strongly co-localized with vinculin in the 

majority of the focal adhesions (Figure 3.13). In the presence of RET activation, vinculin 

was observed throughout the cytoplasm as well as selected focal adhesions (Figure 3.14). 

βPIX was localized to the cytoplasm when RET was activated (Figure 3.14). When 

quantified using Image Pro software, a significantly higher percentage of focal adhesions 

contained βPIX (p=0.039) when cells were not treated with GDNF in comparison with 
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focal adhesions in cells treated with GDNF (Figure 3.15). Collectively, our results 

suggest that RET activation correlates with differential localization of βPIX (Figure 3.13-

3.15). 
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Figure 3.13. βPIX was localized to focal adhesions when RET was not activated. 

Confocal microscopy pictures depicting βPIX localization when RET was not activated 

by its ligand, GDNF in SK-N-SH (65) cells. A) Individual pictures of the indicated stain, 

followed by a merged picture of all stains. An anti-βPIX antibody was used to examine 

βPIX localization. An anti-vinculin antibody was used to stain for focal adhesions. 

Phalloidin was used to stain for filamentous actin. B) Merged picture including all stains. 

A white box outlines an area of co-localization for vinculin and βPIX at a focal adhesion. 

C) Grayscale image of co-localization of vinculin and βPIX at a focal adhesion. Scale 

bars of indicated sizes are shown. 
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Figure. 3.14. βPIX was localized to the cytoplasm when RET was activated. Confocal 

microscopy pictures depicting βPIX localization. A) Individual views of indicated stains. 

An anti-βPIX antibody was used to examine βPIX localization. An anti-vinculin antibody 

was used to stain for focal adhesions. Phalloidin was used to stain for filamentous actin. 

B) Merged picture including all stains. A white box outlines a focal adhesion showing no 

co-localization of vinculin and βPIX. C) Grayscale image of co-localization of vinculin 

and βPIX at a focal adhesion. Scale bars of indicated sizes are shown. 
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Figure 3.15. Quantification of βPIX localization to focal adhesions. Bar graph 

depicting the percentage of focal adhesions in which βPIX is present in SK-N-SH (65) 

cells treated with and without GDNF. Cells were transiently transfected with pcDNA3.1 

as a control. A significantly higher percentage of focal adhesions contain βPIX (p=0.039) 

when cells are not treated with GDNF in comparison with focal adhesions in cells treated 

with GDNF. Transfected cells with a diameter of approximately 10µm were scored, 5-10 

cells were scored per experiment and two slides were made per experimental condition. 

Scored cells had at least three visible focal adhesions. Image Pro Software was used to 

examine co-localization. Three individual replicates were performed. Data is shown as 

mean percentage ±SDs. The asterisk is used to denote a significant relationship. 
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Chapter 4 

 Discussion 

 

The RET receptor is a well-known receptor tyrosine kinase (RTK) that plays a 

vital role in the activation of signaling cascades responsible for regulating cell growth, 

proliferation, transformation and migration (10-12, 22). One of the proteins that has been 

shown to be activated downstream of several RTKs is the guanine nucleotide exchange 

factor (GEF) βPIX (47-48, 72-73). βPIX is vital in cytoskeletal rearrangements and the 

regulation of focal adhesion complex assembly and disassembly (58, 60-62), however, the 

mechanism through which βPIX is activated downstream of RET is not yet known. In the 

current study, we have examined the relationship between RET activation and βPIX 

phosphorylation, as well as the role of βPIX in RET-mediated cell migration.  

 

4.1. RET activation induces βPIX phosphorylation. 

 It has previously been shown in our lab that βPIX phosphorylation is mediated by 

RET activation and that RET and βPIX do not directly interact (93). βPIX 

phosphorylation has been shown to be induced by the activation of other RTKs such as 

EGFR (48). Downstream of EGFR activation, βPIX phosphorylation has been found to be 

mediated by Src and FAK (48). It is plausible that βPIX phosphorylation is mediated in 

the same way since RET has been shown to directly phosphorylate both Src (37) and 

FAK (56). In order to confirm that RET activation facilitates βPIX phosphorylation, 

HEK293 (63) cells were transfected with FLAG-βPIX and immunoprecipitations for 

βPIX were performed both with and without GDNF. Our results showed that in cells 
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endogenously expressing RET, RET activation by GDNF was required for βPIX 

phosphorylation. 

