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ABSTRACT 

 

 Epidermal growth factor receptor (EGFR) signal transduction is initiated via ligand 

(EGF) binding, followed by dimerization, autophosphorylation of the C-terminal tails, and 

recruitment of proteins that form a larger signaling complex to propagate the signal. We 

explored the relationship between receptor mobility and signaling using single-particle 

tracking (SPT) by examining the diffusional dynamics of EGFR and two truncation mutants to 

understand whether mobility changes are correlated with signaling. Results revealed that 

phosphorylation of the C-terminal tail of EGFR is required for maximal reduction in mobility 

that occurs with EGF stimulation, indicating that receptor mobility is a read-out for receptor 

signaling. Additionally, this study looks at the relationship between EGFR and another 

membrane receptor, Recepteur d’Origine Nantis (RON), using the same approach. By tracking 

the diffusional dynamics of RON, we found that RON’s kinase domain is not required for 

EGF-dependent slowdown and that EGFR phosphorylates RON to propagate crosstalk. 
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1 CHAPTER 1 

INTRODUCTION 

 

 Centuries of studies agree that communication and cooperation are essential for human 

life.1 Not surprisingly, these characteristics are equally important at the molecular level 

considering that humans rely heavily on molecular signaling mechanisms to facilitate life as 

we know it. Meticulously coordinated signaling pathways are at the center of every cellular 

event and involve numerous moving parts to execute the simplest of tasks. As with everything 

in life, imperfections arise as a result of the complexity behind mechanisms. In the context of 

signaling pathways, those imperfections can lead to dire outcomes such as cancer, which arises 

from uncontrolled cellular growth due to failures in cell regulation. Current studies aim to 

elucidate signaling pathways and potential sources of failures within them in hopes of revealing 

potential therapeutic targets to counteract those failures. This study focuses on two cell surface 

receptors whose signaling mechanisms are well documented in cancer studies. The aim is to 

better understand the mechanisms that facilitate receptor interactions to drive signaling by 

looking at them through a biophysical lens.  

 

Receptor Tyrosine Kinases (RTKs) 

 A family of cell surface receptors known as the Receptor Tyrosine Kinase (RTK) 

family is comprised of growth factor transmembrane receptors with ligand-controlled tyrosine 

kinase activity.2 RTKs are found embedded in a cell’s plasma membrane and play an 

imperative role in signaling mechanisms. RTKs have a conserved structure consisting of an 

extracellular (EC) domain that binds ligands, a single-pass transmembrane (TM) domain, and 

a cytoplasmic kinase domain (KD). Upon ligand binding, RTKs undergo conformational 
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changes to initiate downstream signaling. Those structural rearrangements are often referred 

to as the structure-function relationship for RTK activity.  Figure 1 shows how the 

conformational changes that RTKs undergo ultimately elicit cellular responses. RTK responses 

are mainly involved in basic, but important cellular processes that are significant in 

development. These include cell proliferation, migration, metabolism, and differentiation, to 

name a few. Note that the mentioned processes are also commonly involved in uncontrolled 

cellular growth, making members of the RTK family, whether overexpressed or mutated, key 

players in the uncontrolled cellular proliferation that often leads to cancer. Further evidence of 

this observation lies in a study that revealed cancer patients who had an overexpression of 

RTKs  commonly had poorer outcomes when compared to patients who did not.3 As a result 

of the obvious involvement that RTKs have in a variety of cancers, there has been an increased 

focus on RTKs as therapeutic targets. 

 The study of specific receptors and the roles they play in eliciting cellular responses 

has been an ongoing focus of the scientific community for decades. The complexity 

surrounding specific transmembrane proteins requires extensive research as these proteins 

usually serve more than one function through a variety of signaling pathways. While many 

mechanisms have yet to be discovered, some well-established ones still require attention due 

to mechanistic failures within them. The mechanistic malfunctions of independent and/or 

collaborating RTKs specifically, could help elucidate how they lead to diseases and reveal 

potential therapeutic targets. It has become increasingly difficult to isolate specific receptors 

as the sole cause of dire outcomes. Often, RTKs collaborate and develop therapeutic resistance, 

requiring multi-target therapies. Therefore, studying RTKs in combination has become just as 

important as studying them independently. Biochemical approaches have revealed important 
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details that allow us to appreciate the basic operating forms of the receptors but, those 

approaches are limited. They lack insight into the dynamics of RTK signaling in a cellular 

environment. As a result, we are left with a knowledge gap surrounding the signaling dynamics 

of the receptors in live cells. This study aims to narrow that knowledge gap by focusing on the 

diffusional dynamics of two members of the RTK family, the epidermal growth factor receptor 

(EGFR) and the Recepteur d’Origine Nantis (RON). 

 

Figure 1. RTK signaling overview. Two inactive receptors, or monomers, found in the cell 

membrane are bound by their respective ligand. As a result, the two receptors unite (dimerize) 

and activate kinase activity. This results in phosphorylation of the tyrosine kinase domain 

leading to the signaling cascades that provoke cellular responses. (Created with 

BioRender.com) 

 

Epidermal Growth Factor Receptor (EGFR) 

 On their search for agents involved in differentiation and growth within the embryonic 

nervous system, Rita Levi-Montalcini and Stanley Cohen made a peculiar observation that 
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would ripple through decades of research. Precocious eyelid opening in mice led to the 

discovery of the epidermal growth factor (EGF).4 It was a finding that granted them the Nobel 

Prize in Physiology or Medicine and led to the unveiling of the RTK family. Years of 

proceeding research by Cohen and others revealed that EGFR is a 170-kD, 1,186-amino-acid  

glycoprotein.5 The protein’s structure was also broken up into subsections that expand the 

extracellular, transmembrane, and kinase domains. The collective extracellular domain, also 

known as the ectodomain, is composed of four parts: subdomains I, II, III, and IV. Subdomains 

I and III undergo structural rearrangement to create a pocket for EGF (EGFR’s ligand) binding. 

Subsequently, a loop, (or dimerization arm) is then exposed to allow homodimerization in 

subdomain II.6 The transmembrane (TMD) and juxtamembrane domains (JMD) interact with 

the lipid bilayer and reinforce EGFR’s structure.7  The tyrosine kinase domain (TKD) and C-

terminal tail serve as phosphorylation and protein recruitment sites. Previous studies have 

found that mutations in EGFR’s domains are related to specific cancer types. For example, 

mutations in domains I and IV are commonly found in glioblastoma, mutations in domain III 

with colorectal cancer, and mutations in the kinase domain with non-small cell lung cancer 

(NSCLC).8 Mutations found within the TM-JM do not seem to affect the structure but have 

proved to be problematic because they aid cellular proliferation in cancer; impacting the 

receptor’s function.9  

 The classical model for EGFR activation is that upon EGF binding, also referred to as 

stimulation, two individual EGF molecules bind to two distinct EGFR proteins also known as 

monomers. Once bound, EGFR undergoes structural rearrangement, by exposing its 

dimerization arm to form a 1:1 EGF:EGFR stable complex before coming together to form a 

2:2 EGF:EGFR dimer complex10 as shown in Figure 2.  Various studies have shown that EGF 
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is not the only ligand that can activate the EGFR. Different EGFR ligands have been found to 

elicit different responses depending on their affinity. Low-affinity ligands such as epiregulin 

(EPR) and epigen (EGN) act as partial agonists and elicit a less-stable dimerization response 

when compared to high-affinity ligands such as EGF and transforming growth factor-alpha 

(TGF).11 Other studies have shown that dimers can form in a 1:2 EGF:EGFR complex, but 

those dimers are short-lived (less stable) and do not elicit the same responses as the 2:2 

complexes.12 There is also evidence that EGFR can form heterodimers with other members of 

the RTK family such as ErbB2, ErbB3, and ErbB4.13  These collaborations can hint at potential 

sources of therapeutic resistance. In this study, we only focus on EGF and 2:2 complexes.  

 

Figure 2.  EGFR dimerization. EGFR dimerization is induced by EGF ligand binding EGFR 

to form a 1:1 EGF:EGFR complex intermediate. The intermediate then forms a 2:2 EGF:EGFR 

dimer, phosphorylation occurs and results in downstream signaling cascade. (Created with 

BioRender.com) 
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 As previously described in section 1.2, the downstream signaling that follows 

dimerization can result in a cellular response that involves cell adhesion, migration, motility, 

survival, tumor invasion, cell cycle progression, and others.14,15 One well-known example of 

signaling mechanisms is EGFR mediated RAS activation.16,17 So far, biochemical approaches 

have determined that post-dimerization and kinase auto-phosphorylation of EGFR, binding 

sites for adaptor proteins Shc1 and Grb2, become available to initiate a signaling 

cascade.18,19,20,21 Subsequently, SOS is recruited, in turn, SOS binds inactive RAS, allowing it 

to exchange GDP for GTP.22,23 This exchange activates RAS kinase activity and as a result, 

RAS activates Raf. 24,25 Raf then activates MEK leading to ERK activation via 

phosphorylation.26 In combination, this series of events lead to the stimulation of transcription 

factors that result in gene expression27 that then result in cell proliferation or even cell survival 

as shown in Figure 3.  It is critical to mention that Shc1 and Grb2 participate in other signaling 

mechanisms that involve other proteins. Although Shc1 and Grb2 are not exclusive to the 

signaling mechanism described above, they were looked further into as part of this study in the 

context of EGFR signaling exclusively. 
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Figure 3. EGFR mediated RAS activation. One of EGFR’s signaling mechanisms involving 

the recruitment of Shc1 & Grb2 followed by SOS-RAS binding that allows for GDP & GTP 

exchange that in turn, initiates RAS activity followed by Raf & MEK activation leading to 

gene expression and cell survival. (Created with BioRender.com) 

 

 Although biochemical and crystallographic studies provide insight into the structure- 

function relationship of EGFR,28,29,30 they are incapable of producing any dynamic 

information. Most of what we know about EGFR was discovered through studies performed 

outside of the cell using techniques that fail to capture the EGFR’s behavior.  The limitation 

partly arises from differences in dimensions and degrees of rotational freedom between 

experiments in solution versus cellular environments. This study follows the lead of more 

recent dynamics-focused studies12,31,32,33 that use sophisticated techniques such as single-

particle tracking (SPT) to quantify protein mobility in live cells.  

 Mobility measurements, such as diffusion, have enabled further characterization of 

protein dynamics. When studying the dynamics of specific proteins, the interpretation of 
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dynamic values is still a work in progress. Two independent studies on EGFR’s diffusion and 

dimerization predicted that a two-fold slowdown in EGFR mobility upon stimulation was 

indicative of dimer formation.31,34  Later, using 2-color single-molecule imaging techniques, 

Shalini et. al determined that it was a 6-fold decrease in EGFR mobility that characterized the 

formation of signaling competent dimers.33 These three  studies correlate protein mobility 

measurements to dimerization state. More specifically, a decreased diffusion, or slowdown in 

mobility, is indicative of dimerization. The discrepancy between a 2-fold and a 6-fold 

slowdown for dimer characterization may be due to different interpretations of the observed 

slowdown. Attributing a portion of the protein’s slowdown to dimerization is logical but, 

dimerization may not be the sole cause of the diffusional slowdown that is observed. Another 

contributor to the observed slowdown could be protein recruitment.  Thanks to extensive 

biochemical data, it is known that  protein recruitment occurs in various EGFR signaling 

mechanisms.20,35,36,37 Protein recruitment immediately follows receptor phosphorylation and 

usually involves multiple proteins attaching to an EGFR dimer to form a larger and heavier 

complex. Classical approaches such as Newton’s law of motion38 and the Stokes-Einstein 

Equation39, imply that heavier objects move more slowly. Therefore, we hypothesized that 

dimerization is only responsible for a portion of the slowdown but, not its entirety.  

