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Abstract 

The cell ‘surfaceome’ collectively describes proteins found on the plasma membrane (PM), 

which functions in fundamental cellular processes including growth and proliferation. The surfaceome 

undergoes dynamic remodeling via the addition/removal of surface proteins in response to changing 

environmental conditions. In mammalian cells, surfaceome remodeling is predominantly facilitated by 

clathrin-mediated endocytosis (CME) which involves the invagination and internalization of PM regions 

via clathrin-coated structures—removing proteins from the cell surface. As a major regulator of the 

surfaceome, it is important to understand the underlying mechanisms governing CME, given that its 

dysregulation has been implicated in human pathologies including neurologic and oncogenic disorders. 

 

Cellular cues including mitogenic (e.g. growth factors) and metabolic signals (e.g. cellular energy 

levels) induce diverse cellular processes (e.g. growth and proliferation) requiring surfaceome/PM 

remodeling. Precisely how mitogenic and metabolic signals may induce surfaceome remodeling 

however, is under-examined. As a major regulator of the surfaceome, CME is a likely mechanism 

through which cellular cues may remodel the PM. Poorly understood, I thus sought to investigate how 

mitogenic and metabolic signals may regulate CME. 

 

Mitogenic signaling by the epidermal growth factor receptor (EGFR) triggers PLCγ1-calcium 

signals, which I found a requirement for CME of EGFR—likely via calcium control of the Sjn1 protein. 

Consistently, using TIRF-M imaging coupled to automated software analysis, I demonstrate that 

inhibition of PLCγ1-calcium signals impairs the formation/assembly of EGFR-containing clathrin 

structures. In addition, I hypothesize that PLCγ1-calcium signals also regulates the CME of other surface 

proteins given its robust control of Sjn1—which localizes broadly amongst clathrin-coated structures. 
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AMPK is a cellular energy sensor activated by metabolic stress (e.g. starvation). Using TIRF-M 

imaging coupled to automated software analysis, I found that AMPK activation broadly reduces the 

formation/assembly of bona fide clathrin-coated pits, without impairing the internalization rates of CME 

cargoes (e.g. EGFR, TfR and β1-integrin). Furthermore, I found that AMPK may regulate CME through 

control of the Arf6 protein. 

 

Collectively, my findings uncover and provide novel mechanisms by which mitogenic (via EGFR-

induced calcium signals) and metabolic signals (via AMPK control of Arf6) may induce regulation of 

CME—in eliciting global reorganization of the plasma membrane.  1,2,11–13,3–10 
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1.1- The ‘surfaceome’ 
The plasma membrane is a specialized structure surrounding the cell which separates the 

cellular interior from the external environment (extracellular space). Primarily, the plasma membrane 

acts as a barrier which protects the cell from harmful physical, biological, and chemical agents present 

within its surroundings. Amphipathic in nature, the plasma membrane also forms a selective filter 

around the cell which is impermeable to ions and hydrophilic molecules, thereby acting as an insulator 

through which transit of material is tightly regulated30. Furthermore, it is involved in a variety of cellular 

processes including cell-cell and cell-environment communication, adhesion and migration, metabolism, 

and signal transduction30. In performing these roles, the plasma membrane recruits a variety of proteins 

onto the bilayer, creating a dense lipid-protein landscape collectively described as the cell-surface 

proteome or ‘surfaceome’ (Figure 1.1)31. 

 

Proteins of diverse structure and function make up the cell-membrane surfaceome. Depending 

on the nature of interaction with the lipid bilayer, membrane proteins can be classified into two broad 

categories: integral (intrinsic) and peripheral (extrinsic)32. Integral proteins are defined as membrane 

proteins which contain one or more segments directly embedded within the plasma membrane bilayer. 

Regarded as transmembrane proteins, most integral proteins span the entire bilayer through a 

hydrophobic domain commonly made up of α-helices or multiple β-strands—which interact with the 

hydrophobic core of the plasma membrane32. Spanning the bilayer, integral proteins form three major 

domains: an extracellular ectodomain and an intracellular cytosolic domain, separated by the 

hydrophobic transmembrane domain. In contrast, peripheral proteins do not interact with the 

hydrophobic core of the phospholipid bilayer. Instead, they reversibly associate with the plasma 

membrane indirectly through interactions with integral proteins, or directly through interactions with 

polar lipid head groups33. Peripheral proteins include intracellular and extracellular components 

involved in diverse processes including signal transduction and cytoskeletal rearrangements34. 

 

A major function of the plasma membrane involves sensing of the environment, allowing cells to 

modify their behaviours in adapting to changing extracellular conditions10. Cell growth and programmed 

cell death for instance, are influenced by extracellular nutrient availability and as well as growth 

factors35,36. Both peripheral and integral proteins are involved in cellular adaptation, but the latter are 

mostly responsible for environmental sensing due to their characteristic transmembrane nature37. 

Integral proteins including signaling receptors for instance—through their extracellular and intracellular 
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domains—respectively conduct signal sensing and signal transmitting activities. Receptor tyrosine 

kinases (detailed in section 1.6) are signaling receptors exemplifying this role, which converts 

extracellular signals into intracellular responses11. Briefly, receptor tyrosine kinases promote cell growth 

and proliferation in response to extracellular growth signals. Growth signals in the form of polypeptide 

growth-factors bind the receptor tyrosine kinase ectodomain, which induces a conformational shift 

within its intracellular structure. This in turn enables the receptor tyrosine kinase in activating 

proliferative and growth-stimulating intracellular signaling pathways, involved in pro-mitogenic cellular 

responses11. Other integral proteins such as the G-protein coupled receptor (GPCR), also detect 

extracellular stimuli in the form of hormones, neurotransmitters, ions, photons, and odorants, which 

they similarly convert into intracellular responses directing cell behavior38. Thus, integral proteins 

including receptor tyrosine kinases and GPCRs contribute to the ability of cells to sense and respond to 

changes within the environment. 

 

Other integral proteins on the plasma membrane include nutrient transporters which serve as a 

critical link between the cell and its environment39. Several nutrient transporters exists on the plasma 

membrane which facilitates entry of nutrients and charged molecules into the cell, impermeable to the 

membrane40. The integral solute carrier (SLC) transport proteins for instance, is a large group consisting 

of over 300 members organized into 51 families41. SLCs facilitate the intracellular transport of organic 

compounds required for anabolic processes including glucose through several glucose transporter 

(GLUT) families (GLUT-1, -2, -3, -4/SLC2A-1, -2, -3, -4); amino acids through significantly overlapping SLCs 

(e.g. SLC7A2 for arginine and lysine, and SLC16A10 for tryptophan, tyrosine, and phenylalanine); and 

lipids through several transporters which recognize various fatty acid lengths (e.g. SLC27A3 for long 

chain fatty acids)42,43. As well, essential macro-minerals including Ca, P, Mg, Na, K, Cl, and S required for 

numerous signaling activities and proper protein function, are similarly imported into the cell through 

various SLC transporters43. Lastly, micro-minerals such as iron important for biochemical activities 

including oxygen transport, energy production and cellular proliferation, are brought into the cell by the 

integral glycoprotein, transferrin receptor44. SLCs and glycoproteins are amongst many other membrane 

components which regulate uptake of material required for cellular growth and survival. 

 

Diverse adhesion molecules such as cadherins, selectins, and integrins also comprise the cell 

surfaceome where they direct functions in cell-cell and cell-matrix adhesion, cell motility and migration, 

and cell proliferation45. Adhesion molecules anchor cells to their surroundings by connecting 
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intracellular cytoskeletal components to extracellular scaffolds, acting as critical sensors towards their 

environment46. As well, these integral proteins provide the necessary traction for dynamic forces 

required during cell migration, of which some are upregulated and serve as common markers in 

metastatic cancer types (e.g. CD44 upregulation in endometrial cancer)45,46. Due to the dynamic 

properties of the extracellular environment, adhesion molecule profiles on the plasma membrane are in 

constant flux, continually adapting to diverse stimuli. This pertains to other integral proteins and the 

surfaceome as a whole, which exists as a dynamic landscape capable of remodeling itself in response to 

varying external cues and cellular demands. As such, the surfaceome confers cellular sensing which 

allows the cells to respond, adapt, survive, and grow within their environments. 

 

The inherent capacity of cells to acutely modify the plasma membrane landscape determines 

their survival, growth, and proliferation within a given environment. Remodeling the surfaceome 

requires co-ordination of several processes which participate in protein synthesis/expression and 

turnover. Increased gene expression and protein synthesis triggered by growth factors for instance, may 

act in the upregulation of membrane proteins which sustains environmental sensing47. Delivery of 

proteins to the plasma membrane may also be augmented to increase cell sensitivity to low levels of 

stimuli, or in enhancing nutrient uptake48. In contrast, endocytosis is a cellular process which acutely 

removes proteins from the plasma membrane into the cell. Through endocytosis, cells capture various 

materials including nutrients and ligands from the extracellular milieu into the cytosol, where they are 

used in many biological processes. Crucially, endocytosis serve as the main mechanism which attenuates 

signaling functions of integral proteins, critical in preventing aberrant activities49. Indeed, cells tightly 

regulate endocytic processes in maintaining cellular homeostasis, of which dysregulation manifests in 

several human pathologies including cancer50. 

 

 

 

1.2- Endocytosis: a portal into the cell 
Endocytosis is one of the most important mechanisms for entry of material into the cell. It is a 

cellular process which engulfs extracellular molecules from the plasma membrane into vesicular carriers 

that are delivered into the cytosol. These small (60-120nm) membrane vesicles transport various cargo 

molecules including extracellular nutrients, ligands, and as well as surface proteins collectively termed 

as the endocytic ‘cargo’51. Aside from its major role in regulating surface protein expression, endocytosis 
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facilitates a range of different functions including nutrient uptake, cell signaling, differentiation, cell 

adhesion, and have also been implicated in entry of various microorganisms10,52. Several modes of 

endocytosis have been described in eukaryotic cells, each defined by distinct molecular mechanisms and 

specificities for various cargoes (Figure 1.2)10. Specifically, distinct endocytic processes are distinguished 

by unique protein coats which aid cargo recruitment, vesicle budding, and subsequent internalization50. 

Clathrin- and caveolae-mediated endocytosis for instance, respectively require clathrin and caveolin 

proteins, in providing scaffold support to the structure51,53. In addition, endocytic routes with poorly 

defined coats have been described including macropinocytosis, phagocytosis, and entosis which involve 

uptake of larger membrane areas relative to coat-dependent mechanisms10,54,55. The relative 

proportions between these endocytic modes differ in different cell types owing to their adaptations for 

specific functions10. 

 

The advent of modern electron microscopy allowed the first visualization of material uptake 

inside the cell, within vesicles surrounded by proteinaceous coats—later identified as clathrin50. Since 

then, extensive knowledge had been gained about endocytic events in context of mechanisms and 

distinct biological functions. Particularly, clathrin-mediated endocytosis (CME) had been well-

characterized in the literature, serving as a prototypic model from which mechanistic details of other 

endocytic modes may be derived54,56. CME is versatile process which mediates internalization of a 

diverse array of cargoes, implicated in many facets of cell physiology and homeostasis57. It is considered 

as the major endocytic route in mammalian cells, accounting for a large proportion of endocytic events 

(>95% of total protein endocytic flux)10,58. Indeed, clathrin perturbations and its central components are 

often embryonic lethal in multi-cellular organisms such as Drosophila melanogaster, Caenorhabditis 

elegans, and Mus musculus50. The following discussion will therefore focus on CME, interchangeably 

referred to as ‘endocytosis’ throughout for simplicity, unless stated otherwise. For discussions of 

clathrin-independent endocytic pathways, the reader is referred to the following excellent reviews 

which details both mechanical and biological functions for the distinct processes [52–56]. 

 

Conceptually, endocytosis is a simple process involving sequential, partially overlapping steps 

which may be defined in three stages: 1) coat assembly and pit initiation, 2) pit maturation and fission, 

and 3) intracellular vesicle traffic and delivery51. Further detailed in section 1.3, CME is initiated upon 

clustering of clathrin within distinct areas on the inner leaflet of the plasma membrane51. Clathrin is a 

soluble protein triskelion which polymerizes into geometric shapes defined by hexagonal, and 
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pentagonal formations50. Cargo proteins are recruited within these coated areas through specific protein 

adaptors. Together with adaptors and membrane bending components, clathrin assemblies promote 

membrane curvature which transforms the flat plasma membrane into a ‘clathrin-coated pit’ (50-

200nm)51. Clathrin-coated pits (CCPs) progressively invaginate, recruiting further structure-stabilizing 

components. Mature CCPs are then released from the plasma membrane into the cytosol forming 

clathrin-coated vesicles (CCVs), through scission by a dynamin-based molecular machinery50. Within the 

cytosol, CCVs are uncoated of clathrin, with the ‘naked’ vesicle delivered into distinct cellular 

compartments for cargo processing, and intracellular traffic and sorting10. 

 

This canonical pathway generally describes the mechanistic progression of CME, shared 

amongst eukaryotes50. It is a highly dynamic process which in addition to the hallmark clathrin-coat, 

involves the co-ordination of functionally diverse set of proteins and lipid components—fine-tuning 

internalization mechanisms of distinct cargo types12. The molecular identities and functional roles of 

many of these proteins, have been characterized in detail through bio-chemical, -physical, and                  

-structural approaches51. Still, the major question of how these proteins are precisely organized in time 

and space, in regulating endocytic responses based on diverse physiological stimuli, remain unclear and 

require further study. 

 

 

1.2.1 - A conceptual map for the reader: topics to be discussed 
Endocytosis is the primary mechanism responsible for remodeling the plasma membrane 

landscape which acutely removes surface proteins involved in diverse cellular processes49. While several 

modes of endocytosis exist, CME is the major endocytic route in mammalian cells, of which regulation 

and progression is a major focus in this thesis. Specifically, this work aims to investigate and address the 

potential role of diverse cellular cues including mitogenic (e.g. growth factors), and metabolic signals 

(e.g. cellular energy levels) in regulating the process of CME. This research question is fundamentally 

motivated by the diverse range of physiological processes mediated by mitogenic and metabolic signals 

in mammalian cells, including cellular growth, proliferation, migration, and differentiation. These 

processes, to some degree, require both local and global plasma membrane remodeling events of which 

precise mechanisms however, remain relatively unexplored59–61. As a major regulator of the mammalian 

surfaceome, CME may therefore be implicated in facilitating plasma membrane remodeling required for 

cellular processes. Whether and how mitogenic and metabolic signals may regulate CME however, is not 
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well-understood, of which elucidation will provide insight as to how these cellular cues may induce 

remodeling of the plasma membrane. 

 

In understanding how mitogenic and metabolic cues may regulate CME, a thorough examination 

of CME and its molecular mechanism is required, initially presented in section 1.3. In this section, I will 

describe key endocytic proteins and their contributions to the distinct molecular stages of CME. In 

addition, the three major ‘hubs’ (the clathrin-coat; the AP2 adaptor complex; and the phospholipid PIP2) 

governing CME will be discussed in detail, to give the reader some insight in the potential junctures 

through which CME may be regulated. Special focus will be placed on the plasma membrane-enriched 

PIP2 hub, due to its indispensable role in CME initiation and progression. As PIP2 is indispensable to CME, 

cellular processes which regulate PIP2 plasma membrane levels should regulate CME to some degree. 

The phospholipase C enzyme for example, upon activation will result in direct PIP2 reduction, due to its 

PIP2-hydrolyzing activity. In section 1.4, I will therefore focus on phospholipase C enzymes in 

understanding their potential role in CME regulation. In this section, I will emphasize the diversity in 

phospholipase C isoforms, and the mechanisms through which they may be activated—in providing 

insight as to how they may regulate CME via PIP2 hydrolysis. As will be discussed, the hydrolysis of PIP2 

by phospholipase C not only depletes the anionic lipid, but also generates secondary molecules which 

increases cytosolic calcium concentrations in the cell. Calcium is a ubiquitous signaling molecule of 

which cytosolic increases is known to upregulate CME—albeit in neurons during neurotransmission 

events. Whether or not calcium increases generated by phospholipase C contributes to the regulation of 

CME in non-neuronal cells however, is not well-understood. Thus, in section 1.5, I will describe the 

potential role of calcium in non-neuronal cells, drawing parallels from its established role in excitable 

cell systems such as in neurons. 

 

At this stage, the reader should conceptualize the bimodal role of phospholipase C in the 

potential regulation of CME either by i) direct PIP2 depletion, or by ii) triggering cytosolic calcium 

increases. Emphasized in section 1.4, phospholipase C enzymes are commonly activated downstream of 

many signaling processes, thus, providing these cellular processes with the capacity in potentially 

regulating CME. Mitogenic signals such as growth factors for instance, bind and activate receptor 

tyrosine kinases, which in turn activates phospholipase C. Receptor tyrosine kinase activation therefore 

induces PIP2 hydrolysis and cytosolic calcium increases—providing a possible mechanism through which 

mitogenic signals may regulate CME; and hence induce plasma membrane remodeling. Whether 
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mitogenic signaling by receptor tyrosine kinases result in CME modulation via phospholipase C activity 

however, is not well-understood, and is one of the specific questions I will address in this thesis. Thus, in 

section 1.6, I will comprehensively describe receptor tyrosine kinase biology, with emphasis on their 

activation mechanisms and signaling properties, in highlighting their potential regulatory roles in CME. 