Although βPIX phosphorylation is induced by RET activation, we have 

previously confirmed that RET and βPIX do not directly interact (93). Therefore the 

intermediate/s between RET activation and βPIX phosphorylation are not yet known. As 

previously mentioned, it has been shown that RET and Src induce FAK phosphorylation 

(37, 56) in RET-expressing cells. In addition, FAK phosphorylation by Src has been 

shown to induce βPIX phosphorylation downstream of EGFR (48). Relating back to the 

study by Feng et al. (48), it has been shown that βPIX acts as both an upstream activator 

and downstream target for Rho GTPase, Cdc42. βPIX phosphorylation was shown to be 

dependent on EGFR activation and βPIX phosphorylation was shown to be necessary in 

order for βPIX to perform nucleotide exchange factor activity on Cdc42 as well for βPIX 

complex formation with E3 ligase, Cbl. βPIX-Cbl complex formation was shown to 

regulate EGFR degradation, demonstrating that phosphorylation of βPIX by EGFR 

activation is essential in maintaining the balance between signaling and degradation of 

EGFR (48). Our data confirms that RET activation by GDNF induces βPIX 

phosphorylation as seen with EGFR and given the known relationship it is plausible that 

based on our findings, βPIX phosphorylation downstream of RET activation may be 

mediated in a manner similar to that of EGFR. In addition, the interaction between βPIX 

and Cbl observed downstream of EGFR, may also be present downstream of RET and 

this would be a interesting hypothesis for future studies. 
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Following phosphorylation, FAK has been shown to phosphorylate βPIX 

downstream of EGFR, inducing βPIX’s GEF activity on Cdc42/Rac (48). Therefore, it is 

plausible that FAK phosphorylation, either by RET or Src, may induce βPIX 

phosphorylation. A hypothetical model of the relationship between RET activation and 

βPIX phosphorylation is shown in Figure 1.5. Conversely, downstream of fibroblast 

growth factor receptor (FGFR) activation, βPIX phosphorylation was found to be 

dependent on p21-activating kinase (PAK) binding to βPIX, providing another 

mechanism through which βPIX phosphorylation may be mediated downstream of RET 

(46).  

In future studies, it would be interesting to investigate the role of Src and FAK in 

βPIX phosphorylation downstream of RET activation. Sites of phosphorylation on βPIX 

have been shown to differ depending on the mechanism of activation. For example, bFGF 

and NGF induce phosphorylation of βPIX on S525 and T526 (46), while PKA-dependent 

phosphorylation of βPIX occurs on S516 and T526, indicating the diversity of both 

mechanisms and sites of phosphorylation of βPIX. Sites of βPIX phosphorylation were 

not addressed in the current study due to the lack of commercially available βPIX-

specific phosphorylation antibodies; however, it would be an interesting point for future 

studies when the resources become available. 

 

4.2. The role of βPIX, Cdc42 and Rac in cell migration downstream of RET 

activation. 

 Cell migration is an integral part of normal development and maintenance of 

homeostasis, but can also be a powerful contributor to metastasis (2, 6, 8). Therefore, 
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many different assays are available to study cell migration, each with respective 

advantages and disadvantages. In this study, both wound healing and boyden chamber 

assays were used in order to accurately assess the effect of specific mutations of βPIX, 

Cdc42 or Rac on cell migration downstream of RET activation. An understanding of the 

differences and similarities between the two assays is necessary in order to interpret the 

results of this study. 

 As previously mentioned, data from the wound healing assays is presented as the 

average rates of wound healing which is interpreted as average rates of cell migration. In 

particular, wound healing assays are used to measure random cell migration 

(chemokinesis) (81). Because wound healing assays are conducted over a fifty-hour time 

course, a time period that is longer than a typical cell cycle; cells may be proliferating and 

this proliferation may mistakenly be interpreted as cell migration.  