 This study aims to highlight the contribution of adaptor proteins by first examining 

EGFR mobility in cells lacking Shc1 and Grb2 and by analysis of EGFR mutants that are 

incapable of cytosolic protein recruitment (shown in Figure 4). We recognize that Shc1 and 

Grb2 are not the only proteins involved in EGFR signaling mechanisms. Therefore, we took a 

different approach that involved comparing the mobility of EGFR and two distinct EGFR 

truncation mutants. One of the mutants, EGFR-∆998, is a form of EGFR whose C-terminal tail 
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was truncated. The truncation of the C-terminal removes all but one tyrosine binding site, 

dramatically reducing protein recruitment capabilities. The other EGFR mutant is composed 

of the extracellular and transmembrane domain only (ECDTM). The kinase domain and entire 

intracellular region of the protein were completely truncated but, the protein’s ligand-binding 

site was left intact. We wanted to know if limiting EGFR’s signaling ability would affect the 

slowdown in mobility upon stimulation. By doing so, not only would we be able to determine 

whether the diffusion output was a readout for signaling, but we would also add to our 

understanding of the structure-function relationship of the receptor. 

 

Figure 4. EGFR KO and Truncation Mutants. Left: EGFR's adaptor proteins Shc1 and 

Grb 2 that were knocked out of the cell.  Right: Truncation mutants EGFR-∆998 and EGFR-

ECDTM. 

EGFR- ∆998 EGFR-ECDTM 
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Récepteur d'Origine Nantais (RON) 

 The Récepteur d’Origine Nantais (RON), also known as macrophage stimulating 1 

receptor, is another member of the RTK family and belongs to the Met sub-family. Like EGFR, 

RON’s discovery in the early 1990s40  proceeded the discovery of its ligand, macrophage-

stimulation protein (MSP) in 1978.41 RON follows the signaling trends that are characteristic 

of the RTK family. Upon ligand binding, dimers form, leading to phosphorylation, or 

activation of the kinase domain, resulting in downstream signaling (as shown in Figure 5). 

RON is also highly expressed in cancerous tumors and is heavily involved in invasiveness.3 

Little is known about the mechanisms of activation and downstream signaling related to RON 

but, crystallographic studies suggest that RON homodimers can be formed in the absence of 

its ligand.42 

 

 

Figure 5. RON signaling overview. Upon ligand binding RON is thought to form a dimer that 

results in activation of the kinase domain which then leads to downstream signaling that will 

ultimately elicit a cellular response. 
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 Although they were independently discovered and are structurally different, the 

combined expression of EGFR and RON has often led to a worse prognosis for cancer 

patients.3 This observation has raised questions about the potential cooperation, or crosstalk 

between the receptors and inspired studies that have delivered evidence of crosstalk between 

the two. The studies suggest that crosstalk between the receptors not only exists but, it may be 

a source of therapeutic resistance.3,43,44,45 The mechanisms by which crosstalk occurs are still 

under investigation but, biochemical evidence has shown that upon EGFR stimulation (with 

EGF), RON becomes phosphorylated, even in the absence of its ligand (MSP).44  The 

observation suggests that there may be an underlying mechanism that is perpetuating the 

phosphorylation or activation of RON through EGFR.  This study aims to further support the 

theory that EGFR can directly phosphorylate RON even in the absence of RON’s ligand, MSP 

when RON and EGFR are co-expressed as shown in Figure 6. We quantified RON’s dynamics 

by analyzing the changes in diffusion for a variety of conditions. A slowdown in RON mobility 

resulting from EGF stimulation would further support the theory that EGFR can directly 

phosphorylate RON. 
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Figure 6.  EGFR-RON Crosstalk. RON is activated and phosphorylated in the absence of its 

ligand MSP in the presence of EGF + EGFR indicating that EGFR-RON crosstalk may be 

responsible for RON phosphorylation. (Created with BioRender.com) 

 

Fluorescence microscopy & Single-Particle Tracking (SPT) 

 Fluorescence microscopy has enabled the visualization of cellular components at micro 

and nanometric scales by capturing the illumination of specific targets down to single 

molecules. The ability to capture photons emitted from single fluorescing molecules (or tags) 

allows fluorescence microscopy to overcome barriers otherwise imposed by diffraction limits. 

In turn, this facilitates the study of single proteins such as EGFR and RON in a cellular 

environment.  

 A fluorescence microscope optic set-up like the one used in this study is shown in 

Figure 7. The set-up is comprised of a microscope with a specimen mount and light source 

(lamp or laser). The specimen containing a fluorophore of choice is mounted on the 

microscope. A light source emits light that passes through an excitation filter that selects a 

specific wavelength of light to pass through the sample and excite the fluorophore. Once the 

fluorophore has been excited, it emits light at a longer wavelength than the excitation 

wavelength due to the mechanism of fluorescence. The mechanism of fluorescence is a basic 
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principle outlining the following: when a particle (fluorophore) is excited, it absorbs high-

energy photons that promote it to an excited state followed by a relaxation state. As the particle 

travels back to its ground state, energy dissipates, resulting in an emission of a photon of lower 

energy (or a longer wavelength). The difference in wavelengths allows for the separation of 

the emitted photons and excitation light. The emitted photons travel back through the objective 

and are directed by the dichroic mirror towards the emission filter. Once the emitted light is 

filtered, it is caught by a detector, captured by a camera, and then sent to the computer for 

processing. The result is an image or collection of images over time. At this stage, the camera 

must be programmed at a frame rate that is slow enough to allow for enough signal collection 

while being sufficiently rapid to capture protein dynamics. 

 

Figure 7. Schematic representation of the optical setup for SPT. The microscope has a 

mounting for the specimen and relies on a light source that goes through an excitation filter, 

followed by an objective and onto the specimen. As a result, light is emitted from the specimen, 

travels back through the objective and dichroic filter before going through an emission filter 

and into the detector. The light is then processed into an image by computer software. (Created 

with BioRender.com) 
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 SPT is a specific fluorescence microscopy technique used to study single protein 

dynamics and interactions on a cell’s plasma membrane.46 The main advantage of SPT lies in 

its ability to capture the dynamics of fluorescent particles by taking advantage of high temporal 

and spatial resolution.47 There are many fluorescent probes to choose from when performing 

SPT, including organic dyes, genetically expressed protein tags, fluorescent antibodies, and 

quantum dots (QDs). Many of these probes often lack stability or undergo photobleaching 

causing the imaging window to narrow.  QDs are the exception. QDs are semiconductor 

nanoparticles  composed of a semiconducting cadmium selenide core that is surrounded by a 

zinc sulfide exterior.48 They usually have a coating that allows for attachment, or conjugation, 

of biologically active molecules allowing for highly specific targeting. On the imaging side, 

QDs provide a high signal-to-noise ratio, absorption cross-section, and quantum yield. 

Compared to their counterparts, QDs are highly selective and photostable for prolonged live-

cell imaging,49 making them an ideal imaging probe for this study. It is important to note that 

fluorophore labeling must be done at low densities for SPT to maintain differentiation between 

near proteins. Because the labeling density for this type of probe must be low, multiple cells 

must be imaged during each experiment to capture the heterogeneity of the proteins. 

 To capture the dynamics of the proteins using SPT, the proteins of interest were tagged 

with the QDs. Two different methods were imposed in this study and are shown in Figure 8. 

One involves using a hemagglutinin (HA)-tag on the N-terminus extracellular portion of the 

genetically modified proteins. The HA-tags were derived from the human influenza 

glycoprotein, hemagglutinin (HA)50 and serve as a binding site for 𝛼-HA fab fragments that 

are attached to the QDs. QDs were coated with streptavidin and conjugated in house to 

biotinylated 𝛼-HA fab fragments. This allowed for indirect QD binding to the proteins. 



 15 

Labeling the proteins with this method allowed us to capture the dynamics of the proteins in 

their resting, or unbound, state and in their activated, or bound, state when we used dark (non-

fluorescent) EGF. The other method of labeling involved conjugating a streptavidin-coated QD 

to a biotinylated EGF ligand. This method allowed for the tracking of  ligand-bound 

(activated/stimulated) proteins. 

 

Figure 8. HA-EGFR QD labeling. Method one involves biotinylated 𝛼-HA fab fragment 

that binds to streptavidin coated QD (Left).  Method two involves a streptavidin coated QD 

and biotinylated EGF (Right) (not to scale). (Created with BioRender.com) 

 

 Post imaging, SPT analysis was performed in MATLAB using scripts developed in-

house. SPT analysis uses a 2-dimensional Gaussian estimate of the microscope’s point spread 

function to fit, or localize, individual QDs. The code gives a coordinate estimate to each of the 

QDs captured during the imaging process. Once all the QD’s are localized they get mapped or 

linked on a frame-by-frame basis (as shown in Figure 9) using probability estimates. The 

linking of mapped QDs from frame-to-frame results in QD paths traveled over time or 

trajectories.  
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Figure 9. Schematic representation of trajectory formation. Frames collected over time 

are used to localize QDs on a frame-by-frame basis. The coordinates, or particle localizations 

are linked from frame to frame to create trajectories as shown on the left.  

 

Mean Square Displacement (MSD) and Diffusion 

 We performed a mean-square displacement (MSD) fitting on the trajectories obtained 

using SPT to retrieve mobility readouts. MSD is the averaged square distances between a 

particle’s start and end position < 𝑟2 > for different time intervals (∆𝑡) within a trajectory. 

The MSD fitting was performed using previously developed MATLAB® scripts. Once the 

MSD was fitted, we extracted the type of motion and the diffusion value associated with the 

proteins of interest. For this study, we mainly observed a straight slope with no curvature which 

is indicative of random, or Brownian, motion. The slopes of the MSD fittings were used to 

determine the diffusion coefficient, D. Diffusion values were later used for comparison 

between varying conditions.51,52 Diffusion provides information about a particle’s mobility.  A 

smaller diffusion coefficient (decreased slope) is associated with slower mobility. In 
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comparison, a larger diffusion coefficient (increased slope) would indicate more rapid 

mobility. It is important to note that for each condition, up to 120 cells were imaged and 

thousands of trajectories were analyzed before any conclusions were made. 