 

Having described the probable role of mitogenic signals in influencing CME, I will shift my focus 

towards understanding how metabolic signals within the cell may similarly affect the process. This 

thematic shift is largely motivated by previous findings from our laboratory, which indicates the robust 

cellular remodeling of the surfaceome under perceived metabolic stress; such that of low cellular ATP. 

Specifically, the AMP-activated protein kinase (AMPK) is the primary energy sensor which is activated by 

a decrease in ATP levels, and as such, a likely metabolic signal regulating the reorganization of the 

plasma membrane. It remains unclear however, how AMPK may precisely facilitate plasma membrane 

remodeling and whether CME is involved in the process; serving as the second specific question I will 

address in this work. Thus, in section 1.7 I will discuss AMPK biology and its potential role in regulating 

CME, in response to metabolic signals presented by fluctuations in cellular energy levels. Lastly, I will 

conclude the chapter by providing rationale and objectives for this thesis in section 1.8. 

 

 

 

1.3- Clathrin-mediated endocytosis (CME) 
CME, as it implies, is an endocytic pathway marked by the clathrin protein which surrounds and 

coats endocytic vesicles. CME is a major endocytic route for internalization of many surface proteins 

including transporters and receptors with associated macromolecules, mechanistically conserved 

amongst eukaryotes50,58. CME mediates the uptake of materials through CCPs, which progressively 

invaginates into the cytosol, forming CCVs upon scission from the plasma membrane. Within the cytosol, 

CCVs are uncoated of clathrin, revealing a ‘naked’ vesicle which—contingent on cargo processing 

requirements—traffic within the different routes of the endomembrane system10. Receptor tyrosine 

kinases for example (see section 1.6.4), are resident cargoes of CME which enters the cell through 

clathrin-coated structures. Upon uncoating, these vesicles are either routed back to the plasma 

membrane for receptor recycling, or towards the lysosomes for degradation, depending on distinct 

receptor identities and activities. As will be examined here, CME is a versatile process critical for nutrient 

uptake, signaling, and membrane regulation, and thus regarded as the ‘master regulator’ of the cell 
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surface proteome and processes62. In accomplishing this role, CME coordinates assembly of a large 

number of proteins at the plasma membrane, distinctly regulated in response to diverse physiological 

stimuli62. 

 

 

1.3.1 - The regulatory modules of CME 
An interesting feature of CME in mammalian cells is the recruitment of specific endocytic 

proteins which assemble on the plasma membrane—in which different regulatory proteins arrive and 

leave to facilitate the endocytic process51. The arrival of specific endocytic proteins corresponds to 

distinct functional endocytic stages, allowing them to be grouped into functional modules. Three 

functional modules can be described on the basis of their appearance during defined endocytic events51. 

The first module, regarded as the ‘coat module’, is responsible for initiating endocytic processes. It 

includes proteins which make up the clathrin-coat assembly including clathrin, adaptor proteins, and 

other scaffolding components. Adaptor proteins include the well-characterized hetero-tetrameric 

adaptor protein 2 complex (AP2; see section 1.3.4), the monomeric adaptor clathrin assembly lymphoid 

myeloid leukemia protein family (CALM/PICALM), and epsins—which bind to lipids on the plasma 

membrane and cargo molecules51. Scaffold proteins apart from clathrin include the epidermal growth 

factor receptor substrate 15 (eps15), epidermal growth factor receptor substrate 15 related (eps15R), 

and intersectins. Some of these scaffold proteins are capable of self-polymerization in addition to 

individual interactions with clathrin, providing necessary structural support for the maturation of the 

coat complex51. Later discussed, these components are involved in both early and late stages of CME, 

overlapping with proteins within other modules51. 

 

After coat assembly, a network of actin filaments is assembled at endocytic sites, where they 

provide necessary mechanical forces in the progressive invagination of coated-pits51,63. Although the 

majority of the following mechanistic details were derived from studies of endocytosis in budding yeast, 

other studies have similarly indicated the role of actin in mammalian endocytosis, which may reflect 

some of the details described—and thus, warrant inclusion in this section64. The ‘actin/membrane 

curvature module’ includes both the actin filament network and its regulatory components. Briefly, 

actin is the most abundant protein in many cell types, of which globular monomers (G-actin) polymerize 

into long actin filaments (F-actin)65. F-actin is spatially organized into a variety of structures including 

stress fibers, surface protrusions, and cortical actin filament networks involved in endocytosis66. 



10 
 

Polymerization of actin within specific endocytic sites is determined by the recruitment of actin-related 

protein 2/3 complex (Arp2/3), and a number of other actin-binding proteins (ABPs)51. The Arp2/3 

complex contains Arp2 and Arp3, which are closely related to related to G-actin and thus, capable of 

rapidly inducing de novo actin polymerization67. ARP2/3 however, exists in an inactive conformation 

which is relieved by binding to the Wiskott-Aldrich syndrome protein (WASP) family67. WASP is a 

regulatory component of the actin module activated on the plasma membrane upon binding the 

phospholipid PIP2 (phosphatidylinositol-4,5-bisphosphate; see section 1.3.5), or through interactions 

with SH3 domain-containing proteins; including BAR domain proteins involved in the third module50,68,69. 

WASP also activates actin binding proteins including myosin motors which act as dynamin anchors 

linking actin filaments to the membrane at the base of invagination. The localization of WASP and 

Arp2/3 within endocytic sites thus, largely contribute to the production of forces necessary for 

membrane shaping51. 

 

The progressive invagination of CCPs is followed by their subsequent detachment from the 

plasma membrane, forming CCVs. This process is largely mediated by the ‘scission-related protein 

module’ which facilitates constriction and scission of the neck of a mature coated pit. The GTPase 

dynamin family is the primary component within this module comprising of three isoforms in mammals: 

dynamin 1 (Dyn1) and Dyn3, which are highly expressed in neurons, and Dyn2 which is ubiquitously 

expressed70. All three share a conserved structure: an N-terminal G domain; a ‘middle’ or ‘stalk’ region; 

a pleckstrin homology domain (PH domain); a GTPase effector domain (GED); and a proline-rich domain 

(PRD) at the carboxy-terminal region71. The stalk domains of two dynamin molecules can dimerize in a 

cross-like fashion, in where two G domains orient in opposite directions71. Dynamin dimers form the 

basic unit of dynamin, which further assembles into higher-order helical structures around the neck of 

budding membranes70. The exact mechanism of dynamin-mediated scission is unclear. Recent 

crystallographic and cryo-electron microscopy (cryo-EM) studies however, have described the process as 

a ‘power stroke’, in where GTP hydrolysis by the G domain induces a twisting motion throughout the 

structure, progressively constricting the membrane towards fission71. 

 

Cell-free studies have shown that purified dynamin alone can cut synthetic lipid tubules in 

presence of GTP50. Other factors however, are likely to assist the action of dynamin in vivo due to 

identification of its several interaction partners. In particular, dynamin is recruited to budding CCVs by 

BAR (Bin, amphiphysin and Rvs) domain-containing proteins, which through their SH3 domains, 
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recognize the dynamin PRD region72. Proteins including amphiphysin and endophilin contain both SH3 

and BAR domains, of which the latter is characterized by a crescent conformation, capable of sensing 

and binding curved membranes; with preference for the highly curved neck of budding vesicles50. In 

addition, the stalk region of dynamin can directly bind F-actin, which further supports its recruitment 

and assembly onto CCPs71. Lastly, the PH domain of dynamin binds the membrane lipid PIP2, of which 

enzymatic depletion result in the catastrophic dissociation of dynamin71. Thus, dynamin mutants with 

defective PH domains exert dominant-negative effects on CME73. 

 

These three functional modules drive fundamental events in the progression of CME. This 

modular organization is conserved amongst eukaryotes, facilitating homologous molecular mechanisms 

in coat initiation, pit formation, and vesicle scission; exemplified by the endocytic protein homologues in 

yeast51. Specifically, the different protein modules induce five distinct morphological stages in vesicle 

formation, defined by ultrastructural and cell biological observations—detailed in the next section50. 

 

 

1.3.2 - Stage-specific regulation of CME 
 CME can be defined by five distinct stages: nucleation, cargo selection, clathrin-coat assembly, 

vesicle scission, uncoating and clathrin component recycling (Figure 1.3)50. 

 

(i) Nucleation represents the first stage which defines plasma membrane sites, from which CME 

is initiated. Although there is no clear consensus on the exact mechanism directing endocytic site 

initiation, many publications indicate that the adaptor protein 2 complex (AP2) plays a major role during 

the process50,51. Further discussed in section 1.3.4, AP2 is a highly conserved protein which is recruited 

to the plasma membrane by binding the anionic phospholipid PIP2. AP2 is a hetero-tetramer composed 

of four subunits which in addition to lipid binding, interacts with a diverse set of endocytic accessory 

proteins, cargo and clathrin. Distinct plasma membrane sites concentrated with PIP2 and/or endocytic 

cargo, effectively recruit, accumulate and stabilize AP2 leading to the assembly of the initial clathrin-

coat complex51. Cells expressing AP2 mutants deficient in cargo and clathrin binding, thus, fail to form 

CCPs which are unable to invaginate and rapidly abort5. 

 

Although classically regarded as the master initiator of CME, the role of AP2 at the very early 

stages of endocytosis remains controversial. Several studies demonstrate that RNAi depletion of AP2 do 
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not fully ablate clathrin sites, which although smaller and less abundant, still formed cargo-containing 

CCPs74. Conner and Schmid produced similar results by inhibiting AP2 via mutation of its activating 

regulatory kinase, AAK1 (described in section 1.3.4)75. In another study, depletion of AP2 largely 

decreased the number of productive endocytic sites—consistent with its embryonic lethal phenotype in 

mice5,62. Small, transient clathrin sites however, were still detected with similar frequency and density 

compared to control cells, indicating that other factors in addition to AP2 are likely to contribute to the 

initiation of endocytosis5,62. Henne et al., proposed an alternative mechanism which describes the role 

of the FCHo1/2 protein family (Fer/Cip4 homology domain only proteins 1 and 2) in initiating CME76. 

 

FCHo1/2 belongs to the superfamily of BAR domain proteins, which includes other endocytic 

components such as amphiphysins, endophilins and SNX972. Briefly, proteins with BAR domains 

influence membrane traffic by generating membrane curvature to sites of recruitment69. FCHo1/2 

contains a membrane-binding F-BAR domain which is unique to other BAR proteins, in recognizing less 

extreme membrane curvatures76. Through a C-terminal AP2-µ homology domain (µHD), FCHo1/2 co-

associate with two endocytic scaffold proteins eps15 and intersectin, of which functions are crucial to 

clathrin-coat progression. Indeed, the absence of the FCHo/eps15/intersectin complex result in coat-

disassembly72,76. Recently, FCHo1/2 has been proposed to be the master initiator of endocytosis, shown 

to arrive at endocytic sites preceding recruitment of AP2 and clathrin76. Henne and colleagues 

demonstrate that FCHo1/2 sites on the plasma membrane are unaffected by depletion of AP2. In 

contrast, depletion of FCHo1/2 by RNAi resulted in a loss of endocytic sites marked by AP2 and 

clathrin—concomitant with inhibition of three CME cargoes: transferrin (Tfn), low-density lipoprotein, 

and epidermal growth factor76. Overexpression of FCHo1/2 led to a dramatic increase in CCP density 

which remain dynamic and functional, as demonstrated by enhanced Tfn internalization76. Thus, 

FCHo1/2 is a major component of the initial coat module which is proposed to subsequently recruit AP2 

in directing clathrin assembly50. The precise mechanism by which FCHo1/2 is activated and recruited to 

plasma membranes in defining endocytic sites, however, remains to be elucidated51. 

 

(ii) Following nucleation and initiation of coat-assembly, is the recruitment of cargo within 

endocytic sites via adaptor proteins of the putative pioneer module51. Adaptors such as AP2, FCHo1/2, 

eps15, and the CALM family for instance, recognize and bind distinct recognition sequences on the 

cytosolic domains of transmembrane cargoes, bringing them within endocytic sites51. Recognition 

sequences include post-translational modifications such as ubiquitination and phosphorylation, and 
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linear motifs which are distinctly recognized by adaptor proteins77. Linear motifs are short sequences of 

invariant and variant amino acids, that are found in the cytosolic tails of CME cargoes77. This includes 

widely used ‘tyrosine-based’ motifs such as YXXØ, where Ø is any hydrophobic residue and X is any 

amino acid78. The transferrin receptor (TfR) for instance, is a classical cargo of CME which contains the 

canonical YXXØ motif recognized by the AP2 adaptor78. AP2 is the major adaptor which binds and 

recruits transmembrane proteins containing tyrosine-based motifs, within CCPs; and similarly, proteins 

bearing “dileucine-based” signals such as the [DE]XXXL[LI] motif79. Further detailed in section 1.3.4.4, 

YXXØ binding activates AP2, leading to the recruitment of clathrin and subsequent coat complex 

stabilization79. Cargo-specific adaptors such as Dab2 (disabled homolog 2) and ARH (autosomal recessive 

hypercholesterolemia) recognize other cytosolic signal sequences such as the [FY]XNPX[YF] motif 

present in the low density lipoprotein (LDL) receptor (LDLR)80. Recruitment of cargoes represent an 

‘endocytic checkpoint’ in the formation of bona fide CCPs, of which accumulation below a certain 

threshold lead to coat disassembly, or delay in vesicle budding51. As such, cargo recruitment is tightly 

coupled to the progressive invagination of endocytic pits, serving as a regulatory step in CME50,51.  

 

How exactly adaptors within early endocytic sites bind and recruit cargo proteins remain 

unclear, although current research indicates two possible mechanisms62. In mammalian cells, the 

fluorescent tracking of TfR and LDLR revealed a passive diffusion mechanism, bringing cargo to 

endocytic sites in a stochastic manner81. Specifically, work by Ehrlich and colleagues showed the passive 

diffusion of fluorescently tagged TfR and LDLR across the plasma membrane, which became stationary 

upon collision with pre-formed clathrin sites82. The authors showed that this co-localization 

subsequently promoted further clathrin recruitment and coat assembly—indicated by a gain in 

fluorescent-clathrin signal. Accordingly, both TfR and clathrin signals simultaneously disappeared from 

the plasma membrane, indicative of productive receptor endocytosis82. Through passive diffusion, 

physiological cargoes encounter pre-formed cargo-capturing pits, and thus, play a passive role in their 

own uptake72. 

 

TfR and LDLR are CME cargoes internalized in a constitutive manner which do not depend on 

specific internalization signals62. Other cargo including signaling receptors however, require ligand-

binding for effective recruitment into clathrin-coated structures. The epidermal growth factor (EGF) 

receptor (EGFR) for instance, is a cargo of CME which is incorporated within CCPs upon ligand 

stimulation11. Detailed in section 1.6.4, ligand binding induces conformational modifications within the 



14 
 

cytosolic domains of EGFR, leading to its ubiquitination11. In parallel to the EGFR YXXØ motif recognized 

by AP2, the post-translational ubiquitin tag is recognized by epsin and ep15 (via ubiquitin interaction 

motifs), which further augments EGFR recruitment within clathrin-coated structures (see section 

1.6.4)10,83. Similarly, G-protein coupled receptors (GPCRs) are brought into CCPs by the β-arrestin 

protein, which binds phosphorylation sites on intracellular domains of activated GPCR; and as well as to 

AP2 and clathrin assemblies10. Thus, in addition to recruitment by AP2, internalization of functionally 

distinct surface proteins within clathrin-coated assemblies, are likely to involve unique sets of regulatory 

adaptors and accessory proteins—producing heterogeneous subtypes of CCP assemblies10. 

 

(iii) AP2 and other adaptors promote the clustering of cargoes within endocytic sites. Cargo 

clustering exerts a positive effect on AP2 stabilization leading to recruitment of clathrin84. As cargo 

accumulates, membrane curvature progressively increases largely due to the action of clathrin assembly 

and the recruitment of other membrane bending proteins51. Emphasized in section 1.3.3, clathrin exists 

as a triskelion within the cytosol, which self-assembles into the protein coat upon recruitment to the 

membrane by AP2 and other adaptors85. It was postulated that clathrin could induce curvature by 

imposing the shape of its assembled lattices onto membrane recruitment sites51. Exactly how clathrin 

scaffolds the membrane into curved structures, however, remain controversial as two opposing 

mechanisms have gained substantial support from various experimental studies (see section 1.3.3.2)51.  

 

Briefly, the first model describes clathrin initially forming as flat hexagonal lattices on the inner 

side of the plasma membrane, which transitions into highly curved pentagonal buds during CME51. 

Although flat-lattices are directly visualized by electron microscopy, this model presents a questionable 

scenario due to the extremely energetically costly process—of remodeling clathrin assemblies from 

hexagonal to pentagonal structures86. Thus, it was instead proposed that clathrin polymerizes 

dynamically onto plasma membranes—growing and accumulating in response to increasing membrane 

invagination51. This second model is supported by studies which demonstrate the absence of clathrin 

assemblies on plasma membranes subjected to high membrane tension87. Nevertheless, electron 

microscopy studies have demonstrated the direct transition of flat clathrin lattices into curved 

structures88. Avinoam and colleagues for instance, demonstrate that membrane area covered by clathrin 

does not change as curvature progressively increased throughout the lifetime of a CCP; suggesting the 

invagination of pre-formed flat lattices88. In addition, using correlative light and electron microscopy 

(CLEM), Bucher and colleagues determined that flat lattices generally initiate curvature upon acquiring 
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~70% of the final clathrin content, further supporting this model86. Although no clear consensus has 

been reached, the contribution of clathrin to membrane bending is widely established as clathrin 

ablation leads to a loss in coated pits, and concomitant decrease in both TfR and EGFR endocytosis89. 