Cells in a wound healing assay migrate as loosely connected sheets (82). In 

contrast, cells migrate as single cells during a boyden chamber in order to fit through 

membrane pores (83). Conversely, boyden chamber assays measure directed cell 

migration towards an attractant (chemotaxis) (83). Both types of assays can be used to 

examine the effect of inhibiting cell surface proteins on cell migration. However, it is 

important to acknowledge that each assay measures similar, yet distinct types of cell 

migration that may contribute to metastasis and it is not surprising that results may differ 

between the two techniques. 

The role of RET activation in cell migration has been well-established (1, 10, 11, 

68). In the developing gut, activated RET facilitates the directional migration of enteric 

nervous system progenitors towards a localized source of GDNF (11). Progenitor cells of 
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the sympathetic nervous system (SNS) of RET-deficient mice lack the ability to migrate 

and project axons (12), further emphasizing the importance of RET and RET activation in 

cell migration. Based on these findings, it is not surprising that our results showed that 

RET activation by GDNF facilitates significantly more cell migration in SK-N-SH (65) 

neuroblastoma cells (Figure 3.5). In addition, we have shown that more SK-N-SH (65) 

cells migrated when GDNF was used as an attractant in comparison with cells that were 

not treated with GDNF (Figure 3.8), further confirming that RET activation by GDNF 

promotes cell migration in neuroblastoma cells. In summary, we have confirmed that 

RET activation by GDNF induces cell migration. 

We showed that mutations in the SH3 domain and Dbl-homology domains of 

βPIX result in slower rates and in some cases impairment of wound healing and cell 

migration downstream of RET activation (Figure 3.6 & 3.9), suggesting that βPIX is a 

part of the signal transduction pathway through which RET induces cell migration. βPIX 

is best known for its role in activating Rho GTPases by the removing of GDP, freeing a 

space for GTP binding (53, 84). It has previously been shown that the Rho GTPase, Rac, 

is localized to focal adhesions and promotes cell migration downstream of RET (66). The 

role of Rho GTPases such as Cdc42 and Rac, in cell migration is well known. Both 

proteins have been shown to promote cell migration by mediating the assembly and 

disassembly of the actin cytoskeleton (50-53). Cdc42 and Rac activity have also been 

shown to be necessary for lamellipodia formation downstream of RET activation (85). 

Therefore, it is probable that βPIX facilitates cell migration downstream of RET 

activation at least partially through βPIX’s interactions with Rho GTPases (Figure 1.5). 
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Our results show that cells expressing dominant negative inhibitors for Cdc42 or 

Rac were able to migrate at rates comparable to cells that did not express dominant 

negative inhibitors for Cdc42 and Rac during wound healing assays. However, cells not 

expressing dominant negative inhibitors for Cdc42 or Rac had significantly less cell 

migration than cells not expressing dominant negative inhibitors for Cdc42 or Rac during 

boyden chamber assays. In addition, we showed that cells expressing a dominant negative 

inhibitor for Cdc42 had less migration than cells expressing a dominant negative inhibitor 

for Rac, suggesting a differential role for each GTPase in RET-mediated cell migration.  

The lack of effect observed when cells expressed dominant negative inhibitors for 

Cdc42 or Rac during wound healing may be due in part to the differences between wound 

healing and boyden chamber assays. As previously mentioned, one of the main 

differences between the two assays is the possibility of cell proliferation during wound 

healing. Boyden chamber assays take place over a time period that is not sufficient for 

cells to proliferate, this may account for the difference in results between the two assays. 

In terms of the differential roles for Cdc42 and Rac in RET-mediated cell migration, it 

has previously been shown that Rac induces assembly of stress fibers and lamellipodia, 

while Cdc42 promotes more finger-like membrane extensions (filopodia) (41, 84, 86). In 

addition, Cdc42 has been shown to be required for the organization of cellular 

protrusions, however Rac did not appear to be required for the organization of normal 

cellular protrusions (Figure 1.4) (86). Although transfection efficiency was examined for 

all transfected constructs, it would be beneficial for future studies to use 

immunofluorescence in order to differentiate if migrating cells contain transfected 

constructs. The differential effects of dominant negative inhibitors for Cdc42 and Rac on 
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cell migration may be due in part to their similar, yet distinct roles in the regulation of 

actin cytoskeleton dynamics downstream of RET. 