 

HMM two color imaging analysis (dimerization measurement) 

 In simplified terms, Hidden Markov models (HMM) are tools used to recognize 

patterns. The model was originally developed for speech recognition53 but, during the 90s, the 

model started being used to profile protein structures.54 Today, the model is widely used and 

applied as an extension of this study to perform correlated motion quantification to confirm 

the formation of receptor complexes including RON:RON and EGFR:EGFR dimers. HMM is 

based on a Markov chain, a model that describes sequences of possible events based on the 

state of a preceding event. HMM assumes that the system is a Markov process with hidden 

states. A critical assumption for this process is that there is another observable process 

dependent on the hidden one. The observable process is used to better understand the hidden 

one through a set of mathematical equations derived by the Russian mathematician Andrey 

Markov and further outlined in the methods section. 55 In this study, we have a two-state HMM 

model where state one is indicative of a free protein, whereas state two is indicative of a protein 

in its dimer state. 

 

Thesis scope and aims 

 As highlighted throughout this introduction, the complexity surrounding RTKs and 

their respective mechanisms has inspired many studies that aim to enhance our understanding 

of their structure and function. So far, the combination of biochemical and biophysical 

approaches has been instrumental in investigating and interpreting protein dynamics. Studies 
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that rely on the modern biophysical approach, SPT, have enabled diffusional dynamic 

measurements of RTK’s that help to characterize receptor mobility. They have revealed an 

intriguing trend; a slowdown in mobility as a result of the stimulation.12,32,33,56  One of these 

studies postulated that “The slowed lateral motility of ligand-bound receptors is thus linked to 

tyrosine phosphorylation, possibly through protein scaffolding or signaling-induced changes 

in the local environment” (Low Nam).33 Thus, it predicted that the mobility changes observed 

were a readout of EGFR signaling. This prediction inspired the first hypothesis of this study: 

Hypothesis 

Changes in receptor mobility that result from stimulation are correlated with receptor signaling. 

Aims 

Investigate the effects that limiting EGFR’s signaling ability has on the receptor’s mobility 

upon stimulation by quantifying changes in mobility that result from:  

1. Removing adaptor proteins Shc1/Grb2 

2. Removing all but one tyrosine binding site (EGFR-∆998) 

3. Removing the entire kinase domain (EGFR-ECDTM) 

 

 As discussed in section 1.4, RTKs have been one of the main focuses of targeted 

therapies but, those therapies often lack the expected outcomes. One potential reason lies in 

their ability to undergo hetero interactions that could offer therapeutic escape routes. 

Understanding the mechanisms by which proteins collaborate or participate in crosstalk could 

uncover potential motives for therapeutic resistance. A recent study from our lab, currently 

under review, used biochemical and SPT approaches to study the crosstalk between EGFR and 

RON.  We concluded that RON activation can result from EGF stimulation of cells that co-
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express RON and endogenous EGFR. 44  The mechanism of crosstalk was not fully uncovered 

but, we investigated it in this study. We hypothesized the following: 

Hypothesis: 

EGFR directly phosphorylates RON regardless of RON’s kinase activity. 

Aims 

1. Investigate the differences between mobility changes induced by EGF versus MSP 

stimulation. 

2. Investigate the effects that inactivating RON’s kinase domain (HA-RON-K1114M) has 

on RON’s mobility upon EGF stimulation. 

3. Investigate the effects that inhibiting EGFR’s kinase domain has on RON’s overall 

mobility 

Like the previous studies, we used a combination of biochemical and biophysical approaches 

that were mentioned in sections 1.5 and 1.6 and are further described in Chapter 2.  
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2 CHAPTER 2  

METHODS 

Biochemical Methods 

 

2.1.1 Cell lines and Reagents 

 

 HeLa wild-type and HeLa CCL2 Shc1/Grb2 KO cells were cultured in DMEM 1x 

(modified) with L-glutamine, supplemented with 10% fetal bovine serum (FBS; Thermo 

Fischer Scientific), 2 mM L-glutamine (Life Technologies), and penicillin/streptomycin (Life 

Technologies). 

 Chinese Hamster Ovary, CHOK1, cells were cultured in Ham’s F-12 1x (modified) 

with L-glutamine, supplemented with 10% fetal bovine serum (FBS; Thermo Fischer 

Scientific), 2 mM L-glutamine (Life Technologies), and penicillin/streptomycin (Life 

Technologies). 

 Human epidermoid carcinoma A431 cells (ATCC, CRL-1555) were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% HyClone cosmic calf 

serum (CCS; GE Healthcare Life Sciences), 2 mM L-glutamine (Life Technologies), and 

penicillin/streptomycin (Life Technologies).  

  Cell culture medium was from Caisson Labs, Biotinylated EGF was purchased from 

Invitrogen (Cat # E3477). Qdot 605 and Qdot 655 streptavidin conjugates were from Thermo 

Fisher Scientific (cat # Q10103MP and Q10123MP, respectively) and Afatinib (Cat #S1011) 

from Selleckchem. Recombinant human MSP and EGF were purchased from R&D Systems 

(Cat # 4306-MS and Cat # 236-EG respectively). 
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2.1.2 HeLa CCL2 Shc1/Grb2 KO  

 

 Dr. Cédric Cleyrat generated the HeLa CCL2 Shc1/Grb2 KO cell line in-house using 

CRISPR/Cas9 gene editing tools to knock out the two adaptor proteins from the cell. This is 

the first study to use this cell line. 

 

2.1.3 Plasmid cloning, cell transfections  

 

 To establish cell lines stably expressing HA-EGFR-WT, EGFR-∆998, or EGFR-

ECDTM, CHOK1 parental cells were transfected with respective plasmids. The mutated EGFR 

truncation plasmids, lacking the C-terminal phosphorylation sites, or entire intracellular 

regions were generated by Dr. Steinkamp’s lab by amplifying the truncated EGFR from 

pcDNA3.1-EGFR WT plasmid using standard PCR and cloning techniques. EGFR-∆998 was 

truncated at amino acid 998 while ECDTM was truncated at amino acid 651. The transfections 

were performed by electroporation using the AMAXA Nucleofector System (Lonza). 5 x 106 

CHOK1 cells were transfected with 8 µg of plasmid DNA using Nucleofection Solution V and 

program U-036. Transfected cells were selected for stable integration by growth in 1 mg/ml 

G418 (Caisson Labs) for 2 days, then sorted for HA-EGFR truncation mutant expression with 

a fluorescently conjugated 𝛼-HA antibody (𝛼-HA AF-488) using an iCyt SY3200 cell sorter 

(Sony Biotechnology). Cells were allowed to recover and grow for 48 hours before performing 

experiments.  

 

2.1.4 Immunofluorescence staining  

 

 CHOK1 cells containing the EGFR- FLWT or EGFR truncation mutants were plated 

onto glass coverslips. EGFR labelling was done in live cells with an 𝛼-HA-FITC fragment 
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antibody (𝛼-HA AF-488) for 30 min in Tyrode’s buffer (135 mM NaCl, 10 mM KCl, 0.4 mM 

MgCl2, 1 mM CaCl2, 10 mM HEPES, 20 mM glucose, 0.1% BSA, pH 7.2) on ice. Cells were 

treated with 10 nM EGF-AF647 on ice for 5 min, fixed in 4% PFA (200 ul per chamber) for 

15 min at RT, and washed with 10 mM Tris/PBS buffer. Samples were rinsed, incubated with 

DAPI, and mounted with Prolong Gold or Diamond (Thermo Fisher Scientific) overnight. 

Confocal images were acquired using a 63x/1.40 oil objective on a Zeiss LSM800 microscope. 

 

2.1.5 Cell Sorting 

 

 Transfected CHOK1 cells were allowed to recover for 48 hours. Post-recovery, the 

cells were sorted for EGFR-FLWT (or EGFR mutants) expression by labeling with a 

fluorescently conjugated 𝛼 -HA antibody (𝛼-HA AF488) and using the iCyst SY3200 cell 

sorter from Sony Biotechnology. After sorting, the cells were placed in 1 mg/ml G418 

(Casisson Labs) to retain more expressing cells. 

 

2.1.6 Multiplex Immunoblotting 

 

 For western blotting, BCA protein assay kit (cat # 23235) was used along with primary 

antibodies EGFR- R&D (AF231 Gt), PY1068 (CST #2236 Ms), EGFR XP (CST 4267 Rb), 

PY1068 (CST #2236 Ms), RON (CST #2654 Rb) PY20 (SC #508 Ms), PY99 – (SC #7020 

Ms). Secondary antibodies used were Donkey 𝛼-Goat 800, Donkey 𝛼-Mouse 680, Goat  

𝛼-Rabbit 800 and Goat 𝛼-Mouse 680 (Thermo Fisher Scientific).  

 Whole lysates (20 ug) or IP samples were boiled with reducing sample buffer, subject to 

SDS-PAGE, and transferred to nitrocellulose membranes using the iBlot2 system (Life 

Technologies). Membranes were blocked for 30 min in 3% BSA / 0.1% Tween-20 / TBS and 
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probed overnight with primary antibodies at 4°C. Membranes were incubated with IRDye 

fluorescent secondary antibodies for one hour at RT washed, and dual color detection was 

performed using the Odyssey Fc Imaging System (Li-Cor). 

 RON lysates required further purification by immunoprecipitation techniques. A BCA 

protein assay was performed to quantify the amount of protein per sample of condition to be 

analyzed and an equal amounts of protein per condition were prepared for the 

immunoprecipitation. 10 uL of 𝛼-HA magnetic beads (Cell Signaling Technology) were added 

to each condition and left to rotate over night at 4°C. Beads were washed with PBS-Tween 

(0.05%). Samples were then placed in magnet capture beads until the supernatant was 

completely clear, supernatant was removed, and this was repeated four times. After final wash, 

25 ul of 2x reducing buffer was added and the gel was run as previously described. 

 

Microscopy and mathematical methods 

2.1.7 Microscope & camera set-up 

 

 Imaging was performed using an inverted widefield microscope (Olympus IX71) with 

a 60x 1.2 numerical aperture water objective as previously described by Valley et al, 2015.12 

A mercury lamp was used for excitation. Emitted light was filtered through a 625 nm dichroic 

filter and 600/20 nm, 655/40 nm emission filters that further split the emitted light onto two 

different quadrants of the electron-multiplying charge-coupled device (EMCCD) camera 

(iXon 897 Andor technologies). Images had a pixel size of 0.16 μm and were acquired at a rate 

of 20 frames per second with a duration of 50 seconds for a total collection of 1,000 frames. 

Channel registration was implemented to distinguish between the different colored QDs and 

was performed by assigning quadrants of the EMCCD camera a distinct fluorescence emission 

channel. Fiducials for channel alignment were collected by illuminating a slide containing a 
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nanogrid (Miraloma Tech) composed of 20 × 20 array of 200 ± 50 nm holes, or bright spots, 

at an intrahole distance (nonregular) of 3 ± 1 microns (total size ∼60 × 60 microns). The grid 

provides an estimate of single point emitters that appear on both channels. Then, the intensity 

is optimized to maximize photons while avoiding saturation. Fiducials were collected before 

and after each round of imaging. The bright spots from the fiducials were then used as control 

points and the two channels were overlaid based on the registration of the spots. These were 

used to create a locally weighed mean transform matrix using MATLAB®. Image Processing 

Toolbox (The MathWorks, Inc.) ™. The method selected was fitgeotrans parameter n set to 

10. The transform was applied to coordinates from the raw data with another method called 

transforPointsInverse. 