  

In addition to clathrin, actin similarly contributes in generating membrane curvature during 

formation of CCVs51. Previously discussed, actin polymerization is directed by the Arp2/3 complex, which 

is activated by WASP family proteins90. WASP binds to PIP2 located around the rim of the endocytic site, 

thereby facilitating peripheral actin assembly. From the rim, actin polymerizes into thin filaments 

growing around the budding membrane, towards the bottom edge of the invaginating vesicle51. Several 

proteins anchor actin to the plasma membrane and clathrin, forming a link through which mechanical 

forces from actin polymerization are transferred for membrane shaping. Epsin and the Huntingtin-

interacting protein 1-related protein (HIP1R) are known to bind PIP2, clathrin, and actin filaments, 

effectively tethering actin onto the endocytic machinery51. As such, deletion of epsin or HIP1R result in 

arrested endocytosis coupled with unproductive actin polymerization at endocytic sites in mammalian 

cells91,92. Other proteins such as myosin I help tether actin to the plasma membrane, although its exact 

role and mechanism remain unclear51. Despite some evidence for this model, many mammalian cells 

undergo CME in absence of actin polymerization, suggesting actin-independent mechanisms for 

membrane bending72,78. 

 

As previously described, BAR domain proteins are endocytic components which also induce 

membrane curvature, stabilize pre-existing curvature, and recruit cytoplasmic proteins to curvature 

sites93. Most BAR domains are composed of three elongated amphipathic α-helices, which upon 

dimerization with another BAR protein assumes an arc-like conformation81. These arc-shaped domains 

are naturally adapted to binding membranes with positive curvatures such that of endocytic 

structures63. Upon binding, BAR proteins can bend membranes simply by imposing its shape onto the 

membrane substrate93. In addition, amphipathic segments within the BAR domain act as wedges which 

inserts into the inner leaflet of the bilayer, causing local membrane buckling and curvature generation94. 

Curvature generated from BAR proteins further recruit additional BAR-domain effectors in a positive-

feedback manner, thus, progressively inducing membrane bending94. Early module proteins such as 

epsin and CALM clustered by clathrin polymerization, work synergistically with BAR proteins of which 

respective ENTH (epsin N-terminal homology) and ANTH (AP180 N-terminal homology) domains also 

promote curvature by amphipathic helix insertion into lipid membranes51,95. 
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Variations in arc depth exists amongst BAR domain proteins, where some are shallow (F-BAR; 

radius of 60-80nm), while others are highly curved (N-BAR; radius of 10nm)51. As such, the recruitment 

sequence of BAR proteins is hypothesized to depend on their recognition of various curvature states of 

the endocytic site51. F-BAR proteins including FCHo1/2 for example—due to their shallow arc—recognize 

membranes with less extreme curvatures, and thus, arrive at earlier stages of the endocytic process; 

exemplified by its role in endocytic initiation76. In contrast, the high curvature of N-BAR proteins 

including amphiphysins, endophilins, and sorting nexin 9 (SNX9) recognize highly curved membranes 

such as the neck of a late CCP, and therefore, recruited towards the final stages of the vesicle 

formation51. Many BAR proteins contain other functional segments including the SH3 domain69. The SH3 

domain recognizes proline-rich sequences in endocytic proteins such as the GTPase dynamin, and the 

phosphoinositide phosphatase synaptojanin, which are recruited by N-BAR proteins to the endocytic 

site50. As such, BAR domain proteins not only generate membrane curvature, but are also critical for the 

recruitment of endocytic proteins required for pit maturation. 

 

(iv) The scission event marks the maturation and productivity of a CCP, which through a 

dynamin-based machinery, is released from the plasma membrane into the cytosol51,78. As mentioned, 

dynamin is a mechano-chemical enzyme which oligomerizes and constricts the neck of an endocytic 

vesicle in a GTP-dependent manner. While three isoforms exist in vertebrates, only Dyn2 is ubiquitously 

expressed at high levels, with Dyn1 and Dyn3 enriched mostly in neurons78. All dynamin isoforms exhibit 

a high degree of structural similarity and functionality in regulating endocytic scission. Dyn1 and Dyn2 

however, have distinct biochemical properties which account for their tissue-specific functions78. Dyn1, 

is rapidly activated by calcium/calcineurin-dependent dephosphorylation (described in section 1.5) and 

can strongly induce de novo membrane curvature—ideally suited for its role in rapid endocytic recycling 

following exocytosis in neuronal systems96. In contrast, membrane fission catalyzed by Dyn2 requires 

other curvature generating endocytic component such as N-BAR proteins. The SH3 domain of N-BAR 

proteins strongly interact with the proline-rich region of Dyn2, resulting in its recruitment to highly 

curved necks of matured CCPs78. Through its interaction with N-BAR proteins, Dyn2 is thus, more 

efficiently targeted to nascent CCPs than Dyn1 in non-neuronal cells. Recruitment of Dyn2 to the neck of 

mature CCPs by BAR proteins, is proposed to coordinate the progressive acquisition of bilayer curvature 

with the recruitment of factors driving constriction, fission, and immediate post-fission processing of 

endocytic vesicles71. 
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(v) Upon scission from the plasma membrane, the newly formed intracellular CCV is rapidly 

uncoated of its clathrin-coat. This uncoating event is marked by disassembly of endocytic protein 

machineries, and subsequent traffic of the ‘naked’ vesicle within the endomembrane system51. Two 

mechanisms have been described which act synergistically in coordinating the uncoating process. The 

first mechanism involves the ATPase heat shock cognate 70 (HSC70) chaperone protein and its cofactor 

auxilin (or cyclin G-associated kinase (GAK) in non-neuronal tissues)51. Upon scission, auxilin is recruited 

onto CCVs through its tensin and clathrin-binding domain, which respectively interact with dynamin and 

clathrin97. A C-terminal J domain in auxilin recruits an ATP-bound HSC70 (ATP-HSC70), forming the 

auxilin-HSC70 complex on coated vesicles97. Although mechanistically not well-understood, the 

formation of the auxilin-HSC70 complex induces vesicle uncoating through two proposed models. In the 

‘steric wedge’ model, auxilin-HSC70 is described to act as a wedge, of which direct interaction with 

clathrin causes molecular crowding, leading to loosening and disassembly of clathrin-clathrin 

interactions51. HSC70 is an ATPase which hydrolyzes ATP to ADP required for clathrin uncoating—albeit 

through an unresolved mechanism98. The second ‘wrecking ball’ model however, suggests that ATP 

hydrolysis by HSC70 serves in inducing a conformational shift within its globular structure, resulting in its 

movement and collision with clathrin—owing to its attachment to clathrin via auxilin—leading to 

clathrin lattice disassembly51. Blocking recruitment of HSC70 via auxilin depletion result in the 

accumulation of CCVs in the cytosol, further supporting the role of the auxilin-HSC70 complex in the 

uncoating process97. 

 

The second mechanism of endocytic vesicle uncoating involves the conversion of PIP2, into PI4P 

(phosphatidylinositol-4-phosphate) by the lipid phosphatase synaptojanin (Sjn). Discussed in 1.3.5, PIP2 

is one of, if not the most important phosphoinositide for endocytosis, which binds many endocytic 

proteins recruited throughout the lifetime of an endocytic vesicle51. As previously described, PIP2 binds 

several pioneer proteins including FCHo1/2, CALM, epsin, eps15, and AP2; components of the actin 

module such as WASP and HIP1R; and scission proteins including dynamin51. Indeed, several studies 

which deplete PIP2 concomitantly demonstrate impairments in CME, presumably due to the uncoupling 

of endocytic machineries99,100. As such, PIP2 serve as an ideal regulatory hub of which turnover is 

exploited in the uncoating stages of CME—largely mediated by Sjn activity51. 

 

Further described in section 1.3.5.2, mammalian cells express two isoforms of Sjn which are 

both involved in the regulation of CME. The longer isoform, Sjn1-170 (170kDa), is found throughout the 
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formation and maturation of CCPs, owing to a C-terminal NPF (asparagine-proline-phenylalanine) 

domain which bind both AP2 and clathrin101. The exact functional roles of Sjn1-170 in clathrin-coat 

maturation however, is currently unknown; although it is presumed to regulate dynamic protein 

recruitment during clathrin-coat assembly via PIP2 turnover51,101. In contrast, the C-terminal truncated 

Sjn1-145 (145kDa) isoform is recruited during the late stages of CCP formation—appearing in a transient 

burst101. In addition to recruiting dynamin, the N-BAR domain protein endophilin also recruits Sjn1-145 

via a PRD at its C-terminus51. Indeed, endophilin, dynamin, and Sjn-145 accumulate within mature 

endocytic pits under a similar time course, indicative of coordination between vesicle scission and 

membrane uncoating processes101. It is postulated that Sjn-145 destabilizes coat-membrane interactions 

which promotes uncoating immediately after fission101. Furthermore, PI4P generated from Sjn activity, 

are converted into PI3,4P2 (phosphatidylinositol-3,4-bisphosphate) by PIK3C2A (phosphatidylinositol 4-

phosphate 3-kinase C2 domain-containing subunit α)—later converted into PI3P (phosphatidylinositol-3-

phosphate) by phosphatidylinositol 4-phosphatases, switching the vesicle from having a plasma 

membrane PIP2 profile, to an endosomal PI3P profile (see section 1.3.5.1)51. PI3,4P2 and PI3P are 

recognized by the PTEN domain present in auxilin, which effectively couples Sjn-mediated PIP2 turnover 

with recruitment of the auxilin-HSC70 uncoating machinery51. As such, genetic deletion of Sjn in neurons 

of mice resulted in the accumulation of both PIP2 and coated synaptic vesicles102. 

 

These five distinct morphological stages characterize the canonical progression of the CME 

pathway. This linear depiction of CME however, is an oversimplification of an otherwise highly complex 

process, which can be more accurately defined as the simultaneously progressions of the distinct 

endocytic stages12. Cargo recruitment, membrane bending and clathrin-polymerization for instance, 

often occur in parallel rather than sequentially, mediated by the overlapping activities of functional 

endocytic modules12. Previously mentioned, cargo-specific endocytic proteins may also be involved in 

regulating CCP dynamics, further adding to the complexity of CME. For example, CCP size—indicative of 

the degree of clathrin/AP2 recruitment, and hence stabilization—can be influenced by cargo 

composition as demonstrated by the formation of larger CCPs, upon recruitment of LDLR and its cognate 

adaptors Dab2 and ARH80. Similarly, lifetimes of CCPs on the plasma membrane may also be influenced 

by cargo content, exemplified by the longer lifetimes of CCPs containing GPCR and its respective β-

arrestin adaptor103. Longer lifetimes are indicative of ‘productive’ CCPs, which successfully matures into 

CCVs and are internalized into the cell; in contrast to ‘abortive’ CCPs which have shorter lifetimes due to 

a lack in structure stabilization—resulting in premature disassembly104. Lastly, different CME cargoes 
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have distinct internalization requirements, which impacts the maturation rate of CCPs within which they 

reside. EGFR but not TfR clathrin-mediated endocytosis for instance, is regulated by phosphatidic acid, 

while gene silencing or sequestration of AP2 strongly impairs TfR clathrin-mediated endocytosis but not 

that of EGFR in some cells74,105,106. Thus, despite the conserved endocytic stages underlying CCP 

formation, distinct cargo-specific regulatory mechanisms may fine-tune CCP dynamics, yielding 

structurally diverse endocytic assemblies. Indeed, microscopic visualization reveal striking heterogeneity 

amongst CCP structures which differ in size and lifetime, reflecting in part differences in their cargo 

protein constituents1. 

 

Given their role in influencing CCP dynamics, the recruitment of cargo within clathrin-coated 

structures remain a crucial event in the stabilization and formation of productive CCPs. Nearly ~70% of 

nascent CCPs are abortive structures, which quickly disassemble upon formation due to a lack in 

efficient cargo recruitment and stabilization107. Approximately 60-70% of these short-lived structures 

termed ‘early-abortive’ CCPs, rapidly turnover (time constant of ~5s) due to their complete deficiency in 

endocytic cargoes and hence, appropriate structural stabilization78. The second sub-population of 

abortive pits termed ‘late-abortive’ CCPs (~15s), recruit cargo but nonetheless fail to mature into 

productive CCVs, likely due to failure in structural stabilization imposed by defects in other endocytic 

components78. The remaining 30% of all CCP formations thus, represent productive CCPs (<80s) which 

are stabilized by efficient recruitment of cargo, adaptors, clathrin, and other endocytic accessory 

proteins which prevent coat disassembly and abortive turnover6. As such, CME has been proposed to be 

gated by a hypothetical endocytic checkpoint, through which only stable, cargo-containing CCPs proceed 

into maturation, and subsequent scission and internalization into the cell107.  

  

 While molecular identities and functions of most endocytic accessory proteins have been widely 

defined, mechanistic details on their spatiotemporal organization is lacking. As well, how distinct 

contributions of endocytic proteins are quantitatively graded in vesicle formation is unclear; preventing 

deterministic modeling of the endocytic process. Nevertheless, core components of the endocytic 

machinery have been identified, namely clathrin, the tetrameric adaptor protein AP2, and the 

membrane lipid PIP2, of which depletions exhibit catastrophic effects on the endocytic network12. 

Discussed in the following sections, these three components have disproportionately more interactions 

than any other proteins in the endocytic pathway, and thus, described as the major ‘hubs’ of CME—

serving as important protein-protein interaction platforms for the endocytic process (Figure 1.4)12. 
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1.3.3 - Clathrin is a hallmark hub of CME 
 Clathrin is the hallmark protein which coats endocytic vesicles during CME, and is one of its 

major hubs upon which several endocytic protein interactions converge12. Clathrin is a well-conserved 

protein found within the eukaryotic cytoplasm, characterized by its three-legged appearance referred to 

as a ‘triskelion’85,108. The clathrin triskelion is comprised of three ~190 kDa clathrin heavy chain (CHC) 

subunits which radiate from a central vertex in forming most of the clathrin structure (Figure 1.5)85. In 

addition, each CHC is associated with a ~25kDa clathrin light chain (CLC) which stably binds the proximal 

region near the CHC vertex; which can only be detached from CHCs in vivo by proteolytic action109. This 

trimeric clathrin assembly of three heavy chains associated to light chains form the basic assembly unit 

of a clathrin-coat—which interacts with other endocytic components in facilitating CME85. It is worth 

noting that while best understood to coat endocytic vesicles from the plasma membrane, clathrin also 

facilitates endocytosis from the TGN (trans-Golgi network) network to the endosomes, of which 

mechanistic details and function are further described in [108]. 

 

1.3.3.1 - Clathrin structure: CHC and CLC subunits make up the clathrin protein 

Clathrin heavy chain serve as the major architectural backbone accounting for the cage-like 

properties of clathrin lattice assemblies. In humans, two CHC isoforms exists named from their encoding 

chromosomes: CHC17 and CHC22110. Both isoforms exhibit identical structural features and are 85% 

similar at the amino acid level; differing however, in their tissue distribution and cellular functions85. 

CHC17 is well-characterized and is the major CHC isoform expressed ubiquitously amongst different 

tissues. It is involved in many intracellular membrane traffic pathways of which depletion globally 

impairs CME111. In contrast, CHC22 isoform is predominantly found in cardiac and skeletal muscles, 

though their expression levels are eight- to ten-fold lower than CHC17109. The exact roles of CHC22 is yet 

to be defined, however, they have been implicated in intracellular membrane traffic rather than in 

endocytic processes. In particular, CHC22 has been described in targeting GLUT4 transporters from the 

endoplasmic reticulum (ER) to intermediate storage compartments within the Golgi, critical in glucose 

metabolism85,108,110. Thus, CHC17 remains the primary isoform involved in CME (from here on in referred 

to as CHC, and CHC17 only when necessary to distinguish it from CHC22) of which assembly into clathrin 

lattices is further discussed in later sections. 

 

Each CHC molecule displays a ‘kinked’ conformation and can be divided into three regions: a 

proximal region, an intermediate distal region, and a globular N-terminal domain (TD)85. Briefly, the 
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proximal region is an α-solenoid structure composed of 10 helices of 10-12 residues connected by 

loops—designated as the clathrin heavy chain repeat (CHCR) motif110. This motif is responsible for the 

trimerization of three CHC subunits, forming the central C-terminal vertex, and serve as the binding site 

for clathrin light chain association110. The intermediate distal region is also comprised of CHCR motifs 

critical for clathrin-clathrin interactions during coat assembly85. Lastly, the globular N-terminal domain 

known as the ‘feet’ of the triskelion, act as the main endocytic protein interaction module, connecting 

clathrin to the endocytic machinery85. It has a seven-bladed β-propeller structure which within a clathrin 

lattice, projects towards the membrane, away from the clathrin-coat112. This conformation allows the 

terminal domain to interact within various adaptors and endocytic proteins important for cargo 

recruitment and vesicle stabilization. Lemmon and Traub describes that over 30 endocytic proteins 

physically bind clathrin through the terminal domain, of which interaction motifs have not all been 

precisely mapped112. Several sites on the clathrin TD however, have been identified, one of which 

recognizes and binds the ‘clathrin-box’ motif (LØXØ[D/E], where Ø is a bulky hydrophobic residue) 

present in endocytic adaptor proteins including AP2 and β-arrestins113,114. A second interaction site on 

this domain can also bind the W-box motif (PWXXW), found in N-BAR domain proteins such as SNX9 and 

amphiphysin112,113. Thus, through several interactions with endocytic proteins, clathrin is effectively 

linked and assembled on the plasma membrane—which in itself lacks membrane binding capabilities85. 