 

4.3. The role of βPIX, Cdc42, and Rac in cell morphology downstream of RET.  

 It has been well established that RET activation induces changes in cell 

morphology. RET activation has been shown to induce focal adhesion and stress fiber 

formation in neuroblastoma cells, facilitating cell migration (58). We have shown that 

RET activation induces βPIX phosphorylation, however, the effect of mutations of either 

βPIX, Cdc42 or Rac on cell morphology in RET-expressing cells has not been previously 

described. Our results show that cell morphology is altered downstream of RET 

activation when the SH3 and Dbl-homology domains of βPIX contain mutations (Figure 

3.11-3.12). Cells containing either one of these domain mutations were observed to have 

fewer cell extensions and a rounded appearance in comparison to control cells without 

these mutations, indicating the importance of the SH3 and Dbl-homology domains for 

βPIX function (Figure 3.11-3.12). Changes in cell morphology were present with and 

without GDNF, however, cell morphology changes appeared to be more pronounced 

when RET was activated, suggesting that βPIX, Cdc42 and Rac act downstream of RET. 

The SH3 domain of βPIX has been shown to be necessary for binding the proline 

rich region of PAK (87, 88). PAK-βPIX binding promotes PAK localization to the focal 

adhesion as well as increased guanine nucleotide exchange on Cdc42 and Rac (46, 61). 

The Dbl-homology domain has been shown to be necessary for GEF activity (77-79). 

Therefore, it is not surprising that impairing SH3 and Dbl homology domain functions of 

βPIX by expressing βPIX-DGEF or βPIX-W43K, leads to changes in cell morphology, 
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specifically reducing the observed number of cell extensions (Figure 3.12). In NIH-3T3 

cells, co-localization has been observed between βPIX and Rac at actin filaments and 

cellular protrusions (53, 62), suggesting that not only are βPIX and Rac interacting, but 

also that the GEF activity of βPIX on Rho GTPases may be necessary for the 

development of cell extensions. Our results suggest that the interactions between βPIX 

and Rho GTPases are necessary for the development of cell extensions downstream of 

RET. Furthermore, βPIX may act as the primary GEF for Rho GTPases in RET-

expressing cells, based on the finding that cell extensions are greatly reduced and cells 

adopt a rounded shape when cells mutations of βPIX are expressed. Conversely, the 

overexpression of βPIX has been shown to result in the formation of membrane ruffles 

and microvillus-like structures, all of which was shown to be dependent on the activation 

of Cdc42/Rac by βPIX in HeLa cells (53, 73). Our results confirmed that βPIX 

overexpression downstream of RET activation resulted in the formation of more cell 

extension. 

Alternatively, cells that express dominant negative inhibitors for Cdc42 or Rac 

were observed to have comparable cell extensions to control cells not expressing 

dominant negative inhibitors for Cdc42 or Rac (Figure 3.11-3.12). It has previously been 

shown that cells expressing a dominant negative inhibitor for Cdc42 were observed to 

have reduced cell extensions in comparison with cells not expressing dominant negative 

Rac (53). Our results agree with the literature in that we have shown that dominant 

negative inhibitor for Rac did not appear to significantly reduce the development of cell 

extensions in neuroblastoma cells, however, our results have also shown that the presence 

of a dominant negative inhibitor for Cdc42 in neuroblastoma cells did not appear to 
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hinder the development of cell extensions as shown in HeLa cells. In this case, inhibiting 

Cdc42 or Rac independent of one another does not fully reduce the development of cell 

extensions in neuroblastoma cells, however, mutations of the SH3 or Dbl-homology 

domains of βPIX, are successful in eliminating the effect of Rho GTPase activation on 

growth of cellular protrusions in RET-expressing cells. 