 The remaining errors post correction procedure for the channel registration were 

calculated using the following equation. Where (𝑥1,𝑖 , 𝑦1,𝑖, 𝑥2,𝑖, 𝑦2,𝑖) were a set of control points 

for 𝑖 = 1,2…, NPairs. The first subscript denotes channel and the second denotes the pair 

number. The locally weighted mean corrections are applied to the control points ( 𝑥1,𝑖
∗ , 𝑦1,𝑖

∗ ). 

𝜎𝑜𝑣𝑒𝑟𝑟𝑙𝑎𝑦 = 𝑅𝑆𝑀𝐸 = √
1

𝑁𝑃𝑎𝑖𝑟𝑠
∑ [(𝑥1,𝑖

∗ − 𝑥2,𝑖)
2

+ (𝑦1,𝑖
∗ − 𝑦2,𝑖)2 ]𝑁𝑃𝑎𝑖𝑟𝑠

𝑖=1   Equation 1 

 

2.1.8 Live cell imaging 

 

 Cells were seeded in 8-well chamber slides (Nunc Lab-Tek) at a density of 20,000/well 

and allowed to adhere overnight and up to 48 hours. For treated HeLa cells, EGFR kinase 

activity was inhibited by pretreating with 10 μM Afatinib for at least 15 min and maintained 

through the experiment. EGFR-FLWT, truncation mutants or RON proteins were tracked via 

QDs conjugated to biotinylated 𝛼-HA Fab fragments that bind to the N-terminus HA-tag or 



 25 

via QDs conjugated to biotinylated EGF. CHOK1 cells were incubated with 200 pM 𝛼-HA-

QDs or 400 pM EGF-QDs (605 or 655) for 1 min while A431 cells were incubated with 𝛼-HA 

QDs for 5 min, at 37°C followed by 3x washes with Tyrode’s buffer, to obtain single-molecule 

density on the apical surface. For 𝛼-HA-QD tracking plus non-fluorescent EGF, cells were 

treated with 25 μM dark EGF for 30 sec and imaged. Physiological temperature (34 – 36°C) 

was maintained using an objective heater (Bioptechs). SPT was performed for up to 7 min per 

well (labeling was done one well at a time).  

 

2.1.9 Single-Particle Tracking (SPT) 

 

 MATLAB® codes developed in house enabled SPT analysis. We used a 2-dimensional 

Gaussian point spread function model to estimate coordinates for the localization of bright 

spots in the raw images. The resulting emitter coordinates, or single-particle localizations were 

connected frame to frame to create particle trajectories. MATLAB® codes previously 

developed in-house facilitated the connection of broken tracks by comparing the position of 

all the particles found in a frame and estimating the probability that the same particle was in 

the next frame. 

 

𝑃(𝑝𝑖 → 𝑝𝑖+𝑗) = 𝑒
(𝑥𝑖−𝑥𝑖+𝑗)2+(𝑦𝑖−𝑦𝑖+𝑗)2 

4𝐷∆𝑡        Equation 2 

 

Where 𝐷 is the diffusion coefficient, ∆𝑡 the time between observations in frames (𝑖, 𝑖 + 𝑗).33 

The estimated diffusion coefficient used was 0.02 μm2/s. P-values and ∆𝑡 are user defined, the 

P-value is determined by using an in-house script that allows for iterations that converge to the 

best P-value. 
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2.1.10 Mean Square Displacement (MSD) 

 

 Between 40 and 120 cells were imaged per condition, resulting in hundreds of 

trajectories. Mean squared displacement fittings of the trajectories were obtained as previously 

described using software developed in house12,33,57 in which ∆𝑡 = 1,2,3,4 and 5 frames (not 

including 0). Diffusion values were obtained from the slope of the averaged MSD fittings for 

each of the analyzed conditions. 

 

2.1.11 Hidden Markov Model (HMM)  

 

 HMM analysis requires a defined emission density for each model state. As described 

in Nitta et al., emission density is the probability density of observing a separation given an 

underlying state of HMM. A two-state model developed previously could be used to 

characterize RON, EGFR and EGFR truncation mutants behavior. The model acknowledges 

two states: free and dimer. The emission density for the free state was found based on the 

previous observation. The density was denoted as 𝑔(𝑑𝑛|𝑑𝑛−1, 𝑓𝑟𝑒𝑒) where 𝑑𝑛 is the separation 

of two particles 𝑛 and 𝑛 − 1. Analogous densities in Cartesian coordinates were used for this 

analysis where the density was denoted as 𝑓(∆𝑥, ∆𝑦|𝑓𝑟𝑒𝑒), where ∆𝑥 = ∆𝑥𝑛 − ∆𝑥𝑛−1 and 

∆𝑦 = ∆𝑦𝑛 − ∆𝑦𝑛−1, ( ∆𝑥𝑛)2 + ( ∆𝑦𝑛)2 = 𝑑𝑛
2 and ( ∆𝑥𝑛−1)2 + ( ∆𝑦𝑛−1)2 = 𝑑𝑛−1

2 . Quantities 

of ∆𝑥 and ∆𝑦 assumed to be normally distributed with mean zero and variance 𝜎𝑛
2 =  𝜎1,𝑛

2 +

𝜎2,𝑛
2 + 𝜎1,𝑛−1

2 + 𝜎1,𝑛−2
2 + 2(2𝐷)∆𝑡𝑛 where 𝜎1

2
,

𝑛

𝑛−1

 is the standard error of the estimates of 

particle positions ½ in observations n/n-1. D is the diffusion coefficient of each of the particles 

and ∆𝑡𝑛 ≡ 𝑡𝑛 − 𝑡𝑛−1 is the time between observations n and n-1. The additional multiple of 2 

in front of the diffusion coefficient can be understood by deriving 𝑓(∆𝑥, ∆𝑦|𝑓𝑟𝑒𝑒) and treating 

one of the particles as fixed. As a result, the moving particle must diffuse with twice its true 
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diffusion coefficient. The expression 𝑓(∆𝑥, ∆𝑦|𝑓𝑟𝑒𝑒) is then converted to polar coordinates 

(𝑑𝑛, 𝜃) resulting in 𝑔(𝑑𝑛,𝜃|𝑑𝑛−1, 𝑓𝑟𝑒𝑒). The desired emission density 𝑔(𝑑𝑛|𝑑𝑛−1, 𝑓𝑟𝑒𝑒) is 

then obtained by integrating  𝑔(𝑑𝑛,𝜃|𝑑𝑛−1, 𝑓𝑟𝑒𝑒) over 𝜃 assuming that 𝜃 is distributed 

uniformly on the interval [0, 2𝜋] and results in the expression below 

 

𝑔(𝑑𝑛|𝑑𝑛−1, 𝑓𝑟𝑒𝑒) =
𝑑𝑛

𝜎2 exp (−
𝑑𝑛

2+𝑑𝑛−1
2

𝜎𝑛
2 ) 𝐼0 (

𝑑𝑛𝑑𝑛−1

𝜎𝑛
2 )    Equation 3 

 

where 𝐼0 is the zeroth order modified Bessel function of the first kind. The free state emission 

density for the first observation is estimated by the expression 𝑔(𝑑1|𝑑1, 𝑓𝑟𝑒𝑒) treating each 

appearance of  𝑑1 as independent observations of the separation in subsequent frames (setting 

∆𝑡𝑛=1 frame). 

 A similar approach was used for the dimer state. First, we found the probability density 

𝑓(∆𝑥, ∆𝑦|𝑑𝑖𝑚𝑒𝑟) where ∆𝑥 and ∆𝑦 are now defined as ∆𝑥 ≡ ∆𝑥𝑛 − ∆𝑥′ and ∆𝑦 ≡ ∆𝑦𝑛 − ∆𝑦′ 

where ∆𝑥′2 + ∆𝑦′2 = 𝐿𝑑𝑖𝑚𝑒𝑟
2  with 𝐿𝑑𝑖𝑚𝑒𝑟 being the true separation between fluorophores 

attached to the two receptors that make up a dimer. The terms ∆𝑥 and ∆𝑦 are treated as normally 

distributed random variables with mean 0 and 𝜎𝑛
2 =  𝜎1,𝑛

2 + 𝜎2,𝑛
2 + 𝜎𝑜𝑣𝑒𝑟𝑙𝑎𝑦

2 . The addition of 

the constant term 𝜎𝑜𝑣𝑒𝑟𝑙𝑎𝑦
2  in the variance is included as an approximation to the true effect of 

the channel registration error, which in reality complicates the derivation of 

𝑔(𝑑𝑛|𝑑𝑛−1, 𝑑𝑖𝑚𝑒𝑟) from  𝑔(𝑑𝑛,𝜃|𝑑𝑛−1, 𝑑𝑖𝑚𝑒𝑟) by breaking the assumption that 𝜃 is 

distributed uniformly on the interval [0, 2𝜋]. The approximation has little consequence since 

the channel registration contribution 𝜎𝑜𝑣𝑒𝑟𝑙𝑎𝑦
2  is typically an order of magnitude smaller than 
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the sum 𝜎1,𝑛
2 + 𝜎2,𝑛

2 . Following the derivation of the free state emission density, the expression 

for the dimer state emission density is yielded: 

 

𝑔(𝑑𝑛|𝐿𝑑𝑖𝑚𝑒𝑟 , 𝑑𝑖𝑚𝑒𝑟) =
𝑑𝑛

𝜎𝑛
2 exp (−

𝑑𝑛
2+𝐿𝑑𝑖𝑚𝑒𝑟

2

𝜎𝑛
2 ) 𝐼0 (

𝑑𝑛+𝐿𝑑𝑖𝑚𝑒𝑟

𝜎𝑛
2 )   Equation 4 

 

 

2.1.12 Rate parameter estimation   

 

 The rate parameters are estimated by maximizing the likelihood of the observed data 

with respect to the rate parameters of the HMM.58,59 The likelihood of the HMM with a set of 

rate parameters 𝜃 given the observed data 𝑑 = [𝑑1, 𝑑2, … , 𝑑𝑁] takes the form: 

 

𝐿(𝜃|𝑑) = 𝜋T1P1T2P2 … T𝑁P𝑁  . (1,1,1)𝑇      Equation 5 

 

Where 𝜋 = [𝑔(𝑑1|𝐿𝑑𝑖𝑚𝑒𝑟 , 𝑑𝑖𝑚𝑒𝑟), 𝑔(𝑑1|𝑑1, 𝑓𝑟𝑒𝑒)], T𝑛 for ∈ 1,2,   .  .  .  , 𝑁 is a 2x2 transition 

matrix whose elements give the transition probabilities for the interstate transitions of the 

HMM and P𝑛 for ∈ 1,2,   .  .  .  , 𝑁 is a 2x2 is a diagonal matrix whose elements 𝑝11 and 𝑝22 

give emission probability densities of an observation 𝑑𝑛 given an underlying dimer state or 

free state. The elements 𝑡𝑖,𝑗 for 𝑖, 𝑗  ∈ 1,2 of T𝑛 are given by 

 

𝑡1,2 = 1 − exp (∆ 𝑡𝑛𝑘1,2)        Equation 6 

𝑡2,1 = 1 − exp (∆ 𝑡𝑛𝑘2,1)        Equation 7 
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𝑡1,1 = 1 − ∆ 𝑡1,2         Equation 8 
𝑡2,2 = 1 − ∆ 𝑡2,1         Equation 9 

 

where 𝑘1,2 is the transition rate from the dimer state to the free state and 𝑘2,1 is the transition 

rate from the free state to the dimer state. The rate parameters 𝑘1,2 and 𝑘1,2 are found by 

maximizing the sum of the log likelihoods over all candidate interactions 

∑ 𝑙𝑜𝑔𝐿(𝜃|𝑑)𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑠 . The standard errors of the rate parameters estimates were estimated 

from elements ℎ𝑖,𝑖 of the Hessian of the negative log-likelihood H as √ℎ𝑖,𝑖
−1 where 𝑖 = 1 

corresponds to 𝑘2,1 and 𝑖 = 2 corresponds to 𝑘1,2. 