 

The clathrin light chain is the secondary component of a clathrin molecule, which functions as a 

regulatory module that affect trimerization of the clathrin triskelion108. Similar to the heavy chains, 

clathrin light chains exists as two isoforms in humans: clathrin light chain -a and -b (CLCa and CLCb)85. 

Both isoforms are found in most tissue types, though their expression ratios may vary; with CLCa 

enriched in lymphoid tissue and CLCb dominant in the brain109. Structurally, they are more divergent 

than CHCs exhibiting 60% similarity in protein sequence85. Despite this divergence, the physiological 

difference between CLCa and CLCb is not well-understood; wherein both isoforms are known to 

exclusively associate with CHC17 and not CHC22—indicative of their roles in endocytic clathrin 

assemblies110. 

 

CLCs can be divided into seven regions: 1) an N-terminal segment; 2) a conserved region 

between CLCa and CLCb with 100% sequence homology; 3) an Hsc70 binding domain in CLCa; 4) a 

calcium-binding domain; 5) a CHC binding site; 6) a splice site for neuronal protein inserts; and 7) a 

calmodulin-binding domain at the C-terminus85. CLC binds CHC with high affinity mediated by interaction 
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between its central CHC binding site, and the CHC proximal domain; although some reports suggest that 

CHCs may not be saturated by CLCs in every tissue85,110. Bound CLC is oriented with the N- and C-

terminal portions directed towards the distal and vertex region of CHC, respectively85. Although yet to 

defined, CLC is proposed to negatively regulate CHC assembly as demonstrated by the coat assembly of 

CHC (with bound CLCs) upon addition of calcium (non-physiological levels) in vitro110. In contrast, 

depletion of CLCs by siRNA from mammalian cells does not produce measurable effects in clathrin 

vesicle phenotype, and internalization of classical CME cargoes including TfR, LDLR, and EGFR108,109. CLCs 

were however, implicated in the uptake of three GPCRs and other large particles including viruses and 

bacteria—indicating their requirement for cargo-specific internalization109. 

 

An interesting role for CLC in CME emerges from its interaction with several endocytic 

components including HIP1R and HSC70. As previously described, HIP1R binds PIP2, clathrin, and actin 

filaments, effectively tethering actin onto the endocytic machinery51. Recruitment of HIP1R to the 

plasma membrane is proposed to be mediated by HIP1R binding to the CHC binding region of CLC109. 

HIP1R proteins are then transferred onto plasma membranes via PIP2 where it coordinates actin 

assembly around an endocytic pit110. Indeed, deletion of CLCs produce clear phenotypes in mammalian 

cells involving changes in the organization of the actin cytoskeleton110. This observation is consistent 

with CLCs role in facilitating internalization of large particles which require stronger mechanical forces in 

overcoming plasma membrane tensile strength, provided by actin filament polymerization109. Further 

highlighting its role in negatively regulating clathrin assembly, CLCa contains a unique HSC70 region 

which binds and stimulates the activity of the auxilin-HSC70 complex85. Young and colleagues showed 

that loss of clathrin light chains reduces the efficiency with which auxilin-HSC70 facilitates clathrin 

uncoating115. The exact role of this HSC70 binding site however, remain unclear, as clathrin-coats free of 

light chains continue to form and disassemble normally in vitro85. Thus, CLCs may have context-specific 

roles in regulating clathrin assembly or disassembly. 

 

1.3.3.2 - Clathrin assembles into geometrical lattices in CME 

Clathrin is an intrinsically self-assembling protein of which concentration on the plasma 

membrane result in the formation of geodesic clathrin cages85. Adaptor proteins such as AP2, 

concentrate clathrin within endocytic sites, promoting clathrin-clathrin interactions which create five-

sided pentagonal, and six-sided hexagonal rings51. The assembly of hexatonic rings lead to the formation 

of flat clathrin lattices, while assembly of pentagons form structures with curvature. The assembly of 
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either ring is contingent on the number of clathrin molecules involved, and the organization of their 

interactions51,85. Briefly, cryo-electron microscopy studies reveal that the proximal and distal domains of 

a CHC subunit within a triskelion, serve as the primary interaction site for reciprocal domains of another 

clathrin molecule85. The proximal and distal domain is separated by a ‘knee’ region which bends or 

‘kinks’ the CHC structure110. Due to its kinked shape, both domains contribute to the formation of two 

polygon edges within a ring structure (i.e., pentagonal rings have five edges connected by five vertices; 

hexagonal rings with six edges connected by six vertices). A polygonal edge is comprised of four 

intertwining clathrin leg sections from different triskelia: an anti-parallel pair of proximal domains from 

two triskelia of which vertices lie on opposite ends of the edge; and an anti-parallel pair of distal regions 

from two triskelia with vertices one edge away85. These ring structures serve as the basic building block 

unit in forming higher-ordered clathrin-coat assemblies. 

 

The number of hexagons and pentagons within a clathrin lattice defines the size and shape of 

the overall structure72. Clathrin cages reconstituted and visualized in vitro are typically >90nm in 

diameter, of which three types have been defined: a ‘mini-coat’ containing 28 triskelia arranged in a 

tetrahedral symmetry; a ‘hexagonal barrel’ comprised of 36 triskelia with a dihedral symmetry; and the 

‘soccer ball’ structure with 60 triskelia with icosahedral symmetry85,116. The mini-coat structure is the 

smallest achievable clathrin cage that can be produced, containing 12 pentagons and 8 hexagons—

albeit, probably too small to accommodate a membrane vesicle in vivo85. The hexagonal barrel is the 

most common clathrin lattice observed in in vitro assays, containing 12 pentagons and 8 hexagons of 

which size corresponds to synaptic vesicles51,81. Other cell types including fibroblast cells, may prefer 

larger clathrin cages such as the icosahedral soccer ball structure, containing 12 pentagons and 20 

hexagons—proposed to be the structure of many coated vesicles108. These prototypical clathrin lattice 

structures may exist in various sizes within the cell, reflecting the structural diversity of endocytic 

vesicles containing various cargo types98,116. 

 

Despite its intrinsic ability in forming curved geometric structures, the exact mechanisms which 

govern clathrin-coat assembly remain unclear. Specifically, how clathrin lattices form around endocytic 

membranes and their contributions to membrane bending remain controversial; where two opposing 

hypotheses have emerged in describing the process (previously discussed in 1.3.2)51. In the first model, a 

CCV is proposed to initiate as a flat lattice which progressively gains curvature, forming a CCP86. This 

structural transition involves the conversion of hexagonal rings into pentagonal structures, to 
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accommodate the spherical geometry of a budding membrane86. Although readily visualized under 

electron microscopy, this model is challenging from an energetics perspective, due to the costly process 

of breaking and forming rigid clathrin-clathrin interactions86. Nonetheless, several studies including 

recent work by Bucher and colleagues have provided experimental evidence for this model86,88. Using 

correlative light and electron microscopy, Bucher and colleagues determined that flat clathrin lattices 

are reorganized into curved structures upon reaching a clathrin density threshold of ~70% of total 

clathrin content86. The authors describe that clathrin accumulation scaffolds other endocytic 

components including adaptors and membrane bending proteins, which act against the plasma 

membrane tension in initiating membrane curvature86. Similar studies from Avinoam and colleagues 

have corroborated this hypothesis, demonstrating the existence of pre-assembled flat lattices which 

become increasingly curved while maintaining a constant surface area88. Thus, coated vesicle budding 

appears to involve the dynamic bending of pre-assembled clathrin-coats. 

 

In contrast, the second model proposes that clathrin triskelia are dynamically recruited onto 

endocytic sites—progressively accumulating around invaginating membranes51. Several in vitro studies 

support this hypothesis, demonstrating that clathrin recruitment and assembly does not occur on 

plasma membranes under high membrane tension51,87. Briefly, plasma membrane tension (PMT) is a 

force maintaining bilayer rigidity, which counteracts inward forces such that generated by endocytosis51. 

Under high tensile conditions, membrane budding is therefore inhibited, which was demonstrated to 

prevent polymerization of clathrin into geometric structures—indicative of the dynamic recruitment of 

clathrin onto budding membranes during endocytosis87. In addition, using a refined polarized total 

internal reflection fluorescence microscopy (pol-TIRF) technique, Scott and colleagues recently 

demonstrated the accumulation of clathrin within progressively invaginating endocytic sites, further 

validating this model of clathrin assembly117. Surprisingly, the authors similarly report the presence of 

pre-assembled flat lattice structures, which bend into endocytic pits within the same system117. Thus, 

despite the thermodynamically unfavourable nature of the initial model, both models appear to 

facilitate CME presumably under different physiological contexts51. Specifically how cells decide 

between the two modes however, remain unclear, but believed to be dependent on the careful 

orchestration of local biochemical, and -physical factors during the process117. 
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1.3.3.3 - Clathrin is an essential hub of CME 

Mapping the CME network identifies clathrin as a central hub, due to its several interactions 

with endocytic accessory proteins and adaptors mediating membrane traffic85. Clathrin interaction 

partners include at least 30 different endocytic proteins, most of which physically bind clathrin via the 

globular N-terminal domain12. Proteins from different endocytic modules are organized by clathrin 

during distinct stages of vesicle formation; including pioneer proteins such as FCHo1/2, CALM, 

intersectin, eps15, and AP2; actin and membrane bending components such as HIP1R, amphiphysin, and 

epsin; and scission and uncoating proteins including Sjn, auxilin and HSC70118,119. Due to these key 

interactions, inhibition or dysregulation of clathrin is often catastrophic to the overall endocytic 

process89. Indeed, disrupting CHC expression in eukaryotic cells (with the exception of yeast) result in 

decreased growth and proliferation, concomitant with a decrease in CME cargo internalization85. In 

multi-cellular organisms, CHC knockout is often embryonic lethal owing to impairments in endocytosis—

attesting to the role of clathrin in propagating life50. 

 

Interestingly, despite its diverse interaction profile and robust recruitment during endocytosis, 

clathrin lacks an intrinsic membrane binding domain, and on its own is unable to bind plasma 

membranes120. Instead, clathrin is recruited to endocytic sites by binding protein adaptors containing 

clathrin binding motifs. Adaptors such as AP2 effectively binds and links clathrin to the membrane; by 

simultaneously binding plasma membrane constituents including lipids and cargoes120. Discussed in the 

next section, AP2 therefore, is an essential component in initiating clathrin lattice assembly and 

function—serving fundamental roles in bridging clathrin with cargoes destined for CME120. 

 

 

1.3.4 - Adaptor protein-2 (AP2) complex is a major adaptor hub of CME 
After clathrin, the adaptor protein-2 (AP2) complex is the most abundant protein found 

exclusively within plasma membrane-derived CCVs121. AP2 is a heterotetrameric protein comprised of 

four subunits forming a large globular core structure, with two appendage domains connected via long 

flexible linkers79. Each AP2 subunit binds various endocytic components including phospholipids and 

surface cargo—which recruits AP2 to the plasma membrane121. In addition, AP2 also binds clathrin, 

thereby facilitating its recruitment and assembly within plasma membrane endocytic sites. Able to 

simultaneously bind membranes, cargo molecules and clathrin, the AP2 complex therefore acts a central 
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hub in CME, which in addition to its role in crosslinking clathrin to the membrane, also recruits and 

concentrates cargo within clathrin-coated structures121,122. 

 

1.3.4.1 - Adaptor protein complexes including AP2 regulates membrane traffic 

AP2 belongs to a functionally diverse family of adaptor protein (AP) complexes, of which five 

types have been identified in mammalian cells; designated adaptor protein-1 through -5 (AP1-5) (Figure 

1.6A)81. These adaptors have distinct roles in membrane traffic including both endocytic and secretory 

pathways—recruiting and enriching cargo within budding vesicles83. All adaptor complexes are 

heterotetrameric structures composed of two large subunits (X and β), one medium-sized subunit (µ), 

and one small-sized subunit (σ) arranged in a general Xβµσ structure, where ‘X’ is a variable subunit120. 

Each subunit, termed ‘adaptins’, have various isoforms of which combinatorial assembly give rise to the 

five distinct AP types; AP1-5 respectively consists of one of the unique γ/α/δ/ε/ζ large adaptin (~100-

150kDa), one of the large β1-5 adaptin (~100kDa), one of the medium-sized µ1-5 adaptin (~50kDa), and 

one of the small-sized σ1-5 adaptin (~20kDa)83. The complex of subunits form a general structure 

resembling a ‘Mickey mouse’ head, where the head (or trunk/core) is formed by the N-terminal 

segments of the large subunits, with the ‘ears’ (or appendage) composed of their C-terminal domains 

connected to the head via a flexible neck (or linker/hinge); the medium and small adaptins contribute to 

the formation of the head113. Despite their similarity in structural composition and arrangement, AP 

complexes are functionally diverse adaptors which are differentially recruited to specific intracellular 

locales, driving vesicular membrane transport between different intracellular compartments83. 

 

AP2 is a well-studied AP type which exclusively localizes to the plasma membrane in facilitating 

CME83. Further discussed in the next section, AP2 recognizes cytosolic motifs present on a wide range of 

surface proteins including receptors, nutrient transporters and adhesion molecules, enabling their 

recruitment and internalization into the cell83. Through AP2, clathrin is also recruited to the plasma 

membrane of which lattice assembly and protein scaffolding remain crucial for initiating endocytosis 

(see section 1.3.3). In contrast, other AP types such as the AP1 complex primarily localizes within 

intracellular compartments, including recycling endosomes and the TGN—mediating bi-directional cargo 

transport between these structures83. Similarly, AP3 and AP4 localizes and facilitates vesicular trafficking 

between the TGN and endosomal membranes. Specifically, AP3 mainly localizes on endosomal 

membranes, facilitating the delivery of cargo from tubular endosomes to late endosomes; and is 

involved in the generation of lysosome-related organelles (LRO)83. AP4 on the other hand, is 
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preferentially localized to the TGN where it mediates cargo transport from the TGN to endosomes. 

Lastly, the most recently discovered AP5, is found on late endosomes of which exact function however, 

remains to be uncovered83. Most AP complexes are known to recruit protein scaffolds such as Vps41 and 

SPG11/15, which are involved in facilitating cargo transport by AP3 and AP5, respectively; and clathrin 

which is used in cargo sorting by AP1, AP2 and AP383. Due to its preferential localization to the plasma 

membrane however, the AP2 complex remains the predominant AP involved in CME—and therefore, 

will be the focus of the following discussions. 

 

1.3.4.2 - The basic structure of the AP2 complex 

 The AP2 complex is the primary AP of CME composed of the large α and β2 adaptins, the 

medium µ2, and the small σ2 adaptin123. Previously discussed, the assembly of these subunits into a 

multimeric complex result in the formation of a ‘Mickey mouse’ like structure with a brick-like ‘head’ 

attached with ‘ears’ as described by Peden and colleagues124. Under electron microscopy, the head 

referred to as the ‘core/trunk’ of AP2 (~200kDa), appears as a highly compact ‘rectangular’ structure 

partly derived from the N-terminal domains of the two large α and β2 adaptins122,125,126. The α and β2 

adaptins exhibit a similar topology, respectively made up of 29 and 28 α-helices which are connected in 

forming a highly curved superhelical-solenoid arrangement125. The ear or ‘appendage’ region of AP2 

(~30kDa) is similarly derived from the same adaptin components albeit from their C-terminal regions, 

forming the α- and β2-ear domains—connected to the core via a flexible unstructured linker122. 

Described later, the core serves as the primary membrane binding module recognizing phospholipids 

and cargo molecules, with the ear domains imparting functional versatility to AP2 by binding other key 

protein components involved in CME12. 

 

The µ2 and σ2 subunits are the smaller constituents of the AP2 complex, which contributes to 

the formation of the AP2 core domain structure125. The µ2 subunit is made up of an N-terminal (N-µ2) 

and a C-terminal (C-µ2) domain held together by a disordered linker. The µ2 and σ2 subunit lay central 

within the core by binding of N-µ2 with the β2 adaptin, and σ2 to α adaptin—forming the N-µ2/β2 and 

σ2/α subunit heterodimer interface125. The N-µ2 and the σ2 subunit are almost identical in structure 

composed of a five-stranded β sheet flanked by α helices, indicative of their similar roles in the 

structural stabilization of the AP2 core125. Furthermore, the N-µ2/β2 and σ2/α subunit heterodimers are 

brought together in a multimeric arrangement, forming a shallow central dish wherein the C-µ2 domain 

sits (Figure 1.7)127. Discussed in the following section, the C-µ2 domain is an essential component of AP2 
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which binds a key motif present in several CME cargoes, essential for their recruitment and enrichment 

within CCPs125. This structural arrangement is not limited to AP2 of which multimeric assembly can be 

adapted for other AP types; albeit not as structurally defined125. 