 

4.4. RET activation mediates βPIX localization. 

The effect of RET activation on βPIX localization has not been previously 

described. Our results show that βPIX is differentially localized within the cell when RET 

is activated (Figure 3.13-3.15). More specifically, we have shown that when RET is not 

activated by GDNF, βPIX is co-localized to the focal adhesions with the focal adhesion 

protein, vinculin (Figure 3.13). When RET is activated by GDNF, βPIX is more diffusely 

localized in the cytoplasm and co-localization is not observed with vinculin in focal 

adhesions (Figure 3.14). The RET-dependent localization of βPIX confirms that RET 

βPIX acts downstream of RET, although it is not yet known how the two are linked. 

 Based on βPIX’s previously described role in cell migration downstream of other 

RTKs, it was predicted that when activated by RET, βPIX would be localized to focal 

adhesions in order to facilitate RET-mediated cell migration. However, the opposite 

effect was observed. There are several possible theories to explain these results. βPIX 

activates a variety of downstream proteins such as the Rho GTPases and PAK (42, 76). It 

is possible that when RET is activated and βPIX is phosphorylated, that βPIX is localized 

to focal adhesions where it activates selected focal adhesion proteins, and is then recycled 

to the cytoplasm. Turnover may be mediated by GIT1, a GTPase activating protein, that 
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has been shown to form a focal adhesion complex with PAK, βPIX, Cdc42/Rac and the 

focal adhesion protein, paxillin (62). βPIX-GIT complex formation has been shown to 

play a prominent role in endocytosis, adhesion and migration (45, 61, 89). Once formed, 

it is possible that the complex is relocalized to the cytoplasm, suggesting a potential 

mechanism for the differential localization of βPIX downstream of RET activation. It 

may be beneficial for future studies to examine the differences in localization between 

panβPIX and pβPIX using immunofluorescence, however, pβPIX antibodies are not yet 

commercially available. 

 

4.5. Conclusions. 

 RET-mediated βPIX phosphorylation provides a mechanism through which RET 

is able to regulate cell migration. The knowledge gained from this study regarding the 

interactions between RET, βPIX, Cdc42/Rac and their respective roles in cell migration 

provide a framework for future studies regarding the regulation of RET-mediated cell 

migration. 

 Our study provides confirmation of the indirect relationship between RET and 

βPIX, as well as providing the basis for future investigation of the requirement of βPIX, 

Cdc42 and Rac in RET-mediated cell migration. In summary, we confirmed that RET 

activation mediates βPIX phosphorylation. We showed that mutations in the SH3 domain 

and Dbl homology domain of βPIX result in slower rates, and in some cases impairment 

of wound healing and cell migration, indicating a role for βPIX in RET-mediated cell 

migration. In contrast, we have shown that GTPase mutants of Cdc42 and Rac were not 

sufficient to impair wound healing, but did result in reduced cell migration. This suggests 
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that similar, yet distinct roles exist for Cdc42 and Rac in the regulation of cytoskeletal 

dynamics. We have shown that SH3 and Dbl-homology domain mutations in βPIX result 

in changes in cell morphology, indicating the role of βPIX in the development of cell 

extensions. Alternatively, we have shown that dominant negative inhibitors for Cdc42 or 

Rac independent of one another do not induce cell morphology changes, emphasizing the 

similar, yet distinct roles for Cdc42 and Rac in RET-mediated cell morphology. Lastly, 

we have shown that βPIX is re-localized from the focal adhesion to the cytoplasm upon 

RET activation, suggesting that following focal adhesion complex formation, βPIX may 

be recycled. 

 

4.6. Significance and Future Directions. 

 Our study has created a framework for future studies regarding the role of βPIX in 

RET-mediated cell migration. The mechanism through which βPIX is phosphorylated 

downstream of RET activation is not known. Therefore, future studies should aim to 

elucidate this mechanism as well as address the effects of a loss of this mechanism. As 

previously mentioned, downstream of EGFR activation, βPIX phosphorylation is 

mediated by the activation of Src and FAK (56). In addition, RET has been shown to 

activate both Src and FAK (59). Therefore, dissecting the roles of Src and FAK in RET-

mediated βPIX phosphorylation will be important in our understanding of RET-mediated 

cell migration. Potential experiments may employ Src inhibitors such as SU6656 (90) or 