 

2.1.13 Statistical analysis 

 

 The MATLAB® programs that were developed for data analysis rely on integrated 

statistical analysis. The error bounds associated with the results are symmetrically computed 

with a 95% confidence interval and can be found in the database of results and as part of the 

legend in the MSD plots. An additional statistical analysis approach is used to determine 

whether the differences observed in diffusion values between conditions are statistically 

significant. MATLAB® saves a database with the diffusion values, and the respective errors 

that were calculated on a per movie (per cell) basis. Prior to averaging the diffusion coefficient 

results with a 95% confidence interval, the diffusion coefficient results were used to compare 

statistical significance pertaining to the differences between conditions. This was done using 

two-sample, two-tail t-test assuming unequal variances with p < 0.05. 
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3 CHAPTER 3  

RESULTS AND DISCUSSION 

 

Cell line generation & characterization   

 To study the effect that limiting EGFR’s signaling ability would have on its observed 

mobility, I first generated cell lines expressing wild-type (WT) EGFR and the two EGFR 

truncated mutants EGFR-∆998 and EGFR-ECDTM shown in Figure 10. The creation, 

stabilization, and characterization of cell lines containing EGFR-WT and the truncation 

mutants were preferred over utilizing transiently transfected cell lines. Transiently transfected 

cell lines would require a transfection followed by a 48-hour recovery period prior to each 

experiment. Stable cell line generation was a simpler approach in the long run that provided 

consistency between experiments. Chinese hamster ovary (CHOK1) cells were selected as the 

host of the plasmids because they do not express native EGFR, making them excellent for 

control purposes. Post transfection, the cells were allowed to recover and then sorted and 

checked for expression as previously described in the Methods sections 2.3 and 2.4.   

 

 

Figure 10. EGFR & EGFR mutant cartoon. Left is a depiction of the EGFR full length wild-

type, middle shows EGFR-∆998 construct that is missing the C-terminal phosphorylation tail 

EGFR-WT EGFR- ∆998 EGFR-ECDTM 
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and right is the extracellular transmembrane domain construct that is missing the entire kinase 

domain.  (Created with BioRender.com) 

 

 After allowing the cells to recover from the transfection, they were labeled and sorted. 

Note, each of the three proteins has a hemagglutinin (HA) tag at the N-terminus of their 

extracellular region. Therefore, they were all labeled with the fluorescently conjugated 𝛼-HA 

antibody (𝛼-HA-AF488). Because the antibody is a specific target for 𝛼-HA, we can assume 

that the labeled cells were positively expressing the proteins of interest. When passing through 

the flow sorter, each cell’s intensity of fluorescence was measured. The three-side scatter 

versus intensity plots shown in Figure 11 display the results of the cell sorts. Only the cells 

with a measured intensity that fell within the selected range of acceptance (represented by a 

black box on the graph) were kept by the cell sorter. In technical terms, this action is called 

gating. The blue dots that lie outside of the box (encircled) represent the cells that did not meet 

the intensity of fluorescence requirement and were discarded by the sorter. Those cells were 

likely not expressing the protein. The yellow spot indicates where the highest density of cells 

fell in terms of fluorescence measurement. Most of the EGFR-WT and the two truncation 

mutants fell outside of the acceptable threshold, or gate, and were thus sorted out.  For each of 

the conditions, less than half of the sorted cells were positively expressing their respective 

mutant but, enough cells were recovered to generate stable cell lines. Post-sorting, the cells 

were allowed to recover for another 48 hours while maintained in 1 mg/ml of G418, a selective 

agent used to increase the retention of expressing cells.  

 Once the cells recovered, immunofluorescent labeling techniques further verified 

expression.  The three cell lines were labeled on ice using 𝛼-HA AF488, fixed, and mounted 

on a glass slide. The cells were  imaged using a confocal microscope to check for fluorescence. 
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The image results are also shown in Figure 11 (right). The green ring on the membrane of the 

cells confirms the presence of the 𝛼-HA-AF488 antibody. Recall that the 𝛼-HA-AF488 

adheres to the HA tag on the N-terminus of the cell. Therefore, the green ring indicates that 

the plasmid is expressed on the cell’s membrane. 
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EGFR-WT 

EGFR ∆998 
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Figure 11. Cell line sorting and immunofluorescence results for expression verification. 

Left: Side Scatter vs. Intensity plots for 𝛼-HA antibody (𝛼-HA-AF488) labeled cells. Cell’s 

intensity of fluorescence was measured, and cells were selected based on a pre-determined 

range of fluorescence intensity. Blue dots represent individual cells, black box encompasses 

cells that were selected by the flow sorter. The cells on the left of the black box (encircled) 

represent the cells that did not meet the required intensity and were not selected by the flow 

sorter. Right: immunofluorescence results of each cell line. The fluorescent green ring on the 

cell’s membrane indicates the proper trafficking of the EGFR variant to the cell membrane. 

  

 The final expression check was done using well-established western blotting (WB) 

methods. The WB results (shown in Figure 12) revealed details about the EGFR-WT and 

truncation mutant’s presence, respective size, and response to EGF stimulation. The green 

bands confirmed the presence of EGFR and the truncation mutants.  Western blotting uses 

electrophoresis to separate the proteins by size. The further up a band lies on a blot, the larger 

the protein pertaining to that band is. In this case, EGFR-WT is found at the top, indicating 

that it is the largest. It is followed by EGFR-∆998 (2nd largest) and EGFR-ECDTM (smallest).  

EGFR-ECDTM 
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This result is consistent with our expectations because EGFR-∆998 is smaller than EGFR-

FLWT since it is missing the C-terminal tail of the cytoplasmic domain, while EGFR-ECDTM 

is not only missing the C-terminal tail but the entire intracellular region. In addition to the size 

verification, we were able to confirm that the EGFR-WT has the expected activation response 

to EGF stimulation. This is represented by a red band around the 170 kD line that is indicative 

of phosphorylation at tyrosine residue 1068 of EGFR. EGFR-WT is the only protein expected 

to have such a response because the two truncated mutants are missing the C-terminal tail that 

is necessary for phosphorylation. The absence of red bands under the EGF stimulated 

conditions verifies the lack of phosphorylation in the truncated mutants. 

 

 

 
 

 
 

 
 

Figure 12. EGFR-WT, EGFR-∆998 and EGFR-ECDTM immunoblots. Blots for 𝛼-HA 

(green) and EGFR-PY1068 (red). Top blot (green) bands represent total protein for either 

EGFR-WT or truncation mutants. Their position along the y-axis indicates their respective 
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size. Larger proteins are found higher up while smaller proteins are found lower. The middle 

blot (red) band represents phosphorylation of the protein of truncation mutants. Only EGFR-

WT + EGF was phosphorylated, as expected. Bottom blot is an overlay of the two channels 

and the orange band represents both, the presence, and phosphorylation of EGFR-WT. 

 

Overview of SPT data presentation 

 We performed SPT using custom MATLAB® analysis as described in Chapters 1 and 

2.  The results are shown in two alternative ways, a dot plot (also known as a Beeswarm plot) 

and an MSD plot. The same data was used to generate both plots but, both are shown for 

comparison purposes. The horizontal bar on the Beeswarm plot is the average diffusion value 

that was calculated from the distribution of diffusion coefficients for that specific condition. 

One can find the conditions on the x-axis and the diffusion values on the y-axis in units of 

μm2/s. The MSD plots, on the other hand, consist of ensemble MSD curves for each of the 

conditions along with a fitting applied at small ∆t. The fitting allowed us to extract the slope 

or diffusion coefficient for each condition. The ∆t can be found on the x-axis and the MSD 

value can be found on the y-axis with units of μm2. The legend displays the conditions along 

with the calculated diffusion values and the errors associated with each. All bar graphs present 

the diffusion coefficient as calculated from the fitting of the ensemble MSD with a 95% 

confidence interval. 

 

Role of adaptor proteins in EGFR’s mobility: Grb2 & Shc1 

 As previously described, Shc1 and Grb2 are examples of adaptor proteins recruited to 

phosphotyrosine residues on EGFR’s C-terminal tail to initiate a downstream signaling 

cascade. Figure 13 shows a simple recap of the Grb2 recruitment, that will lead to the 

formation of a multi-protein signaling complex and the initiation of downstream signaling.  
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Figure 13. Overview of Shc1 & Grb2 protein recruitment post-dimerization. After 

dimerization, transphosphorylation of the C-terminal tail occurs and is followed by protein 

recruitment. This figure shows the recruitment of Shc1 & Grb2 that will then recruit other 

proteins to form a complex that’ll result in a downstream signal that will elicit a cellular 

response. (Created with Biorender.com) 

 To quantify the effect that two adaptor proteins can have on EGFR’s observed mobility 

changes, we looked at EGFR in HeLa and Shc1/Grb2 knock-out (HeLa-KO) cells. Unlike 

CHOK1 cells, HeLa cells contain endogenous EGFR. Thus, the EGFR found in these cells 

does not possess the HA-tag that enables indirect labeling. Instead, the EGFR found on these 

cells requires direct labeling for SPT (Shown in Figure 14. The direct labeling was done using 

QD655-EGF, which activates the protein. Therefore, we used an EGFR inhibitor, Afatinib, to 

inhibit the protein’s kinase activity. By inhibiting the kinase activity, we were mimicking the 

protein’s inactive or resting state since the Afatinib inhibitor would prevent Shc1 and Grb2 

and other adaptor proteins from binding.  



 38 

 

Figure 14. Direct QD binding of EGFR & EGFR’s kinase domain inhibition. EGFR was 

directly labeled using QD655-EGF (left). To mimic the resting state of the protein, EGFR’s 

kinase domain was inhibited with Afatinib which is represented as an X on the figure to the 

right. (Created with BioRender.com) 

 We performed SPT on the WT and KO cells using QD655-EGF with and without a 10 

nM Afatinib treatment (an EGFR kinase inhibitor). As shown in the summary of results found 

in Table 1 and Figures 15 and 16, the averaged diffusion of EGFR from HeLa cells decreased 

≈ 48% ± 0.0039 μm2/s when compared to its inhibited form. The EGFR found in the HeLa-

KO cells decreased ≈ 42% ± 0.005 μm2/s when compared to its own inhibited form. This 

observation indicates that EGFR from both cell lines experienced increased mobility when its 

kinase domain was inhibited. In other words, the ligand-bound uninhibited EGFR has slower 

mobility than the inhibited form.  