 

1.3.4.3 - The AP2 complex bind several components of the endocytic machinery 

As a main constituent of a CCV and one of the central hubs of CME, AP2 serves a key role in the 

spatiotemporal organization of several endocytic components (Figure 1.6B)12. Through its several 

subunits, AP2 is recruited exclusively to the plasma membrane where it recruits motif-containing cargo 

proteins for incorporation within CCVs126. The N-terminal α adaptin trunk of AP2 is the primary 

membrane interaction site which binds both PIP3 (phosphatidylinositol 3,4,5- triphosphate) and PIP2; of 

which binding to the latter is indispensable for CME125,126. Further described in section 1.3.5, PIP2 is an 

essential component of CME, enriched at the plasma membrane, which serves as a substrate for the 

localization of AP2 to the cell surface128. Through x-ray crystallography, it was shown that the PIP2 

binding site exists within the first 80 amino acids of the α adaptin, which contains several basic residues 

compatible for interaction with the anionic lipid125. Specifically, site-directed mutagenesis indicates that 

lysine residues at position 55, 56 and 57 (αLys55, -56, and -57) form a basic triad which serves as the 

putative α adaptin PIP2 binding region129. Indeed, AP2 mutants with glutamines in place of the lysine 

triad are not recruited to plasma membranes, concomitant with impairments in internalization of 

classical CME cargoes such as TfR123,129. Chang and colleagues also demonstrated that α adaptin alone 

can recruit onto the plasma membrane through PIP2 interactions, further demonstrating its role in 

localizing the AP2 complex to the cell surface130. Nonetheless, although the α adaptin serve as the 

strongest determinant for localizing AP2 to the plasma membrane, two additional PIP2 binding sites 

have been identified present in the β2 adaptin and the C-µ2 domain, both of which are required for 

efficient progression of CME79,128. 

 

The crystal structure of AP2 produced by Collins and colleagues initially indicated the inability of 

the β2 adaptin trunk in binding phospholipids such as PIP2
125. The authors describe that the β2 adaptin is 

unable to bind the plasma membrane due to a missing N-terminal α-helix structure containing basic side 

chains; which is present and used by the α adaptin trunk in binding PIP2
125. More recent crystallographic 

studies on AP2 however, reveal basic lysine residues (β2Lys5, -12, -26, -27, -29, -36) from the N terminus 

of β2 adaptin which interacts with PIP2-containing membranes127. Similar to the lysine triad of the α 

adaptin trunk, mutation of these lysine sites to glutamate inhibits AP2 recruitment to the plasma 
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membrane, indicative of their role in the cellular localization of AP2127. This finding was further 

corroborated by Kadlecova and colleagues who demonstrated a decrease in the initiation rate of CCPs in 

vivo, in cells expressing a β2 adaptin mutant deficient in binding PIP2; concomitant with the inhibition of 

TfR internalization79. Thus, despite its controversial ability to bind PIP2, the β2 adaptin trunk 

nonetheless, is an essential component of AP2 required for the proper initiation of CME. 

 

The C-µ2 domain is the third phospholipid binding component of AP2, which similarly contains 

basic regions capable of PIP2 binding127. This PIP2 binding site however, is not initially accessible by the 

plasma membrane due to the position of the C-µ2 domain within the AP2 core structure79. Further 

discussed in section 1.3.4.4, AP2 exists in a ‘locked’ cytosolic state which ‘tucks’ the C-µ2 domain within 

the AP2 core, unable to interact with the plasma membrane79. The initial binding of AP2 to the plasma 

membrane via α and β2 adaptin ‘unlocks’ and activates AP2, releasing the C-µ2 domain from 

obstruction—leading to its interaction with plasma membrane components127. Specifically, 10 lysine 

residues (lys330, -334, -350, -352, -354, -356, -365, -367, -368, -373) in the C-µ2 domain have been 

identified as the putative PIP2 binding region, of which mutations into glutamate weakens the binding of 

AP2 to PIP2-containing membranes127. This decrease in AP2 binding however, was modest and does not 

decrease the initiation rates of CCPs, in contrast to mutations in the α and β2 adaptins79,127. Instead, 

binding of the C-µ2 domain to PIP2 appears to be an auxiliary event which functions in the subsequent 

stabilization and activation of plasma membrane-bound AP2127. Thus, the secondary lipid binding role of 

C-µ2 functions downstream of α- and β2-PIP2 interactions, which promotes full activation of AP2 

required for later stages in CME; including enhancement of CCP growth and maturation79. 

 

In addition to its intrinsic plasma membrane binding capability, AP2 functions as an essential 

hub in CME due to its role in binding and concentrating transmembrane cargo within clathrin-coated 

structures12. Alluded to in section 1.3.2, AP2 is a crucial cargo-recruiting component which recognizes 

short linear amino acid sequences found in the cytosolic tails of transmembrane proteins77. These 

residues include the widely used and best-characterized tyrosine-based (YXXØ) and dileucine-based 

([DE]XXXL[LI]) sorting motifs (X is any amino acids and Ø is a bulky hydrophobic amino acid), respectively 

recognized by the C-µ2 domain and the σ2 adaptin (although controversial due to reports of a β2 

adaptin dileucine binding site)79,83,126. The tyrosine motif is commonly found in classical CME cargoes 

including TfR and EGFR; with the latter also containing a dileucine-based sorting signal74,131,132. 

Recognition of these cargo motifs however, occurs only after AP2 interacts with plasma membrane 
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PIP2
127. As such, depletion of PIP2 fails to recruit AP2 onto the plasma membrane, despite the presence 

of endocytic sorting motif-containing transmembrane cargoes79,127. This observation indicates that cargo 

recognition must follow an initial PIP2 binding event—which further described in 1.3.4.4—activates AP2 

by inducing a conformational shift in its structure122. 

 

Endocytic accessory proteins required for the progression of CME are similarly recruited and 

concentrated by AP2 within budding CCVs78. The appendage domains of AP2 derived from the C-

terminal region of the α adaptin, and to a lesser extent the β2 adaptin, serve as the primary interaction 

site for accessory proteins78. Both α- and β2-appendages have a bilobal structure which recognizes short 

linear peptide sequences including the DP[FW], FxDxF and WxxF motifs present in several endocytic 

components128. Endocytic components including CALM, eps15, epsin, amphiphysin, auxilin, synaptojanin 

and AAK1 (α-adaptin-associated kinase 1) contain these motifs which are recognized by the α-

appendage domain; with some binding overlap on the β2-appendage125,133. Described in 1.3.1, these 

endocytic components define distinct stages in CME, and are crucial for the initiation and maturation of 

CCPs51. Indeed, deletion of the α-appendage domain resulted in increased formation of flat clathrin 

lattices, concomitant with a higher rate of CCP turnover and overall dysregulation of CME dynamics5. 

Interestingly, uptake of Tfn is not significantly impaired by deletion of the α-appendage domain, 

suggestive of compensatory mechanisms which facilitate overall cargo internalization5. Nonetheless, 

depletion of the AP2 complex severely inhibits Tfn internalization, largely due to the ablation of clathrin 

lattice assembly within endocytic sites on the plasma membrane74. 

 

Lastly, AP2 is a crucial component of CME due to its ability in binding and promoting the self-

assembly of clathrin on the plasma membrane79. The β2 adaptin contains the main clathrin binding site 

located on its ‘unstructured’ linker region, connecting the β2 trunk to its appendage domain122. 

Previously, the role of the β2 linker as a potential clathrin binding site had been dismissed due to great 

divergence in sequence between other β adaptin isoforms; since the clathrin binding site was 

hypothesized to be more conserved134. Shih and colleagues however, using derivatives of recombinant 

AP2 constructs, demonstrated the presence of a highly conserved ~50 residue region in the middle of 

the β2 linker structure134,135. This region was determined as the canonical clathrin box motif (LØXØ[D/E], 

where Ø is a bulky hydrophobic residue) which is recognized and bound by the N-terminal region of 

CHCs (see section 1.3.3.1)135. Similar to the C-µ2 domain and σ2 adaptin, the clathrin binding site on the 

β2 linker however, is tucked within the AP2 core in its closed cytosolic state. The recruitment and 
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assembly of clathrin lattices therefore, requires structural reorganization of AP2 into an open 

conformation, promoted by plasma membrane binding discussed in the following section135. 

 

1.3.4.4 - A large-scale conformational rearrangement in AP2 is required for CME 

 X-ray crystal structure analysis reveals at least two conformations adopted by AP2, designated 

as the inactive ‘closed’, and active ‘open’ states (Figure 1.7)127. In the cytoplasm, AP2 assumes an 

inactive autoinhibited arrangement, with its cargo and clathrin binding sites structurally obstructed 

within the core region79. In facilitating CME of surface cargo, AP2 must therefore undergo structural 

rearrangements to relieve its key interaction sites from steric inhibition125. Indeed, several studies 

including that of Jackson and colleagues, indicate large scale conformational changes in the AP2 

structure during its transition from a closed cytosolic, to an open membrane-bound state—of which 

striking feature includes the release of the C-µ2 and σ2 cargo binding domains127. Similarly, Kelly and 

colleagues demonstrates the exposure of the β2 linker containing the clathrin box motif, upon activation 

and localization of AP2 on PIP2 containing plasma membranes135. Thus, the functional significance of AP2 

on plasma membranes and in CME, is largely imparted by its intrinsic autoinhibitory mechanisms, which 

is relieved only upon encountering physiologically relevant plasma membranes135. 

 

As previously described, the α and β2 adaptin serve as the primary contact points between AP2 

and the plasma membrane, of which binding to PIP2 is required for the efficient progression of CME136. 

These AP2 adaptins readily recognize and bind plasma membrane PIP2, forming the initial steps in the 

allosteric rearrangement and activation of the AP2 structure79. Briefly, the inactive state of AP2 is 

stabilized by portions of the β2 trunk, termed the latch, which sterically blocks the C-µ2 and σ2 domains 

within the AP2 core127. Displacement of the β2 latch from the AP2 core therefore, is amongst the initial 

events involved in the ‘opening’ and activation of AP2, induced by its initial binding to the plasma 

membrane127. Tucked within the AP2 core, rearrangement of the β2 latch causes the release or ‘flipping-

out’ of the C-µ2 domain, thereby exposing its essential tyrosine-motif and PIP2 binding sites to the 

plasma membrane127. The ‘unlatched’ conformation of the C-µ2 domain is further stabilized by AAK1, 

which phosphorylates C-µ2 on Thr156 upon recruitment by the AP2 α-appendage domain in a clathrin-

dependent manner79. The phosphorylation of C-µ2 on Thr156 increases the internalization rate of CME 

cargoes including Tfn—likely due to its role in stabilizing the open conformation of AP2136. Thus, the 

initial binding of AP2 on plasma membranes induces a conformational shift, which unblocks and 
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activates key interaction sites on AP2—required for efficient AP2 stabilization and recruitment of cargo 

destined for CME123. 

 

The large-scale conformational shift in AP2 upon plasma membrane binding causes the release 

from autoinhibition of both its cargo binding motifs, which orients collinearly with the PIP2 binding 

regions—facilitating the simultaneous interaction of AP2 with PIP2/cargo-containing plasma 

membranes127. In addition to its functional role in recruiting cargo within CCPs, recognition and binding 

of AP2 to cargo sorting-motifs imparts a stabilizing effect in the open conformation of the AP2 

structure136. Specifically, binding of the C-µ2 domain to the tyrosine-based YXXØ motif reinforces the 

unlatched structure of AP2 required for efficient CME79. Kadlecova and colleagues further demonstrates 

that deletion of this cargo binding site on C-µ2 strongly impairs endocytosis of YXXØ- and dileucine-

based cargoes, and as well as other classes of CME cargoes including LDLR79. This decrease is endocytic 

efficiency is likely due to the destabilization of AP2 on the plasma membrane, corroborated by 

decreased CCP initiation rates and clathrin recruitment in C-µ2 cargo-defective mutants79. In contrast, 

the dileucine-based [DE]XXXL[LI] binding site of the σ2 adaptin appears to play a lesser role in AP2 

stabilization, of which deletion does not significantly influence overall cargo endocytosis and CME 

dynamics79. In support of its role in stabilizing AP2, YXXØ motifs are more common in plasma membrane 

cargoes than [DE]XXXL[LI] motifs, suggestive of the tyrosine-based binding requirement for AP2 

activation136. Taken together, the AP2 structure is intrinsically built to bind and recognize appropriate 

plasma membrane structures—containing both PIP2 and cargo components—ensuring fidelity of cargo 

recruitment within appropriate CME sites. 

 

The activation of AP2 on the plasma membrane imposed by conformational rearrangements, 

enable the binding and stabilization of clathrin lattice assembly indispensable for CME79. Previously 

discussed, clathrin binds AP2 via the β2 linker, which Kelly and colleagues describes as an event enabled 

only by the open conformation of AP2135. Similar to the C-µ2 domain, the β2 linker region is tucked and 

occluded within the AP2 core in its closed cytosolic state. Kelly and colleagues determined that the 

stabilization of AP2 via PIP2 and cargo interactions, is an absolute pre-requisite in releasing the β2 linker 

for clathrin recruitment135. The mere in vitro immobilization of AP2 on synthetic substrates (devoid of 

PIP2 and cargo motifs) through GST/His6 tags therefore does not promote clathrin recruitment and 

assembly, likely due to the absence of structural reorganization of AP2—induced only by PIP2 and cargo 

binding135. As such, reincorporation of PIP2 and cargo motifs within these artificial substrates efficiently 
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restored clathrin assembly, demonstrating the necessity for the hierarchical activation of AP2 in 

facilitating CME79,135. Thus, while essential in recruiting and assembling clathrin lattices, the built-in 

autoinhibitory mechanisms of AP2 prevent unwanted cytosolic clathrin interactions, which are 

facilitated only upon interaction with physiological membrane ligands135. 

 

In summary, the hierarchical activation of AP2 into an open state is defined by sequential 

allosterically regulated conformational changes, initially triggered by PIP2 binding of the α and β2 

adaptins127. The subsequent release of the C-µ2 domain provides additional PIP2 and cargo binding sites, 

further stabilizing the open conformation of AP2127. Finally, as AP2 completes its transition from a closed 

to an open state, clathrin subunits are recruited and assembled on the plasma membrane forming 

clathrin-coated structures. Through its appendage domains, AP2 recruits endocytic accessory proteins 

which aid in membrane curvature, cargo stabilization and CCP maturation137. Thus, the AP2 complex is 

an essential hub of CME, which in addition to linking clathrin to the phospholipid membrane, organizes 

the spatiotemporal recruitment of cargo and other endocytic components indispensable for the efficient 

initiation and progression of CME128. 

 

 

1.3.5 - Phosphatidylinositol-(4,5)-bisphosphate (PIP2) is a CME lipid hub 
Phosphatidylinositol-(4,5)-bisphosphate (PIP2) is a phospholipid species enriched in the inner 

leaflet of the plasma membrane, which functions as an essential organizing hub indispensable for the 

process of CME6. The importance of PIP2 in CME had been thoroughly implied in the previous sections, 

emphasized as a membrane ligand able to recruit and localize endocytic components to the plasma 

membrane. Specifically, PIP2 plays a crucial role in CCP nucleation, recruiting pioneer proteins including 

FCHO1/2, CALM, epsin, eps15, and AP2, which together coordinates the initiation of bona fide CCPs51,138. 

Its role in stabilizing endocytic assemblies is further exemplified by its requisite hydrolysis during the late 

stages of CME, which results in the disassembly of clathrin components—leading to the uncoating of 

mature CCVs. Indeed, several studies in mammalian cells report a dramatic loss in CCP initiation and 

assembly upon depletion of plasma membrane PIP2; likely attributed to the failure in recruitment of CCP 

initiating factors to the plasma membrane138. Thus, PIP2 represents a critical juncture in the regulation of 

CME, of which synthesis and turnover are implicated in the fine-tuning of the endocytic process6. 
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1.3.5.1 - PIP2 is a phosphoinositide marker of the plasma membrane 

Phosphatidylinositol (PtdIns) is one of the minor phospholipids found concentrated within the 

cytosolic surface of cell membranes, involved in several important cellular processes. PtdIns is 

composed of a glycerol backbone attached to two non-polar fatty acid chains and a D-myo-inositol polar 

head group139. The fatty acid constituents of PtdIns insert into the plasma membrane with the inositol 

head group protruding into the cytosol, representing ~10-20% of total cellular phospholipids in 

eukaryotic cells140,141. Although yet to be experimentally verified, PtdIns is thought to be largely made in 

ER membranes where the inositol head group is attached to the diacylglycerol backbone by a 

phosphatidylinositol synthase (PIS) enzyme140,142. PtdIns in the ER are then distributed throughout the 

cell presumably by several phosphatidylinositol transfer proteins (PITP) at membrane contact sites, or 

possibly through vesicular carriers142,143. In general, PtdIns serve as precursors in generating various 

phospholipid derivatives including phosphoinositides (PI), of which abundance is about one order of 

magnitude less than the overall PtdIns content141. Despite comprising only a small fraction of the total 

cellular phospholipids, PIs are implicated in numerous cellular processes—controlling almost every 

aspect of cellular life140. 