Dasantinib (91) in order to examine the effect of Src inhibition on βPIX phosphorylation 

downstream of RET. In order to further examine the roles of Src and FAK in βPIX 

phosphorylation, studies may also use Src and FAK null cell lines such as SYF-/- and 
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FAK-/- cells (59), which lack the Src kinases (Src-/-, Yes-/-, Fyn-/-) and FAK-/-, 

respectively. However, RET and co-receptor GFRα1 would need to be stably transfected 

into these cell lines in order to examine their roles in βPIX phosphorylation downstream 

of RET. 

 In summary, it is now evident that RET activation mediates βPIX phosphorylation 

and that βPIX plays a vital role in RET-mediated cell migration. Identifying βPIX 

binding partners and their downstream effects on RET-mediated cell migration may have 

implications in medical research and the design of therapeutics. This is of particular 

importance as βPIX has recently been shown to be overexpressed in many types of breast 

cancer (92). Furthermore, a better understanding of the role of βPIX and its binding 

partners on cell morphology and motility may shed light on cell migration in relation to 

RET-mediated oncogenesis. However, the mechanism through which βPIX 

phosphorylation is mediated by RET activation should be the focus of related studies in 

the future. 
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Appendix 1: Composition of Solutions 

 
SDS-PAGE Gels 
 
10X PBS 
1.4M NaCl 
0.03M KCl 
0.04M Na2PO4 
0.02M KH2PO4 
pH to 7.4 
 
10X Lysis Buffer 
200mM Tris-HCl, pH 7.8 
1.5M NaCl 
10% Igepal 
20mM Na2EDTA 
 
TBST 
10mM Tris pH 7.5 
100mM NaCl 
0.1% Tween20 
 
10% Resolving gel 
10% acrylamide 
0.031 M Tris-HCl pH 8.8 
0.1% SDS 
0.1% ammonium persulfate 
0.05mM TEMED 
 
4% Stacking gel 
1.7% acrylamide 
0.01M Tris-HCl pH 6.8 
0.1% SDS 
0.1% ammonium persulfate 
0.09nM TEMED 
 
 
Gel Running Buffer 
25mM Tris 
190mM glycine 
0.001% SDS 
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Transfer Buffer 
25mM 
190mM glycine 
0.2% methanol 
 
Immunofluorscence & Boyden Chamber Assays 
 
3% Paraformaldehyde in PBS 
1/3 (final volume) 3X PBS 
3% (final concentration) paraformaldehyde 
2/3 (final volume) H2O 
1-2 drops 5N NaOH 
pH to 7.2 
 
Blocking buffer 
(1:50) primary antibodies 
(1:100) secondary antibodies 
0.98% BSA 
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Appendix 2: Wound Healing and Boyden Chamber Assay Data 

Figure A. Wound Healing Assay Data. Line graph depicting the average relative wound 

width as a function of hours in SK-N-SH (65) cells, expressing endogenous RET and 

transiently transfected empty vector (pcDNA3.1), or transiently transfected with βPIX-

DGEF, βPIX-W43K, N17Cdc42, N17Rac or Myc-βPIX with or without RET activation 

by GDNF. Three wounds were made per well and five individual replicates were 

performed for each experimental condition. Error bars indicate deviation from the mean.  

 

 

 

 

 

 

 



  101 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  102 

Figure B. Boyden Chamber Assay Data. Bar graph depicting cell migration of SK-N-

SH (65) cells and transiently transfected with empty vector (pcDNA3.1) towards a 

localized source of GDNF in comparison with those transiently transfected with βPIX-

DGEF, βPIX-W43K, N17Cdc42, N17Rac, or Myc-βPIX with/without GDNF. Data are 

presented as the average number of cells that migrated per slide (total of all fields of 

view). Three individual replicates were performed for each experimental condition. Error 

bars indicate deviation from the mean. Unpaired two-tailed t-tests were used to analyze 

all results. Asterisk indicates a significant difference in the average number of cells 

migrating between the two conditions. 
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