 A two-sample t-test assuming unequal variances (p < 0.05) revealed that even in the 

absence of Shc1 and Grb2, there is a significant decrease in mobility when EGFR’s kinase 

domain is not inhibited and is stimulated with QD655-EGF. Although the average EGFR 

diffusional decrease from HeLa-KO cells seems to be less than the HeLa-WT (≈ 6%), the 
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difference between the two is not statistically significant. Knocking out Shc1 and Grb2 did not 

have a significant effect on mobility (diffusional slowdown). 
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Figure 15. Plots comparing HeLa EGFR WT & Shc1/Grb2 KO ± 10 μm Afatinib SPT 

results overview Top: Beeswarm Plot displays each cell’s diffusion coefficient result in the 

form of a dot and the averaged value as a horizontal bar. Bottom MSD plot displays ensemble 

mean squared displacement for where a decrease in slope indicative of slower mobility. Results 

were plotted for 43 HeLa EGFR WT cells, 48 HeLa EGFR WT + Afatinib cells, 32 HeLa KO 

cells and 43 KO + Afatinib cells. 
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Figure 16. Diffusion coefficients for SPT of HeLa WT & Grb2/Shc1 KO QD655-EGF ± 

10 μm Afatinib. Top: bar graph displays the diffusion coefficient of inhibited and non 

inhibited EGFR. Bottom: bar graph displays the normalized values to the inhibited state of the 

EGFR ± QD655-EGF. There is an statistically significant decrease in diffusion when EGFR is 

stimulated with QD655-EGF in its noninhibited form observed in both WT and KO cells. 

Diffusion coefficients are from the fit of the ensamble MSD plots and werror bars indicate 

95% confidencee interval. 

 

 

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

HeLa WT HeLa Grb2 Shc KO

D
if

fu
s

io
n

 C
o

e
ff

c
ie

n
t 

(μ
m

2
/s

)

QD655-EGF + Afatinib

QD655-EGF

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

HeLa WT HeLa Grb2 Shc KO

N
o

rm
a

li
z
e

d
to

 I
n

h
ib

it
e

d
 S

ta
te

QD655-EGF + Afatinib

QD655-EGF



 42 

Table 1. Results summary for HeLa WT and Shc1/Grb2 KO QD655-EGF ± Afatinib. The 

difference in mobility between the inhibited to non-inhibited states of EGFR in both cell lines 

were statistically significant. When comparing the difference in EGFR mobility between the 

WT and KO cells, the results showed they were not statistically significant. 

 
 

 

EGFR truncation mutants’ contribution to EGFR mobility 

 As previously mentioned, our goal was to determine whether a decrease in diffusion 

(or mobility) was a readout of the proteins signaling. This set of experiments took the study 

one step further by allowing us to analyze the effects that resulted from further preventing the 

protein’s signaling by using EGFR-WT (control) and EGFR truncation mutants EGFR-∆998 

and EGFR-ECDTM (shown previously in Figure 10). Shc1 and Grb2 are not the only proteins 

that bind EGFR. Therefore, to make a fair assessment of the effect that adaptor proteins have 

on EGFR’s mobility, we would need to knock out all the adaptor proteins. Doing so would 

pose two main issues, the first being that a cell cannot survive the knockout of multiple key 

proteins that play a variety of roles in survival. Second, even if the cells were to survive such 

a dramatic alteration, there is no guarantee that all adaptor proteins would be knocked out as 

there may be adaptor proteins that we have not identified. We worked around these concerns 

by changing our approach. Instead of attempting to figure out a way to account for all adaptor 

proteins, we simply removed EGFR’s ability to recruit proteins. The EGFR-∆998 truncated 

mutant, or construct, is the version of EGFR without the C-terminal tail, meaning that it lacks 

the majority of phosphotyrosine sites. Although this truncation mutant has part of its kinase 
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domain, it is incapable of recruiting adaptor proteins. The EGFR-ECDTM mutant lacks the 

entire intracellular kinase domain and is also incapable of recruiting adaptor proteins. Studying 

these mutants in combination and comparing them to EGFR-WT could reveal which parts of 

EGFR critical for the slowdown observed upon EGF stimulation.  

 The cells containing HA-EGFR-WT, HA-EGFR-∆998, or HA-EGFR-ECDTM were 

tracked using either 𝛼-HA Fab fragments coupled to QDs (QD655-HA) in the presence or 

absence of saturating levels (25 nM) of dark EGF or using single-molecule levels of QD655-

EGF.  Post analysis, we created the MSD, Beeswarm, and bar plots shown in Figures 17, 18, 

and 19, and the results with statistical analysis results are shown in Table 2. 

 We found that upon stimulation with either 25 nM dark EGF or 400 pM QD655-EGF, 

EGFR-WT mobility was reduced, as expected. The diffusion coefficient decreased by 0.014 ± 

0.0027 μm2/s and 0.0143 ± 0.0027 μm2/s respectively. This translates to ≈ 40 % decrease in 

mobility that is statistically significant according to a t-test of unequal variances (p < 0.05). 

This change is consistent with previous work from the Lidke Lab.12,33  

 Figures 17, 18, and 19 also show the results for the EGFR-∆998 after identical 

stimulation. In this case, the diffusion coefficient of the EGFR-∆998 mutant decreased by 

0.0043 ± 0.0027 μm2/s with 25 nM dark EGF and by 0.006 ± 0.031 μm2/s with 400 pM QD655-

EGF equivalents to a respective ≈13% and ≈18% mobility decrease. A t-test of unequal 

variances (p < 0.05) revealed that the mobility decrease was statistically significant for dark 

EGF and Q655-EGF. The mobility decrease of EGFR-∆998 was significantly less than the 

slowdown that was observed for EGFR-WT.  

 Finally, upon dark 25 nM EGF stimulation, EGFR-ECDTM diffusion decreased by 

0.005 ± 0.0036 μm2/s or ≈5%. Similarly, the diffusion decreased by 0.0025 ± 0.0035 μm2/s or 
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≈ 8% with QD655-EGF. Again, a t-test was performed but, this time it revealed that the 

decrease in mobility for EGFR-ECDTM upon EGF addition was not statistically significant. 

 We saw that phosphorylation of EGFR’s C-terminal tail must be present to elicit a 

significant and prominent mobility decrease. The mobility decrease observed for the EGFR-

∆998 mutant  was not as prominent as the decrease that was observed in the EGFR-WT upon 

EGF stimulation. Furthermore, the EGFR-ECDTM truncation mutant had an insignificant 

slowdown. 

 Considering what we know about the structure of the EGFR in dimerization terms, the 

extracellular, or ectodomain, is composed of four subdomains that undergo structural 

rearrangement to create a pocket for EGF binding and is followed by the exposure of a 

dimerization arm. EGFR-∆998 and EGFR-ECDTM mutations still possess the key elements 

that EGFR relies on for dimerization but, we failed to see a mobility slowdown upon EGF 

stimulation that can compare to the one observed for EGFR-WT for both truncation mutants. 

This observation hints that dimerization might only be responsible for a portion of the observed 

decrease in mobility but, signaling ability must be present to observe the “full slowdown”. This 

observation would indicate that the receptor mobility measurements we are making are mainly 

a readout for receptor signaling and not simply indicative of dimerization. The events that 

occur post dimerization seem to weigh more heavily on the mobility decrease when compared 

to mobility decrease due to dimerization. The combined results support the hypothesis12,33 that 

changes in receptor mobility that result from stimulation correlate with receptor signaling.   
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Figure 17. Plots comparing QD655- 𝜶-HA: HA-EGFR-WT, HA-EGFR-∆998 & HA-

EGFR-ECDTM ± Dark EGF or QD655-EGF. SPT results overview Top: Beeswarm Plot 

displays each cell’s diffusion coefficient result in the form of a dot and the averaged value as 

a horizontal bar. Bottom MSD plot displays ensemble mean squared displacement where a 

decrease in slope is indicative of slower mobility. Results were plotted for 114 EGFR-WT 

cells, 49 EGFR-WT + dark EGF cells, 28 EGFR-WT + QD655-EGF cells, 117 EGFR-∆998 

cells, 60 EGFR-∆998 + dark EGF cells, 51 EGFR-∆998 + QD655-EGF cells, 61 EGFR-

ECDTM cells, 22 EGFR-ECDTM + dark EGF cells, 46 EGFR-ECDTM + QD655-EGF cells. 
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Table 2. Results summary for QD655- 𝜶-HA: HA-EGFR-WT, HA-EGFR-∆998 & HA-

EGFR-ECDTM ± Dark EGF or QD655-EGF or 400 pM QD655-EGF including errors 

and statistical analysis. The difference in mobility between EGFR-WT and Dark or QD655-

EGF were both statistically significant as was the case for EGFR-∆998. The difference in 

EGFR-ECDTM mobility upon EFG stimulation was not significant. 
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Figure 18. Diffusion coefficients for SPT of QD655-𝜶-HA: HA-EGFR-WT, HA-EGFR-

∆998 & HA-EGFR-ECDTM ± Dark EGF or QD655-EGF.  Bar graph displays a summary 

of diffusion coefficients for all conditions. EGFR-WT and EGFR-∆998 have a response to both 

methods of stimulation but, EGFR-ECDTM does not. Diffusion coefficients are from the fit of 

the ensamble MSD plots and error bars indicate 95% confidencee interval. (Protein figures 

created with BioRender.com 
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Figure 19. Diffusion coefficients QD655-𝜶 -HA: HA-EGFR-WT, HA-EGFR-∆998 & HA-

EGFR-ECDTM ± Dark EGF or QD655-EGF. Top Left: bar graph displays the diffusion 

coefficients for EGFR-WT no treatment, + 25 nM EGF and + 400 pM QD655-EGF. Top Right: 

Bar graph displays normalized values to the resting or, no treatment, state. Significant decrease 

in mobility is observed. Middle Left: bar graph displays the diffusion coefficients of EGFR-

∆998 with no treatment, + 25 nM EGF and + 400 pM QD655-EGF. Middle Right: Bar graph 

displays normalized values to the resting or, no treatment, state. Significant decrease in 

mobilityis observed. Bottom Left: bar graph displays the diffusion coefficient for EGFR-

ECDTM no treatment, + 25 nM EGF and + 400 pM QD655-EGF. Bottom Right: Bar graph 

displays normalized values to the resting or, no treatment, state. No significant decrease in 

mobility observed. Diffusion coefficients are from the fit of the ensamble MSD plots and 

werror bars indicate 95% confidencee interval. 
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EGFR HMM Preliminary Results 

 We took a deep dive into characterizing the mobility of the proteins and their decrease 

in diffusion but, the results obtained do not provide any information regarding the dimerization 

state of the truncation mutants. Characterizing the dimerization state of the truncation mutants 

can help reveal information on the extent to which dimerization contributes to signaling. The 

results obtained from using one-color QD tracking were used for the analysis and results of all 

previous sections however, two-color QD data was collected for each of the experiments. The 

data analysis of the two-color QD tracking is ongoing, but the discussion of preliminary results 

can be found below.  