 

Phosphoinositides are the phosphorylated derivatives of PtdIns generated by various 

phosphatidylinositol kinases and phosphatases140. Phosphorylation of PtdIns occurs on the hydroxyl 

residues at the D3, D4 and D5 positions of the inositol head group, of which combinatorial 

phosphorylation give rise to seven phosphoinositide species (Figure 1.8)144. Each PI species has a unique 

subcellular distribution, enriched within distinct membrane domains which contributes to the ‘identity’ 

of different intracellular membrane compartments141,145. In addition, each PI species are recognized by 

subsets of functionally diverse protein effectors mostly via low affinity interactions, thereby 

compartmentalizing distinct biological activities within different cellular locales146. For instance, PIP2 is 

the primary phosphoinositide enriched within the plasma membrane which recruits protein effectors 

involved in CME. Previously discussed, the localization of PIP2 targets AP2 and hence, clathrin assembly 

towards appropriate endocytic sites on the plasma membrane79. Other PI species including PI4P and 

PI3P serve as signature landmarks for distinct membranes including the Golgi complex and endosomal 

structures, respectively, where they direct organelle-related processes141. Nevertheless, minor PI 

overlap may exist within common membrane domains, serving as coincident localization signals for the 

specific recruitment of effector proteins (i.e. low amounts of PI4P and PI3P are found in PIP2-enriched 

plasma membranes)145. Due to its specific enrichment in the plasma membrane and essential role in 
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CME, PIP2 will therefore be the focus of the following discussions with the interested reader directed to 

the following references detailing the biological roles of other PI species [140,141,145]. 

 

PIP2 is derived from the phosphorylation of PtdIns at the D4 and D5 positions of the inositol ring, 

comprising ~1% of the total phospholipid content from a typical mammalian plasma membrane146. Aside 

from its role in regulating CME, PIP2 is an important lipid anchor involved in many other cellular 

processes. For instance, PIP2 serves as a precursor for the generation of secondary messengers including 

inositol triphosphate, diacylglycerol, and PIP3 (phosphatidylinositol-3,4,5-triphosphate) of which 

involvement in cell signaling is well-documented in literature147. Further discussed in section 1.4, inositol 

triphosphate is a by-product of PIP2 hydrolysis which binds calcium receptors on the ER triggering 

increases in cytosolic calcium levels148. Calcium is a ubiquitous signaling molecule controlling numerous 

processes including cell proliferation, differentiation and survival/death—supporting the pleiotropic 

roles of PIP2 in regulating basic physiological functions149. In addition, PIP2 acts as a tether which 

attaches the cytoskeleton to the plasma membrane by binding actin-related protein components 

including WASP and HIP1R, thereby essential in maintaining cell rigidity and motility145. Given its diverse 

physiological roles, PIP2 is therefore a tightly regulated molecule of which critical balance between 

synthesis and turnover, is essential for maintaining optimal cellular physiology. 

 

1.3.5.2 - Distinct kinases and phosphatases regulate PIP2 levels on the plasma membrane  

PIP2 is synthesized from PtdIns via lipid kinases which catalyzes the sequential phosphorylation 

of the D4 and D5 positions of the inositol head group139. Phosphatidylinositol-4 kinase (PI4K) enzymes 

for instance, phosphorylates PtdIns at the D4 inositol ring position creating PI4P, which is subsequently 

phosphorylated by type I phosphatidylinositol phosphate kinases (PIPKI) at the D5 position forming 

PIP2
139. Alternatively, PIP2 can also be synthesized from an initial phosphorylation of PtdIns at the D5 

position by the type III PIPK (PIPKIII), of which PI5P (phosphatidylinositol-5-phosphate) product is 

converted into PIP2 by the type II PIPK (PIPKII) via phosphorylation of the D4 inositol ring position139. 

Although unlikely to majorly contribute to the pool of plasma membrane PIP2, PIP3 

(phosphatidylinositol-3,4,5-triphosphate) can likewise be converted to PIP2 by phosphoinositide 3-

phosphatases which dephosphorylates the D3 phosphate of its inositol ring144. Despite the multiple 

routes in PIP2 production, phosphorylation of PI4P by PIPKI serves as the primary route in generating the 

majority of plasma membrane PIP2, largely due to the limited amounts of basal PI5P and PIP3 on most 

mammalian cell membranes141. 
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PIPKIs are cytosolic proteins found peripherally associated on cell membranes responsible for 

the phosphorylation of PI4P into PIP2; commonly referred to as phosphatidylinositol-4-phosphate-5-

kinases (PIP5Ks)139. PIP5Ks are encoded by three genes generating three mammalian isozymes involved 

in CME: PIP5Kα, -β and -γ. While all isoforms are widely expressed and share a conserved kinase domain, 

differences in their relative tissue distribution and cellular localization give rise to their distinct roles in 

cellular processes139. PIP5Kγ for instance, is a neuronal specific isoform serving as the major producer of 

PIP2 in the brain. Within neurons, PIP2 is an important molecule which couples exo- and endocytic 

pathways necessary for retrieval of synaptic vesicles during neurotransmission141. Outside the brain, 

PIP5Kα and PIP5Kβ serve similar roles in contributing to efficient endocytosis of surface cargoes. PIP5Kβ 

regulates routine constitutive endocytosis of the TfR by increasing PIP2 concentrations for AP2 

binding139. PIP5Kα on the other hand appears to participate in the stimulated-induced endocytosis of 

plasma membrane receptors such that of the EGFR143. Indeed, mutations in PIP5Kα, -β and -γ causes 

endocytic deficiencies, of which the latter resulting in embryonic neural defects owing to reductions in 

PIP2 production139. As an essential component of CME, PIP2 production and hence, spatiotemporal 

regulation of PIP5Ks become critical in regulating CCP initiation, stabilization and maturation6. 

 

Equally important in the regulation of CME and other cellular processes, the production of PIP2 

must be accompanied with its subsequent down-regulation or turnover. While essential in CCP 

initiation, overexpression of PIP5K and subsequent accumulation of PIP2 affects actin dynamics, shown 

to decrease CME efficiency as measured by cargo internalization6,143. Although playing a minor role, 

turnover of PIP2 can be achieved by phosphorylation of its D3 position by type I phosphatidylinositol-4,5-

bisphosphate 3-kinase (PIP3K) producing PIP3 essential in growth signaling pathways (see section 

1.6.3)139,143. Conversely, PIP2 turnover can occur through dephosphorylation of either the phosphate on 

the D4 or D5 position creating PI5P and PI4P, respectively. Phosphoinositide 4-phosphatases such as the 

transmembrane protein TMEM55 mediates the dephosphorylation of PIP2 at the D4 position—of which 

functional contribution to CME however, remain unclear139. In contrast, phosphoinositide 5-

phosphatases play a predominant role in PIP2 turnover via dephosphorylation of its D5 phosphate, which 

was previously described a necessary event in the progression of CME139. 

 

Phosphoinositide 5-phosphatases or Inositol polyphosphate 5-phosphatases (INPP5s), share a 

conserved inositol 5-phosphatase (5-Ptase) domain critical for the dephosphorylation of the D5 

phosphate on PIP2
139. Several INPP5s have been implicated in membrane traffic processes including CME 
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due to their ability in binding endocytic proteins. These INPP5s include the 1) SH2-domain-containing 

inositol 5-phosphatase (SHIP2) which bind to the CCP protein component intersectin, the 2) OCRLa 

phosphatase (Oculocerebrorenal Syndrome of Lowe) which binds to clathrin and AP2, and 3) Sjn which 

binds to clathrin, AP2 and endophilin6. Of particular interest is Sjn which has been demonstrated to 

localize within CCPs throughout their lifetime, and as previously discussed, an essential CCP uncoating 

component which directly influences CME dynamics6,139. 

 

In mammalian cells, Sjn exists as two isozymes, Sjn1 and Sjn2 encoded by two different genes. 

Both isozymes share a conserved N-terminal Sac domain and a central 5-Ptase domain, varying only in 

their C-terminal region139. As a result of alternative splicing, each of Sjn1 and Sjn2 further give rise to 

various isoforms each containing unique C-terminal regions. For Sjn1, the major splice variants are the 

145-kDa (Sjn1-145) and the 170-kDa (Sjn1-170) isoforms which both contain a C-terminal proline-rich 

region139. The Sjn1-170 variant however contains an additional 30-kDa asparagine-proline-phenylalanine 

(NPF) domain responsible for binding specific endocytic proteins such as the eps15, AP2 and clathrin139. 

Sjn2 on the other hand gives rise to three variants (Sjn2-A, -B1, -B2) which structurally differ in their C-

terminal regions. All Sjn phosphatases use their central 5-Ptase domains to dephosphorylate PIP2 and 

other phosphoinositide species at the D5 position of the inositol ring139. In addition to being a 5-

phosphatase, the N-terminal Sac domains of Sjn1 and Sjn2 may also function in removing the D3 and D4 

phosphates from phosphoinositides, which is important for the conversion of PIP2 into other PI species 

during CME as described in section 1.3.2. In addition, variations in the C-terminal domains of Sjn 

enzymes allow for their unique localizations and interactions—diversifying their physiological roles 

within the cell6,139. 

 

As key enzymes essential for PIP2 turnover, both Sjn isozymes have been implicated in the 

regulation of CME. Both Sjn variants localize within clathrin-coated structures, however, Sjn1 appears to 

be the predominant isoform found in most CCPs, with Sjn2 found only within small subsets6. Specifically, 

the longer Sjn1-170 isoform localizes within CCPs throughout their lifetime, of which exact contribution 

to CME however, remain unclear. Nevertheless, Sjn1-170 has been proposed to promote the formation 

of bona fide cargo-containing CCP structures by destabilizing defective endocytic assemblies6. Briefly, 

defective endocytic assemblies are nascent CCP structures forming solely via adaptor-PIP2 interactions, 

which fail to recruit cargo along with appropriate endocytic proteins required for structural 

stabilization—and as such, susceptible to structural collapse upon PIP2 turnover by Sjn16. Productive CCP 
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structures on the other hand, are stabilized by the efficient recruitment and reciprocal interactions 

between AP2, cargo, and endocytic accessory proteins, of which maturation into CCVs persists despite 

local PIP2 turnover6. Discussed in section 1.3.2, PIP2 turnover nevertheless, is a necessary step in the 

uncoating of mature CCVs, mediated by the Sjn1-145 isoform recruited within CCPs—albeit during the 

late stages of CME101. The assembly dynamics of CCPs and overall CME is therefore dependent on the 

spatiotemporal organization of PIPKs and Sjns, which respectively regulates PIP2 synthesis and turnover6. 

 

1.3.5.3 - Phosphoinositide recognition domains recognize plasma membrane PIP2 

PIP2 serves as a plasma membrane anchor for key regulatory proteins required in CCP initiation 

and maturation, recognized and bound by several phosphoinositide recognition domains. The pleckstrin 

homology (PH) domain for instance, is a structurally well-characterized module of approximately 120 

amino acids which binds several phosphoinositide species (e.g. PI3,4P2, PIP3) including PIP2
150. Many 

proteins (~250 proteins) in the human proteome including endocytic components (e.g. intersectin and 

dynamin) have been identified containing the PH domain, structurally characterized by two 

perpendicular anti-parallel β sheets connected by a loop, followed by a C-terminal amphipathic helix150. 

Variations in loop length, surrounding amino acid sequences, and structural folds impart distinct 

phosphoinositide, and hence, PIP2 binding specificities and affinities to various PH domain-containing 

proteins—conferring diverse biological roles150. Nonetheless, PIP2 binding by the PH domain is largely 

driven by a conserved basic motif [K-Xn-(K/R)-X-R] centered on the connecting loop, in which the basic 

lysines and arginines serve essential roles in forming hydrogen bonds with the anionic head group151. 

Other PIP2 binding domains including the ENTH and ANTH modules are also found within endocytic 

proteins (e.g. epsin and AP180/CALM, respectively), providing additional PIP2 recognition sites as a part 

of a multi-domain interaction via coincidence detection140. Previously discussed, characteristic folds and 

polybasic linear sequences also form binding sites for PIP2 as demonstrated by the AP2 subunits, further 

attesting to the robust role of PIP2 in directing endocytic assemblies152. 

 

1.3.5.4 - Regulation of CME by control of PIP2 

As previously described, studies which experimentally involve the direct reduction of available 

PIP2 on the plasma membrane, prove detrimental to the process of CME, causing major defects in cargo 

internalization along with dysregulation of clathrin lattice assembly99,153,154. Jost and colleagues for 

instance, reduced available PIP2 by introducing PH domain-containing probes into cells, which strongly 

binds and sequesters the anionic lipid153. Specifically, the neomycin antibiotic compound or the PH 
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domain segment of phospholipase C-δ (further discussed in section 1.4) both effectively sequestered 

PIP2, significantly reducing AP2 binding to PIP2—causing defects in TfR clathrin-mediated endocytosis155. 

Several studies have also induced the acute depletion of plasma membrane PIP2 in cells, using a 

rapamycin/FRB/FKBP12 system. Briefly, this system involves the expression of the plasma membrane-

targeted FRB (fragment of mammalian target of rapamycin [mTOR] that binds FKBP12) protein in cells, 

along with a cytosolic 5-phosphatase fused FKBP12 (FK506 binding protein 12) protein, which 

heterodimerizes upon addition of the rapamycin compound154. The addition of rapamycin cross-links the 

two proteins thereby bringing the 5-phosphatase module to the plasma membrane, where it is 

demonstrated to catalyze the massive dephosphorylation of PIP2
99. Indeed, depletion of PIP2 using this 

system was associated with a complete blockade of both Tfn and EGF internalization, corroborated by 

the dramatic loss of clathrin structures—demonstrating the critical importance of PIP2 in clathrin-coat 

dynamics and CME99,154. 

 

While these studies involve the artificial sequestration and depletion of PIP2, distinct cellular 

processes nonetheless exist within cells which physiologically act on PIP2 in similar manners. As 

mentioned, many other proteins contain PIP2 binding domains, which in theory may compete with 

endocytic protein binding on the plasma membrane152. The MARCKS (myristoylated alanine-rich C-

kinase substrate) protein for instance, is a cytosolic protein known to bind acidic membrane lipids such 

as PIP2, effectively sequestering them from other proteins156. MARCKS contains a basic effector domain 

composed of basic residue clusters, capable of electrostatically interacting with PIP2
157. Interestingly, 

MARCKS and PIP2 are present at similar concentrations in the cell suggesting the potential sequestration 

of a significant fraction of PIP2
156. Whether or not this impacts CME similar to that exhibited by artificial 

sequestration however, is not well-understood. 

 

Likewise, PIP2 depletion is physiologically facilitated mainly by phosphodiesterase proteins 

including the phospholipase C enzyme13. Phospholipase C is activated by many signaling pathways, 

which binds and catalyzes the hydrolysis of PIP2—regarded as a major pathway in PIP2 turnover13. Given 

the requirement for PIP2 in the assembly of endocytic machineries, the fundamental question arises of 

how phospholipase C activation may impact CME through enzymatic PIP2 depletion. In the following 

sections, the potential role of phospholipase C in CME will be discussed by first describing the biology of 

the enzyme to some detail, followed by a discussion on the potential contribution of its enzymatic action 

and products in regulating the process. 
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1.4- Phospholipase C (PLC) and its potential role in CME regulation 
Phospholipase C (PLC) is a phosphodiesterase enzyme which selectively catalyzes the hydrolysis 

of the rare phospholipid PIP2
13. In doing so, PLC may directly regulate CME due to the requirement for 

PIP2 in organizing and initiating the process (see section 1.3.5). The potential role of PLC in CME 

however, is not well-understood and is one of the key questions investigated in this thesis. In addition, 

the hydrolysis of PIP2 generates secondary molecules that are involved in a variety of cellular functions 

including cell signaling, membrane traffic, and cytoskeleton regulation158. Of interest and further 

described in later sections, secondary messengers produced by PLC also induces cytosolic calcium 

increases which may similarly impact CME—indicated by the established role of calcium in augmenting 

neuronal endocytosis during neurotransmission (further described in section 1.5)96. Whether calcium 

increases generated by PLC is implicated in non-neuronal CME however, is not well-understood and is 

also a key question investigated in this work. Thus, the role of PLC in CME might be bimodal in nature, 

with one functional arm acting on the direct depletion of PIP2, with the other producing secondary 

molecules which may interact and upregulate endocytic components (Figure 1.9A). As such, this section 

will describe PLC biology in context of their diversity in regulation, activation, and potential role in CME 

regulation. 

 

Several isotypes of PLC have been identified in mammalian cells which are classified into six sub-

families: PLC-β, -γ, -δ, -ε, -ζ and -η (Figure 1.9B)13. While all capable of catalyzing PIP2 hydrolysis, each 

PLC types possesses distinctive domains which impart unique modes of activation and localization 

mechanisms; and thus, might differentially contribute to CME. Briefly, PLC is activated by various 

signaling molecules including calcium, heteromeric G proteins, small G proteins, and receptor/non-

receptor tyrosine kinases—contingent on their unique regulatory domains158.  Each isotype is expressed 

widely throughout the body, except for PLC-ζ and -η, respectively found in vertebrate sperm and 

neuronal cells13. Individual isotypes further generate splice variants in forming up to 30 different PLC 

isoforms, of which 13 have been characterized exhibiting unique tissue and subcellular distributions158. 

Due to their diversity, different PLC isoforms have been implicated in diverse functions including cell 

growth and migration, wherein PLC-γ has been found frequently enriched and mutated in various 

cancers159. Thus, differences between PLC isozyme structures impart differing regulatory and functional 

roles, which however, may or may not depend on their lipase activity160–162. 
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1.4.1 - The conserved core structure of PLCs facilitates PIP2 hydrolysis 
As a phosphodiesterase enzyme, PLC catalyzes the hydrolysis of PIP2 on the glycerol side of its 

phosphodiester bond. This reaction generates two secondary messengers: diacylglycerol (DAG) which 

remain on the plasma membrane, and inositol 1,4,5-triphosphate (IP3) which diffuses within the 

cytosol161. Later discussed, these secondary messengers serve functional roles in the propagation of 

downstream signaling pathways, of which the latter triggers cytosolic calcium increases13. All PLC 

isozymes contain a highly conserved catalytic X and Y TIM barrel domain attached together by a 

negatively charged flexible linker. The flexible linker is believed to serve as an autoinhibitory region 

which blocks the PIP2 catalytic X and Y sites13. Indeed, deletion of this flexible linker increases PLC 

activity by configuring them in a constitutively active state163. This catalytic region is further flanked by 

four EF-hand domains on the N-terminal and a single C2 domain on the C-terminal side—both of which 

bind calcium which contributes to enzyme regulation and activity163,164. The N-terminal region contains 

the PH domain which is present in all but the PLC-ζ isoform13. The PH domain as previously described, 

recognizes and binds phosphoinositide species including PIP2 to varying degrees, illustrated by the 

different specificities and affinities of the PH domains of PLCs165. The PH domain of PLC-δ for instance, 

has emerged as one of, if not the strongest known recognition domains of PIP2, targeting PLC-δ to the 

PIP2-enriched plasma membrane150,165. Specifically, due to its strong affinity to PIP2, the PLC-δ PH domain 

fused to a green fluorescent protein (GFP), is a widely used probe for the in vivo localization of the PI 

species152. Tuzi and colleagues demonstrates that the PLC-δ PH domain structure is unique in containing 

an additional hydrophobic binding module which increases membrane interaction166. These unique 

auxiliary membrane binding mechanisms might also be present in other PLC isotypes exhibiting strong PI 

sequestration, of which PH domain structures however remain to be elucidated166. In contrast, the PLC-β 

PH domain binds only weakly to PIP2, of which plasma membrane localization is largely facilitated by 

interaction of its unique domain inserts with other protein components167. 

 

 

1.4.2 - PLCs are characterized by distinct domain inserts and extensions 
Comprised of a conserved catalytic core, all PLC isotypes share a common trait in PIP2 hydrolysis, 

albeit serving different roles in diverse cellular processes due to their differential modes of activation 

and localization. It is worth noting that although similarly conserved amongst PLC isotypes, the non-

catalytic PH, C2, and EF-hand domains exhibit functional variability between different PLC types, 

uniquely regulating PLC activation and function158. In addition, PLCs diverge into various isoforms with 
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the addition of domain inserts and extensions within their amino acid sequences140. Variation in these 

inserts serve as the basis in classifying PLC isoforms within respective sub-families13. Importantly, these 

additional domains confer unique regulatory modulations in activating and localizing PLCs within distinct 

sub-cellular compartments, which are discussed next. 

 

(i) The PLC-β subtype includes four members encoded by different genes designated as PLCβ1-4, 

which are activated by G-protein coupled receptors (GPCRs)140. The PLC-β family is structurally defined 

by a unique coiled-coil (CC) domain extension at its C-terminus which play several regulatory roles13.  For 

instance, the CC domain is folded in a manner which occludes the PLC-β catalytic site, acting as an 

autoinhibitory module158. The CC domain however, also provides a binding site for the Gαq subunit of 

the Gq-coupled GPCR on plasma membranes. Binding of the Gαq subunit to the CC domain induces a 

conformational rearrangement which relives PLC-β of autoinhibition, thereby stabilizing its catalytic 

function within the vicinity of activated GPCRs13. The CC domain contains polybasic residues which is 

presumed to further aid in its PLC-β recruitment to the plasma membrane164.Through its PH domain, 

PLC-β binds and similarly activated by proteins including Gβγ, Rac, and Cdc42; and stabilized on the 

plasma membrane via PIP2 and PI3P interactions158,168. Like all PLC isotypes, PLC-β is stimulated by 

calcium binding, although its effects on overall activation with respect to other PLC-β activators have not 

been studied in detail13. PLC-β isoforms are widely expressed in many cell types, with mammalian cells 

commonly expressing at least two or three isoforms13. Differential tissue enrichment between isoforms 

however exists, with PLC-β1 and -β4 preferentially in the neural tissue; PLC-β2 within hematopoietic 

tissues; and PLC-β3 broadly expressed13,167. Indeed, differences in PLC-β cellular localization and 

regulation result in its diverse physiological roles, implicated in cardiovascular function, chemotaxis, and 

neuronal signaling167. 

 

(ii) The PLC-γ subtype includes two members encoded by different genes designated as the PLC-

γ1 and -γ2 isoforms. PLC-γ1 is the predominant isoform widely expressed in non-hematopoietic cells, 

with PLC-γ2 found primarily in immune cells13. Both isoforms however, are characterized by a large 

(~450) multi-domain insert comprised of two SH2 domains (nSH2 and cSH2), one SH3 domain, and a split 

PH (sPH) domain of which halves flank the insert at the N- and C-terminal ends13. This multi-domain 

segment is situated within the linker region between the X-Y catalytic core, which play essential roles in 

PLC-γ regulation and activation by cytosolic/receptor tyrosine kinases13,162. The SH2 domains for 

instance, serve critical roles in the activation of PLC-γ1, wherein nSH2 recognizes and binds specific 
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tyrosine-phosphorylated motifs on a variety of activated receptor tyrosine kinases (see section 1.6.3)140. 

Upon binding to receptor tyrosine kinases, PLC-γ1 is phosphorylated on several tyrosine (Tyr) residues 

including: Tyr472, -771, -775, -783, and -1254140. Specifically, phosphorylation of PLC-γ1 on Tyr783 

located between the cSH2 and SH3 domain, has been demonstrated essential for its activation140. 

Briefly, PLC-γ exists in an inactive, autoinhibited state imparted by the cSH2 domain folding which 

occludes the catalytic X-Y-site158. Phosphorylation of PLC-γ1 on Tyr783 induces a conformational shift 

relieving autoinhibition, largely due to the reorganization and binding of the cSH2 domain to the 

phosphorylated site13. PLC-γ2 is also activated through a similar mechanism via phosphorylation of 

Tyr759, albeit downstream of cytosolic receptor tyrosine kinases13. 

 

Plasma membrane targeting of PLC-γ1 is achieved by recruitment to receptor tyrosine kinases 

present on the surface. However, several domains contribute to its stabilization on plasma membranes 

including the conserved N-terminal PH domain, which is known to bind both PIP2 and PIP3 present on 

the surface168. Later described, PIP3 is a secondary metabolic product of receptor tyrosine kinase 

activation, of which concentration on the plasma membrane significantly increases upon stimulation141. 

Studies indicate that relatively high concentrations of PIP3 are required to activate PLC-γ1 in vitro, 

thereby coupling its activity with receptor tyrosine kinase activation13. In addition, the sPH domain 

within the insert folds into a tertiary structure resembling a canonical PH domain, which was similarly 

shown to interact with phosphoinositides including PIP2
169. Membrane binding of the sPH domain 

however, is conflicted by the crystal structure of PLC-γ1 which reveals a missing lipid-binding domain in 

the sPH segment, essential for phosphoinositide binding162. Despite its controversial lipid-binding role, 

the sPH domain nonetheless, has been implicated as a regulatory module which binds small GTPases 

including Rac1, essential for enzyme activation—however, only in the PLC-γ2 isoform13. Although 

unclear, the EF-hand, C2, and SH3 domains appear to similarly regulate PLC-γ activity, with the latter 

providing a recognition site for proline-rich sequences present in adaptor and scaffolding proteins—

further stabilizing PLC-γ on the plasma membrane13,143,168. 

 

Due to its ubiquitous expression in various tissues and predominant activation by receptor 

tyrosine kinases, PLC-γ1 is commonly implicated in several mitogenic processes including cellular 

growth, differentiation, migration and invasion170. Indeed, PLC-γ1-deficient mice died prematurely due 

to defects in vasculogenesis and erythrogenesis158. With its proliferative roles, dysregulation of PLC-γ1 is 

often implicated in various cancer types where it is found frequently enriched and mutated159. 
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Important to this thesis, the specific activation of the PLC-γ1 by receptor tyrosine kinases therefore 

provides a possible route through which mitogenic signals may regulate CME, important for plasma 

membrane remodeling. The PLC-γ1 isoform will therefore be the focus in considering the potential 

effects of mitogenic signals in CME regulation, later described in section 1.8. 

 

(iii) PLC-ε exists only as a single isoform in mammalian cells, expressed ubiquitously in various 

tissues, most abundantly in the heart168. It is structurally defined by an N-terminal CDC25-homology 

domain and two RA domains (RA1 and RA2) at its C-terminus158. The RA2 domain has been observed to 

bind the GTP-bound form of Ras and Rap signaling molecules, which recruit and activate PLC-ε on the 

plasma membrane and the perinuclear region, respectively158. While the precise activation mechanism 

induced by RA2 binding remain unclear, it is thought to involve a similar mechanism observed with the 

CC domain of PLC-β, of which binding to GPCR subunits relieve autoinhibition13. Importantly, the Ras and 

Rap signaling molecules are involved in several downstream signaling pathways stimulated by GPCR and 

receptor tyrosine kinase activation13,143. As such, PLC-ε may reasonably be activated by a diverse set of 

signaling pathways concomitant with activation of other PLC isoforms including PLC-β and -γ113,170. 

Activation of PLC-ε is further stabilized by its CDC25-homology domain, which acts as a GEF (guanine 

nucleotide exchange factor) for Ras—thereby forming a positive feedforward loop in attenuating PLC-ε 

activity over many tens of minutes13. Consistent with its enrichment within the heart, PLC-ε is involved 

in the development and function of cardiomyocytes, with PLC-ε-deficient mice demonstrating 

impairments in cardiac development158. 

 

(iv) In contrast to other PLC isotypes, PLC-δ which includes the -δ1, -δ3 and -δ4 isoforms, 

contain only the minimal PLC building blocks: PH, EF, X-Y and C2 domains143. Rather than direct 

regulation by signaling from various signaling receptors, the regulation of PLC-δ depends solely on its 

strong interaction with PIP2 and calcium binding140. The PLC-δ PH domain appears to be the least 

sterically hindered amongst PLC isotypes, attached to the catalytic core through a flexible, mobile 

linker164. As previously described, its PH domain also includes an auxiliary hydrophobic module which 

increases its specificity and affinity for PIP2 on the plasma membrane13,164. PIP2-mediated membrane 

binding however, is not sufficient to activate PLC-δ, which requires calcium binding for maximal 

activity13. Indeed, PLC-δ binds four calcium ions at its C2 domain, and one at its catalytic site13. Given its 

dependence on calcium, PLC-δ is extremely sensitive to calcium fluctuations, reported to be activated by 

calcium concentrations in the 10-100nM range, which curiously is the basal calcium concentration in 
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most cell types; suggesting the potentially constitutive activation state of PLC-δ171–173. Although the least 

understood PLC isoform, PLC-δ is a widely expressed protein which has been proposed to act as a signal 

amplifier for other PLC isoforms174. Described in later sections, PIP2 hydrolysis by PLCs induce cytosolic 

calcium increases, of which concentration fall within the range for PLC-δ activation13. PLC-δ may 

therefore, synergistically act with other PLC isoforms in PIP2 hydrolysis and elevating calcium levels 

involved in downstream signaling158. 

 

Similar to PLC-δ, the (v) PLC-ζ and (vi) PLC–η isoforms also exhibit the basic PLC building blocks, 

of which the former responds only to calcium due to the absence of a PH domain13. Interestingly, the X-Y 

autoinhibitory linker in PLC-ζ is positively charged, believed to be involved in membrane recruitment, 

which compensates for its lack of a PH domain13. Furthermore, these isoforms exhibit distinct tissue 

enrichment with PLC-ζ found mostly in sperm cells, and PLC–η mostly in brain tissues158. Thus, although 

able to catalyze PIP2 hydrolysis, modifications present across PLC isotypes allow each to respond to its 

own spectrum of regulatory inputs; some of which may overlap between other PLCs13. 

 

 

1.4.3 - PLCs induce cytosolic calcium increases via PIP2 hydrolysis 
PLCs are excellent catalysts which catalyze the rapid turnover of PIP2. A kinetic quantification of 

its absolute enzyme activity however, proves difficult to measure due to variabilities in PLC isoforms, 

plasma membrane lipid composition, and assay constraints. Despite this difficulty, several laboratories 

have estimated specific activities including that from the PLC-β isoform, which was determined in the 

range of 1000-5000 molecules/sec at 30oC13. Apart from its efficient turnover of PIP2, a by-product of 

PIP2 hydrolysis by PLC involves the subsequent production of cytosolic calcium increases13. Calcium is an 

important signaling molecule which exhibits pleiotropic effects in diverse signaling processes, thereby 

expanding the role of PLCs beyond the plasma membrane172. 

 

As a direct result of PIP2 hydrolysis, DAG and IP3 are produced which respectively act as a 

secondary protein anchor and signaling messenger. IP3 is an inositol ring cleaved from PIP2, with 

phosphate groups on the D1, D4 and D5 position. IP3 is a diffusible cytosolic molecule which stimulates 

the release of calcium from the ER by binding and opening IP3 receptors (IP3R)175. Upon opening of IP3R 

calcium gates, calcium efflux from the ER into the cytosol increases cytosolic calcium concentrations 

from 100nM to 500-1000nM, which is implicated in numerous cellular processes including cell 
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signaling13,172. In contrast, the glycerolipid DAG remains membrane-bound where it serves as an anchor 

for proteins such as protein kinase C (PKC). Briefly, PKC is a protein kinase which sits at the crossroads of 

many signaling events where it modifies activities of cellular proteins including receptors, enzymes, 

cytoskeletal proteins and transcription factors176. The PKC family is composed of nine isoforms encoded 

by nine genes, which can be grouped into three subfamilies based on their cofactor dependence: 

conventional PKCs (α, β, and γ) are activated by DAG and calcium; novel PKCs (δ, ε, θ, and η) are 

activated by DAG; and atypical PKs (ζ, ι) which are activated via protein scaffolds177. Regulated by DAG 

and/or calcium, conventional and novel PKCs, are therefore some of the primary downstream effectors 

of PLC activity. Aside from PKC, several calcium binding proteins (CBP) exists which bind calcium through 

any of the following modules: EF-hand domain, C2 domain, and intrinsic calcium binding pockets 

(further described in section 1.5.2)178. As a result, IP3 generated by PLC activity result in both local and 

global calcium signals that regulate numerous cellular processes179. 

 

 

1.4.4 - PLCs may regulate CME via direct PIP2 hydrolysis and/or calcium signals 
With PLC activity being a major pathway in PIP2 turnover, it is tempting to hypothesize about its 

role in CME. To date, it is not well-understood precisely how the direct consumption of PIP2 by PLC 

impacts CME. As major regulatory hub, PIP2 consumption may however, act in an antagonistic manner 

against CME, preventing AP2 activation and clathrin assembly which requires PIP2 as a membrane 

anchor78. As previously described, several studies have demonstrated that PIP2 sequestration by either 

neomycin or the PLC-δ1 PH domain reduces clathrin-mediated endocytosis of TfR155. The acute 

depletion of PIP2 was also achieved using the inducible rapamycin/FRB/FKBP12 system which was 

similarly reduces TfR internalization concomitant with the loss of global clathrin puncta structures99,154. 

Although suggestive of its inhibitory role in CME, whether these observations recapitulate the role of 

PLC in clathrin-mediated endocytosis under physiologically relevant stimuli remain unclear. 

 

The extent and context by which PLCs consume PIP2 on the plasma membrane is not well 

understood and may vary between isotypes, upstream activators and cellular localization13. Briefly, the 

insulin receptor is a plasma membrane receptor tyrosine kinase which bind the extracellular insulin 

ligand (see section 1.6)180. Insulin binding result in the simultaneous initiation of both insulin receptor 

signaling, and internalization of the insulin-insulin receptor complex through CME3,181. Carvou and 

colleagues demonstrated that PLC-δ activation by ATP-coupled GPCRs diminished insulin internalization 
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accompanied with increased inositol production as measured by inositol radiolabelling182. PLC-δ 

activation was without effect on the CME cargo β2-glycoprotein I (β2gpI), which the authors presume 

due to its basolateral distribution compared to the apical localization of both insulin receptor and ATP-

coupled GPCRs. Thus, the authors determined that signaling through PLC interferes with CME through 

localized PIP2 hydrolysis182. In contradiction to a role for PLC in consuming PIP2 to ablate CME, Eichhorn 

and colleagues show that a component of insulin receptor signaling involves the direct activation of the 

PLC-γ1 isoform183. The authors determined that inhibition of PLC-γ1 by its molecular inhibitor U73122, 

resulted in the inhibition of insulin receptor signaling and internalization183. Insulin receptor activation 

by insulin was further shown to increase production of secondary PLC by-products including DAG, 

suggesting the requirement for PLC-γ1 activity in insulin signaling183. 