 Two-color quantum dot tracking allows for the visualization of dimers that form 

between proteins; due to its ability to distinguish between two spectrally distinct QDs even 

when they are within the diffraction limit. Whether we are tracking one or two colors, the SPT 

experimental techniques described previously are applied in the same way. The experimental 

setup for SPT requires an extra component when tracking two colors. The emitted light must 

be split into two channels to capture the emitted light from two distinctly colored QDs (QD605 

& QD655). The separation is necessary to distinguish between QDs upon analysis. As part of 

the experimental setup, filters were put in place to separate the emission into two distinct 

quadrants of the camera by using a Carin Optosplit two-channel splitter.  Once cells were 

tracked under various conditions, a Hidden Markov Model (HMM) analysis producedkoff rates. 

Off rates (koff) reflect receptor reaction kinetics, which allows us to differentiate between 

monomeric versus dimeric state behavior and that gives insight into the longevity of the 

dimeric states.  



 52 

 As previously described in sections 1.7 and 2.2.5, HMM analysis provided us with a 

further look into the dimerization of EGFR-FLWT and the truncation mutants. The calculated 

distances between the QDs combined with implemented thresholds allowed us to characterize 

the distances as either close enough to be considered dimers (state 2) or far enough to be 

considered free and independent (state 1), as shown in Figure 20.   

 

 

Figure 20. Depiction of HMM model states 1 and 2. Equilibrium between HMM model 

states one and two. The green sphere represents a QD of one-color (QD605) that appears in its 

respective channel while the pink sphere represents a QD of a different color (QD655) that 

appears in its respective channel. The gray area represents the separation threshold between 

the QDs that is used to distinguish between a dimer state and free state. (Created with 

BioRender.com) 

 This two-state hidden Markov model (HMM) required MATLAB®60 to calculate the 

preliminary estimates of koff  for EGFR-WT and EGFR truncation mutants shown in Figure 

21. These estimates reveal a higher koff for non-liganded (no treatment) EGFR-WT when 

compared to the ligand-bound (+QD655-EGF) form. One could associate a higher koff with 

shorter-lived (or transient) dimers, while a lower koff (as seen for QD-EGF) indicates longer-

lived or more stable dimers. These preliminary results are promising as they display the 

expected trends for the EGFR-WT. Upon EGF stimulation, EGF-bound dimers seem to be 

longer lived than unliganded dimers. The mutant data suggests that the EGFR-∆998 can also 

State 1: 

Free 
State 2: 

Dimer 
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form stable dimers upon EGF stimulation, as expected, while the EGFR-ECDTM appears to 

dimerize and maintain longer-lived (more stable) dimers even in the absence of EGF.  

 

  
 

Figure 21. koff rates of EGFR-WT, EGFR∆998, EGFR-ECDTM ± 400 pM QD655-EGF 

& QD605-EGF preliminary estimates. EGFR koff rates decreases upon QD605-EGF and 

QD655-EGF addition for both EGFR-WT and EGFR∆998. EGFR-ECDTM has a slower koff 

even in the absence of ligand and this does not significantly change with EGF. (EGFR figures 

Created with BioRender.com) 

 

 The results are preliminary since a larger quantity of dimers is required to make 

conclusions. More two-color tracking data must be collected before making any dimerization 

conclusions regarding the receptor proteins in this two-color particle tracking study. We will 

also take a comprehensive approach to refine the codes used for the HMM analysis by 

producing results that enable visual inspection of the receptor’s relative motion. For example, 

trajectories of two receptors moving with correlated motion over time could serve as a 
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confirmation checkpoint of the dimerization states of proteins. Additionally, jump correlation 

would help confirm if the receptors are found within proximity due to chance or if the receptors 

are making movements in unison as expected for bona fide dimers. Once the HMM analysis is 

refined, we hope to analyze the SPT data for each previous section in this study. By doing so, 

not only would we have insight into how the mobility of proteins correlates to signaling, but 

we would also conclude the dimerization states. 

 

EGFR-RON crosstalk 

 In the previous sections, we have examined the connection between signaling and 

mobility for EGFR. As discussed in Chapter 1, RTKs can undergo hetero-interactions that may 

alter signaling outcomes. There are instances in which proteins participate in crosstalk, which 

provides them with alternative activation and signaling routes. These events can be linked to 

therapeutic resistance as targeted therapies often fail to target all proteins involved in 

mechanisms of activation due to a lack of evidence surrounding the specific roles that various 

proteins can play.  Recent studies revealed that EGFR and RON participate in crosstalk.44 In 

the following sections, we will use SPT to understand if the crosstalk between RON and EGFR 

takes place at the plasma membrane and what interactions are needed for RON activation or 

phosphorylation. 

 This portion of my study pertains to a larger project in the Lidke Lab that focuses on 

understanding EGFR-RON crosstalk, the results of which are currently under review.44 A 

biochemical approach confirmed the observation in Franco Nitta et. al; that EGF-stimulated 

EGFR can phosphorylate RON, even in the absence of RON’s ligand (MSP). A431 cells that 

express endogenous EGFR were transfected with HA-RON to generate a stable cell line.  For 

Western Blot analysis, cells were left untreated or stimulated for 5 minutes with either 50 nM 
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EGF or 5 nM MSP. The cells were lysed for protein harvest, and western blots were run. The 

summary of the results is in Figure 22. The bands in the 700 nm channel (Green) in Figure 22 

indicate the presence of RON (top) and the presence of EGFR (bottom). The bands in the 800 

nm channel (red) represent the phosphorylation state of the specific receptor. The third 

“channel” is an overlay of the two and will be used to draw conclusions. First, the control (or 

unstimulated condition) confirms the presence of the protein. No significant phosphorylation 

resulted for this condition. Second, we confirmed that with the addition of 5 nM MSP, RON 

becomes phosphorylated, as expected. Third and most importantly, the overlay of the channels 

reveals significant phosphorylation of HA-RON when cells were stimulated with 50 nM EGF. 

Recall that the phosphorylation occurred in the absence of RON’s ligand, MSP. This 

observation further reinforces the notion that RON does not require MSP for phosphorylation 

as it can result from EGF stimulation in the presence of EGFR.  

 Figure 17 shows that the reverse is not true. The presence of EGFR is confirmed in the 

control (or un-stimulated condition), 5 nM MSP, and 50 nM EGF conditions but, the overlay 

reveals that phosphorylation only occurs as a result of EGF stimulation and not due to MSP 

stimulation. This observation indicates that the mechanism that enables EGFR and RON to 

crosstalk is unidirectional, meaning that EGFR activation can result in RON phosphorylation 

but, RON activation does not result in EGFR phosphorylation, at least not with MSP 

stimulation. 
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Figure 22. Immunoblot of A431 HA RON cells were treated with 5 nM MSP, 50 nM EGF 

or left untreated. Primary and secondary antibodies were used to blot for EGFR, RON and 

phosphorylation of the two proteins. RON required immunoprecipitation for further 

purification. Left: The green bands indicate the presence of the proteins, top is HA-RON and 

bottom is EGFR. Middle: Red bands indicate the phosphorylation state of the proteins. Middle 

top shows respective phosphorylation state of PY20 and PY99 sites pertaining to RON and 

bottom shows the phosphorylation state of EGFR’s PY1068 phosphorylation site. Right: 

Overlay of the two previous channels where an orange band indicates phosphorylation. Top 

right shows confirmation of RON phosphorylation in the presence of 50 nM EGF. 

 

 SPT of QD655-HA-RON at the cell’s surface (as shown in Figure 23) was performed 

using A431 cells co-expressing HA-RON and endogenous EGFR to further explore the 

crosstalk dynamics occurring between RON and EGFR.  
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Figure 23. HA-RON & HA- RON K1114M QD labeling A Biotinylated 𝛼-HA fab fragment 

that binds to a streptavidin coated QD was used to label the H-tag on the extracellular domain 

of RON.  (Created with BioRender.com)  

 A variety of conditions were implemented, starting with MSP stimulation for control 

purposes. Figures 24, 25, and 26 show the diffusion results of tracking HA-RON with no 

ligand, 5 nM MSP, and 20 nM MSP.  Based on our SPT results of EGFR, we would expect 

RON to slowdown when stimulated by ligand. As expected, MSP causes RON’s diffusion to 

decrease in a dose-dependent manner, such that the higher concentration of MSP results in a 

greater mobility decrease. 5 nM MSP results in a diffusion decrease of 0.0101 ± 0.0031 μm2/s 

(≈27%) while 50 nM results in a 0.0188± 0.0022 μm2/s (≈50%) decrease. The greater decrease 

in diffusion can be a result of ligand accessibility, a higher concentration of ligand can result 

in a higher concentration of ligand-bound proteins. This, in turn, results in enhanced protein 

dimerization, phosphorylation, and downstream signaling. Interestingly the dynamic results 

reveal a similar trend is observed for varying EGF concentrations where a higher concentration 

of EGF results in a greater diffusion slowdown for HA-RON. The 5 nM EGF treatment resulted 

in a diffusion decrease of 0.0118 ± 0.039 μm2/s (≈32%) while the 50 nM EGF elicited a 
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diffusion decrease of 0.0152 ± 0.0035 μm2/s (≈41%). Moreover, the slowdown resulting from 

EGF stimulation serves as further validation of EGFR-RON crosstalk. Based on our 

interpretation of a decrease in mobility, the results allow us to conclude that RON dimerization, 

phosphorylation, protein recruitment, or a combination of these events is occurs due to MSP 

and EGF stimulation. These dynamic results further support the biochemical results obtained 

by Dr. Franco Nitta. RON is phosphorylated upon EGF stimulation when co-expressed with 

endogenous EGFR.  Table 3 provides a summary of the values including errors and 

significance. 
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Figure 24. Plots comparing RON mobility without treatment, + 5 nM MSP, + 20 nM 

MSP, + 5 nM EGF, + 50 nM EGF, + 10 μm Afatinib and + 10 μm Afatinib and 5 nM 

EGF. SPT results overview Top: Beeswarm Plot displays each cell’s diffusion coefficient 

result in the form of a dot and the averaged value as a horizontal bar. Bottom MSD plot displays 

ensemble mean squared displacement where a decrease in slope is indicative of slower 

mobility. Results were plotted for 96 untreated cells, 53- 5 nM MSP treated cells, 5- 20 nM 

MSP treated cells, 12- 5 nM EGF treated cells, 32- 50 nM EGF treated cells, 33- 10 μm Afatinib 

treated cells and 27-10 μm Afatinib and 5 nM MSP.  
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Figure 25. Diffusion coefficients for SPT of QD655-HA-RON in A431 HA-RON. Top Left: 

bar graph displays the diffusion coefficient for HA-RON no treatment, + 5 nM MSP and + 20 

nM MSP. Top Right: Bar graph displays normalized values to the resting or, no treatment, 

state. There is a dose-dependent response to MSP. Bottom Left: bar graph displays the 

diffusion coefficients for HA-RON under no treatment, + 5 nM EGF and + 50 nM QD655-

EGF. Bottom Right: Bar graph displays normalized values to the resting or, no treatment, state. 
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There is also a dose-dependent response to EGF. Diffusion coefficients are from the fit of the 

ensamble MSD plots and werror bars indicate 95% confidencee interval. 

 

 The data revealed that EGFR plus EGF stimulation results in RON activation. 

Therefore, we wanted to explore the potential effects of EGFR inhibition on RON’s response 

to its ligand (MSP). For this study, we introduced a well-known EGFR inhibitor, Afatinib (at 

10 μm) which would prevent EGFR’s kinase activation (as shown in section 3.3) and 

performed the same SPT techniques. Cells were treated with 10 μm of Afatinib for 15 minutes 

prior to SPT of HA-RON.  Figures 24 and 26 show the results of the diffusion measurements 

obtained from those experiments. The inhibition of EGFR does influence RON’s mobility. In 

their resting (unstimulated) forms, the cells treated with 10 μm Afatinib resulted in mobility 

about ≈26% higher than the non-inhibited form. This difference was deemed significant by a 

two-tail t-test of unequal variances (p < 0.05) hinting that Afatinib can influence RON’s 

mobility.  One can deduce that the mobility decrease for the cells treated with Afatinib is less 

significant than the one observed for the non-treated cells upon MSP stimulation. The non-

treated cells resulted in about a ≈27% diffusion decrease, while the cells that were treated with 

10 μm Afatinib had a ≈17% diffusion decrease. Although the responses seem different, they 

indicate that the Afatinib treatment did not prevent RON’s slowdown when stimulated. 
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Figure 26. Diffusion coefficients for SPT of HA-RON ± 5 nM MSP, ± 10 μm Afatinib, ± 

10 μm Afatinib and 5 nM MSP. Left: bar graph displays the diffusion coefficients of HA 

RON no treatment, + 5 nM MSP,  + 10 μm Afatinib, and + 10 μm Afatinib in combination 

with + 5 nM MSP.  Right: Bar graph displays normalized diffusion coefficients for 5 nM MSP 

result to the resting or, no treatment, state while the 10 μm Afatinib + 5 nM MSP diffusion 

coefficient is normalized to + 10 μm Afatinib state.  Diffusion coefficients are from the fit of 

the ensamble MSD plots and werror bars indicate 95% confidencee interval. 
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Table 3. Results summary for A431 HA RON, ± 10 μm Afatinib, ±  5 or 20 nM MSP, or 

± 5 or 50 nM EGF including errors and statistical analysis. The difference in RON’s 

mobility between its resting, or non-treated form conditions + 5 nM MSP, + 20 nM MSP, + 5 

nM EGF, 50 nM EGF and 10 μm Afatinib were all statistically significant. Mobility was 

significantly decreased when RON was treated with 10 μm Afatinib and stimulated with 5 nM 

MSP. 
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 As previously shown, the mobility of a receptor can indicate a receptor’s dimerization, 

phosphorylation, and or protein recruitment state. Like the EGFR truncation mutant 

experiment, a kinase-dead mutant of RON (K1114M) was studied in combination with its wild-

type form to compare the impact that EGF stimulation had on the overall mobility of the 

proteins. The kinase-dead mutant prevented RON’s kinase from autophosphorylating itself. 

Phosphorylation events resulting from this mutated version of RON would have to be due to 

external factors such as crosstalk. Figure 28 shows a bar graph depicting the diffusion results 

for the WT and RON-K1114M. We can appreciate an almost identical response to EGF by 

RON-K1114M, the kinase-dead version of RON when compared to its WT counterpart. RON 

WT’s diffusion decreased by 0.0122 ± 0.0012 μm2/s while the mutated form decreased by 

0.0117 ± 0.0014 μm2/s. The results coincide with a ≈38% decrease in mobility, indicating that 

EGFR can directly phosphorylate RON upon stimulation with EGF (as shown in Figure 27) 

and that RON’s kinase domain is not required for crosstalk propagation. 

 

Figure 27. EGFR stimulation results in RON Phosphorylation and does not require 

RON’s kinase activity.  When co-expressed, EGFR is able to directly phosphorylate RON’s 

kinase to propagate crosstalk through an unknown mechanism.  (Created with BioRender.com) 
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Figure 28. Diffusion coefficients for SPT of A431 HA-RON and A431 HA RON K1114    

𝜶 -HA-QD655 ± 50 nM EGF. Bar graph displays the diffusion coefficients for HA-RON and 

A431 HA RON K1114 (kinase dead form) with no treatment and + 50 nM EGF. Both cases 

show a significant response to 50 nM EGF stimulation. RON’s kinase activity is not required 

for EGF-drivent slowdown or phosphorylation of RON. Diffusion coefficients are from the fit 

of the ensamble MSD plots and werror bars indicate 95% confidencee interval. 

 

 The results derived from this study further support evidence of RON phosphorylation 

upon EGF stimulation when the receptor is co-expressed with EGFR, regardless of its kinase 

functionality.3,61 In a pathological context, the observation can indicate the presence of a 

therapeutic escape route, suggesting an alternative mechanism for RON 

phosphorylation/activation that leads to downstream signaling. Considering that RON-EGFR 

co-expression has led to a worse prognosis for patients and that monotherapies targeting RON 

have failed to succeed,3,62 one can infer that therapies that target RON without addressing 

EGFR (or the crosstalk occurring between the receptors) are risking therapeutic failure due to 

RON’s alternative activation route, which would continue to drive oncogenesis.   
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4 CHAPTER 4 

SUMMARY 

 

 The conclusions produced by this study confirm that EGFR stimulation with EGF 

results in a significant mobility decrease. The observation further supports the trends observed 

by previous studies in which unliganded EGFR-WT (resting) had higher mobility when 

compared to its ligand-bound counterpart.12,32  Previous studies postulated that the observed 

slowdown was due to the recruitment of accessory proteins to the activated receptor complex, 

and this study looked directly into that possibility. Although we did not detect the contribution 

that the two adaptor proteins, Shc1 and Grb2, had on the receptor’s mobility, we determined 

that the absence of the C-terminal tail of EGFR (EGFR-∆998 mutation) did not elicit the same 

response as it did for EGFR-WT. The modest decrease in mobility of EGFR-∆998 upon EGF 

stimulation might be a result of dimerization and serves as further confirmation that the 

recruitment of accessory proteins must be present to observe the full slowdown. Based on these 

results, we can predict that the diffusion decrease observed for EGFR-∆998 was a result of a 

non-signaling dimer formation. Conversely, the full slowdown only results from the 

recruitment of accessory proteins to the activated receptor complex. Therefore, although our 

measurements can reflect dimerization, receptor signaling is the principal readout of receptor 

mobility.  

 The diffusion decrease upon EGF stimulation of EGFR-ECDTM (missing the entire 

intracellular region) was not significant compared to the diffusion decrease of EGFR-WT 

(upon EGF stimulation). There are a few possible explanations for this. The absence of even a 

modest slowdown can indicate that EGFR-ECDTM might not be capable of forming dimers, 

or perhaps part of the kinase domain (besides the C-terminal tail) must be present to induce a 
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significant decrease in mobility. Another reason could lie behind the experimental and 

analytical methods used for this study. There is a possibility that the slowdown upon EGF 

stimulation might be too small to detect in EGFR-ECDTM. If we take the HMM results into 

account, we could predict that the truncation mutant was in a dimer conformation prior to EGF 

addition. If this were true, then we would fail to see any slowdown. Further studies of other 

EGFR truncation mutants may help reveal which specific parts of the kinase domain elicit 

decreases in mobility and which are required for dimer formation and dimer stability. 

 When studying the effect of ligand concentration on RON’s mobility, we determined 

there is a dose-dependent response to both MSP and EGF (EGFR’s ligand), further supporting 

the observations of other studies.44 The studies focused on the crosstalk dynamics between 

EGFR and RON revealed that EGFR can activate RON unidirectionally. The rapid slowdown 

observed for RON upon EGF stimulation indicates that these interactions occur the plasma 

membrane.  When we looked at HA-RON-K1114M (kinase-dead mutant) we confirmed this 

to be true. RON’s kinase activity is not needed to observe a slowdown in mobility, indicative 

of activation/phosphorylation, and we predict that EGFR’s kinase is responsible for this. 

 Furthermore, we were able to confirm that adding an EGFR inhibitor, Afatinib, does 

have a significant impact on RON’s overall motility in its resting state, hinting that EGFR does 

play a role in RON’s mobility. In addition, when we added RON’s ligand (MSP) to the 

Afatinib-treated cells, we still observed a significant response as a decrease in RON mobility. 

This observation reveals that EGFR inhibition does not impact RON’s ability to phosphorylate 

when stimulated with its own ligand, which  supports the biochemical results from our previous 

study by Franco Nitta et.al 44. Furthermore, that same study revealed that EGFR inhibition with 

PD153035 (reversible kinase inhibitor) does block EGF-induced RON slowdown and that 
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Afatinib (non-reversible inhibitor) completely blocked EGF-dependent RON phosphorylation 

but, the results have yet to be confirmed biophysically. 

 The findings of this study helped characterize the readout that we obtain from dynamic 

studies of protein receptors. It revealed that slowdown in protein mobility is a result of, and a 

readout for signaling. The findings also allowed us to better understand the structure-function 

relationship of EGFR, one of the most important receptors involved in oncogenic signaling 

pathways. The implications of the results surrounding the crosstalk between RON and EGFR 

can help explain why cancer monotherapies often fail. We have provided evidence of a 

potential source of therapeutic resistance that involves RON’s activation by EGFR even when 

RON’s kinase activity is blocked. Moreover, this observation serves to support the use of 

multitarget therapy applications.  
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5 CHAPTER 5  
 

FUTURE DIRECTIONS 

 

 The contents of this study revealed interesting details surrounding protein dynamics in 

the oncogenic signaling context. Undoubtedly, other studies are necessary to continue 

enhancing our understanding of RTK structure-function relationships. Regarding EGFR, there 

is one truncation mutant we intended to investigate as part of this study but could not due to 

difficulties we faced with the generation of a stable cell line expressing this mutant. The 

truncation mutant, EGFR-TMKD, lacked the entire extracellular region and was composed of 

the transmembrane (TM) and kinase domain (KD) only. We hoped to investigate the truncation 

mutant’s phosphorylation through dynamic measurements obtained using the same SPT 

techniques previously described here. We wanted to determine if the EGFR-TMKD mutant 

was capable of phosphorylation. The mutant lacked structural components required for ligand 

binding and dimerization but, we do not know if phosphorylation is possible. The generation 

of stable cell lines containing this mutant or other truncation mutants could further reveal 

important details surrounding EGFR’s structure-function relationship. 

 We know that EGFR point mutations and deletions occurring in exons 18–25 are 

associated with decreased patient response to treatments.63 Analyzing specific mutants through 

a molecular dynamic lens could also help advance our understanding of their signaling 

capabilities. These types of studies can potentially reveal information surrounding targeting 

opportunities for treatment development. Following the steps outlined in this study would be 

a perfect starting point to study a variety of mutants, each of them revealing a piece of a much 

greater picture. 
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