 

From the previous studies, despite catalyzing similar enzymatic reactions, PLC-δ and PLC-γ1 

appear to impact CME in opposing mechanisms. While likely that the direct reduction of PIP2 by PLC may 

negatively regulate cargo internalization, its extent and physiological relevance to CME must be carefully 

considered given the many cellular contexts through which they are activated. In addition, the role of 

PLC on CME may be derived from its ability in triggering cytosolic calcium increases via secondary 

messengers, of which effect on endocytosis is well-understood, albeit in neurons96,184–186. Cytosolic 

calcium increases in neurons is well-established to enhance synaptic vesicle CME during 

neurotransmission187. Neuronal homologues of endocytic proteins—including AP2, amphiphysin, 

dynamin and synaptojanin—are present in neurons and are activated by calcium signals during 

depolarization events, enhancing CME187. Whether calcium increases derived from PLC activity similarly 

impacts CME in non-neuronal systems however, is not well-understood, of which consideration will 

provide insight in the possible mechanisms through which PLCs may regulate clathrin-mediated 

endocytosis. 

 

The following section will thus discuss the role of PLC-derived calcium signals in CME with an 

initial description of basic calcium biology. Calcium binding proteins and their respective calcium binding 

domains will subsequently be described, followed by a discussion of their role in augmenting neuronal 

CME. From here, parallels will be drawn in describing the potential role of calcium in non-neuronal CME. 

By the end of section 1.5, the reader should conceptualize the bimodal role of PLC in the potential 

regulation of CME either by i) direct PIP2 depletion, or by ii) triggering cytosolic calcium increases, or 

both. 
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1.5- Calcium and endocytosis 
Calcium is a ubiquitous molecule commonly regarded as a pre-requisite for optimal skeletal 

development. While essential in this facet, the role of calcium ions (Ca2+) extend far beyond bone 

construction, impacting nearly every aspect of cellular life188. As a small, universal cation, Ca2+ is diffused 

throughout the body, found in cells and within their extracellular environments. Along with phosphate, 

Ca2+ is one of the two main ions which dominate and facilitate signal transductions throughout the life of 

an organism172,188. From fertilization to death, a vast range of cellular functions are modified and directly 

controlled by Ca2+ levels184,188. Through alterations of local electrostatic fields and modifications of 

protein shapes and charges, Ca2+ increases and binding elicits direct effects in cellular responses to 

stimuli189. Largely dispersed throughout the body, cells however must create a gradient where an 

increase/influx in Ca2+ concentration can be decoded as a signaling event189. As such, cells invest a large 

amount of energy in creating Ca2+ gradients through its chelation, compartmentalization or extrusion 

from the cell (Figure 1.10)188. 

 

 

1.5.1 - Calcium gradients are maintained by channels and pumps 
In utilizing Ca2+ as a secondary signaling molecule, cells have developed strategies in maintaining 

its low cytosolic levels. At rest, cytosolic Ca2+ concentration is ~100nM which can rise to 500-1000nM 

during signaling events172. This increase can be derived from extracellular Ca2+ present in the range of 1-

2mM, or through intracellular compartments such as the ER with concentrations in the range of 0.1-

1mM172,188,190. The outside-to-inside chemical gradient for Ca2+ is estimated at around 15,000-40,000:1, 

creating one of the largest known physiological gradients in the body188,191,192. This gradient is created 

through coordinated efforts of various plasma membrane proteins which transport Ca2+ out of the 

cytosol. ATPase pumps for instance actively pump Ca2+ out of the cell into the extracellular space (via 

plasma membrane Ca2+ ATPases; PMCA pumps), or into the ER (via sarco-endoplasmic reticular Ca2+ 

ATPases; SERCA pumps) through ATP hydrolysis188. As a second mechanism, Na+/Ca2+ exchangers (NCX) 

and Na+/Ca2+-K+ exchangers (NCKX) pump Ca2+ into the extracellular fluid by respectively exchanging 

three Na2+ for one Ca2+ ion, and four Na2+ for the co-transport of a Ca2+ and a K+ ion188. Despite its high 

affinity for Ca2+, PMCA operates at a slow rate, pumping out one Ca2+ ion for every ATP hydrolyzed188. 

However, its high affinity allows PMCAs to remove Ca2+ even at low cytosolic concentrations, 

maintaining low internal levels over longer durations. Exchangers on the other hand have a low affinity 

for Ca2+ but operate at a rapid rate of ~5,000 Ca2+/sec193. These ion exchangers respond to rapid 
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cytosolic Ca2+ influxes, which make rapid adjustments in subsequently reducing intracellular Ca2+. Thus, 

within the cell, both ion transporters functionally complement each other in regulating intracellular Ca2+ 

concentrations. 

 

With a large electrochemical gradient, the regulated opening of Ca2+ channels both on the 

plasma membrane and within intracellular compartments result in the rapid increase in cytosolic Ca2+ 

concentrations. Voltage-operated Ca2+-selective channels (VOCs) are the fastest route through which 

extracellular Ca2+ enters the cell172,188. They are activated when a rapid change in voltage occurs across 

the plasma membrane such that in neuronal signaling or muscle contraction. Due to the large gradient, 

the opening of VOCs allows the entry of ~a million Ca2+/sec, across thousands of channels present on the 

plasma membrane. Thus, VOCs can rapidly change intracellular Ca2+ levels upon activation. In non-

excitable cells, internal Ca2+ stores within the ER can increase cytosolic Ca2+ through various channels, of 

which IP3R and ryanodine receptor (RYR) families are best characterized171,172. 

 

IP3R and RYR are Ca2+ channels on the ER which open in response to Ca2+ binding itself, either on 

their luminal or cytosolic side; in addition to receptor-specific ligands including IP3 which induces IP3R 

opening upon binding179. Ca2+ in the range of 100-300nM stimulates IP3R of which opening increases 

cytosolic Ca2+ concentration. Above 300nM, Ca2+ becomes inhibitory giving IP3R a ‘bell-shaped’  Ca2+-

dependent relationship172,193. Interestingly, IP3R opening is potentiated through binding of its IP3 ligand. 

Briefly, IP3 is a secondary by-product of the PLC-mediated PIP2 hydrolysis, which binds to its cognate 

receptor IP3R on the ER. Upon IP3 binding, IP3R becomes more sensitive to the stimulatory effects of Ca2+ 

and less on its inhibitory role, shifting from a ‘bell-shaped’ to a sigmoidal Ca2+-dependent relationship172. 

Thus, signaling events which trigger IP3 production—such that derived from PLC activation—result in 

sustained IP3R opening which largely increases cytosolic Ca2+ concentrations. While both channels are 

co-expressed in numerous cell types, RYRs are predominant in the sarcoplasmic reticulum (SR) of muscle 

cells where its opening can be stimulated by extracellular Ca2+ influx, due to its mechanical coupling with 

voltage-gated channels on the PM188. RYRs may also exhibit dependence on Ca2+ similar to that of IP3Rs, 

of which opening is stimulated by low Ca2+ concentrations, with higher concentrations playing an 

inhibitory role188. RYRs are named based on its ligand, ryanodine, made by the Ryania speciosa plant 

known to be poisonous to humans. In normal human physiology, RYRs are potentiated by binding 

diffusible second messengers such as the nicotinamide adenine dinucleotide (NAD+), cyclic ADP-ribose 

metabolites, and caffeine188,193–195. 
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1.5.2 - Calcium signals are decoded by calcium binding proteins (CBPs) 
Upon opening of Ca2+ channels, the subsequent ion increase is translated into cellular responses 

through various Ca2+-sensitive processes172. The role of Ca2+ as a key signaling molecule relies on calcium 

binding proteins (CBPs) which bind this ion using specific domains178. The major domains involved 

include the EF hand which binds one Ca2+ ion, and the C2 domain which depending on the CBP can bind 

two or three188. CBPs bind Ca2+ through these domains in a reversible process, inducing a conformational 

shift toggling their intracellular activity. By direct binding, CBPs decode Ca2+ signals through 

conformational changes which it relays onto its downstream targets193. As such, it is important to 

emphasize that Ca2+ does not participate in catalysis at the active site of enzymes, but rather act as an 

allosteric regulator in modulating conformational changes in CBPs189. 

 

The EF-hand domain is a helix-loop-helix motif resembling the perpendicular spread of the 

thumb and the index finger of a human hand178. The structure of the EF-hand has become the prototype 

for a large family of proteins which have been subdivided into 66 subfamilies189. Proteins containing this 

domain include parvalbumin, calpain, myosin, troponin C, calcineurin and calmodulin, which all exhibit 

varied affinities for Ca2+, participating in diverse signaling processes193. Calmodulin (CALcium MODUlated 

proteIN; CaM) for instance is a small, ubiquitous adapter protein capable of amplifying the diminutive 

size of Ca2+ to the scale of proteins188. It contains four EF-hand domains and is the largest and 

undoubtedly the most important Ca2+-sensing module within the cell, having changed only slightly over 

1.5 billion years of evolution188. It is involved in several processes including muscle contraction, signal 

transduction, gene transcription, ion channel modulation and metabolism172. Upon binding Ca2+, CaM 

undergoes a conformational shift which exposes hydrophobic residues on its surface, which is then in 

turn recognized by hundreds of proteins188. These proteins include kinases such as the myosin light chain 

kinase involved in muscle contraction, and the brain-abundant calmodulin dependent kinase II (CaMKII) 

involved in maintaining synaptic function196. For example, Ca2+/CaM binding relieves the autoinhibition 

in the CaMKII catalytic domain which activates its kinase activity188. Ca2+/CaM also activates 

phosphatases such as calcineurin (CaN) through a similar mechanism197. A downstream target of 

Ca2+/CaM, CaN is also an EF-containing CBP which in addition to CaM, also requires Ca2+ binding for full 

activation198. This mode of Ca2+ regulation parallels that of the protein kinase C (PKC) of which full 

activation relies on PM and Ca2+ binding, albeit through a C2 domain199. 
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Other proteins without the EF-hand domain, or the ability to bind EF-hand domain proteins such 

as CaM, may also be Ca2+-modulated through the C2 domain. The C2 domain is a ~120 amino acid 

segment which exhibit a common fold of an eight-stranded antiparallel β-sandwich connected by 

variable loops188. About two to three Ca2+ ions can bind the C2 domain with a lower affinity than EF-hand 

proteins, but similarly induce conformational changes in the CBP. To date, the best characterized C2-

containing proteins are PKC, PLC and synaptotagmin all of which translate Ca2+ signals into direct 

responses in phosphorylation, phospholipid hydrolysis and membrane fusion respectively193. Ca2+ 

binding to the C2 domain of PKC mirrors a similar removal of autoinhibition for full activation briefly 

alluded to above. Other C2-containing proteins follow a similar activation pattern requiring additional 

inputs for full activation in a coincidence manner172,193. As such, Ca2+ ability in regulating many processes 

lie in its speed and versatility, predicated on its large gradient and diversity in interacting CBPs. 

 

 

1.5.3 - Calcium is required for endocytosis in excitable cell systems 
The opening of Ca2+ channels and its subsequent influx is a fundamental event in cellular 

processes. Neurons especially, greatly depend on the fidelity of its Ca2+ channels which participate in 

synaptic transmission. Briefly, as an action potential propagates towards the terminal axon of neurons, 

VOCs become activated causing an influx of Ca2+ ions within the presynapse. The presynapse contains 

~100-200 synaptic vesicles (SVs) filled with neurotransmitters (NTs) which undergoes exocytosis in 

response to Ca2+ influx200. In general, SVs are found docked and tethered on the PM through protein-

fusion machines such as SNARE complexes and synaptotagmins188. Synaptotagmin is a CBP containing an 

N-terminal transmembrane domain, followed by a variable linker attached to two C2 domains (C2A and 

C2B). In addition to Ca2+ binding, the synaptotagmin C2A and C2B domains contain additional basic 

residues which respectively bind phosphatidylserine (PS) on the vesicle and PIP2 on the plasma 

membrane201. These interactions allow SVs to dock on the plasma membrane, primed for their 

subsequent rapid exocytosis. While the exact mechanism remains unclear, Ca2+ binding to 

synaptotagmin induces a conformational shift which causes the C2B domain to embed into the inner 

leaflet of the plasma membrane, acting as a wedge which promotes membrane bending201. This 

synaptotagmin-induced membrane bending result in the fusion of SVs with the PM which triggers 

further exocytic machineries in NT release201. 
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The exocytic release of SVs in neurons must be coupled to complementary endocytic events in 

maintaining synaptic alignment and recycling of NT-containing SVs. In fact, that NT release underlie the 

basic unit of neuronal communication, neurons have developed one of the fastest mechanisms of SV 

recycling through fast endocytosis200. Due to its speed and diversity in signaling, Ca2+ evolved as the ideal 

candidate in the coupling of exo- and endocytic events in neurons. Briefly, ‘dephosphins’ are a set of 

proteins that are phosphorylated in resting nerve terminals. These proteins include AP180, amphiphysin 

1/2, epsin, eps15, Dyn1 and synaptojanin, all of which have been directly implicated as essential for 

endocytosis (see section 1.3.2)96. AP180 is a protein isoform of the predominantly non-neuronal CALM 

protein, required for membrane bending, in addition to amphiphysin, epsin and eps15 which similarly 

work in generating membrane curvature10,100. Upon pit maturation, Dyn1, a well characterized GTPase 

excises the vesicle from the plasma membrane, while synaptojanin functions in the uncoating of clathrin 

from CCVs during CME as described in section 1.3.296,101,107. In their phosphorylated state, dephosphins 

remain inactive, unable to stimulate endocytosis. Their activation, as their name would suggest, result 

from their coordinated dephosphorylation in response to Ca2+ influx96. As discussed, nerve stimulation 

result in Ca2+ entry which activate CBPs including phosphatases such as CaN. Ca2+ binding to the CaN EF-

hand domain induces its activation and subsequent interaction with dephosphins. CaN 

dephosphorylates dephosphins, enabling them to partake in initiating endocytosis. With this role, the 

inhibition of CaN by its known inhibitor Cyclosporin A (CsA), result in the inhibition of synaptic 

transmission due to failure in vesicle recycling by endocytosis. Thus, within neurons, Ca2+ acts as an 

important signaling molecule which coordinates coupling between the exocytic release of SVs, and their 

subsequent recycling through endocytosis201. 

 

The role of Ca2+ in coupling exocytic events with compensatory endocytosis is not limited to 

neurons, where the mechanism has similarly been observed in other excitable cells. Endocrine cells for 

instance, also participate in vesicle exocytosis, of which excitation result in the massive fusion of 

secretory vesicles with the plasma membrane within a short period of time202. This process similarly 

involves calcium binding proteins including CaM and CaN, which converts Ca2+ signals into the exocytic 

response202. As such, endocrine cells demonstrate a similar dependence on Ca2+ in the regulation of 

endocytosis where it acts as a mechanism for compensatory membrane retrieval202,203. In the 

(neuro)endocrine insulin-secreting INS-1 cells, MacDonald and colleagues demonstrated the ability of 

Ca2+ in enhancing endocytosis by increasing endocytic vesicle size and fission speed. Furthermore, the 



53 
 

authors demonstrate that Ca2+ may regulate INS-1 endocytosis through a similar neuronal CaN 

dependent pathway, illustrating the conserved role of Ca2+ as an endocytic activator. 

 

 

1.5.4 - The potential role of calcium is non-excitable cell systems 
In general, Ca2+ is regarded as a signaling molecule which couples exocytosis of synaptic-like 

vesicles with rapid compensatory endocytosis203. Studies on the role of Ca2+ in endocytosis however, has 

been done almost exclusively in excitable, neuronal-like cells204. Thus, while research on the subject is 

lacking, it is tempting to hypothesize on the universal role of Ca2+ in mediating endocytosis through 

comparable mechanisms outside of the neuronal context. The understanding of how Ca2+ influx may 

regulate constitutive endocytosis in non-neuronal cells for instance, remain unclear but may reflect a 

similar mechanism to that in neurons. Derivatives of neuronal endocytic proteins exist in non-neuronal 

cells and have been identified to similarly respond to Ca2+ either through direct binding modules, or 

interaction with CBPs, providing a platform for Ca2+ in non-neuronal endocytic regulation. Proteins 

including AP2, intersectin, eps15, amphiphysin, Dyn2 and Sjn1 are just a few endocytic proteins involved 

in CME, of which functions may involve a Ca2+ regulatory component50,205. Thus, cellular processes which 

acutely elevate Ca2+ concentrations in non-neuronal cells, may play agonistic roles in the regulation of 

endocytosis. 

 

Alluded to in section 1.4, PLCs are enzymes which generates localized Ca2+ increases within 

diverse cell types through IP3 production. As such, the activation of PLCs represents an acute process by 

which localized Ca2+ increases can be generated in non-neuronal cells. The precise role of PLC-mediated 

Ca2+ increases in endocytosis however, remains to be elucidated and indeed, a question addressed in 

this work. Based on these discussions, the role of PLCs in regulating CME my therefore be bimodal in 

nature, facilitated by either or both mechanisms: 1) PIP2 hydrolysis and 2) cytosolic Ca2+ increases. 

 

Described in section 1.2.1, mitogenic signals induce a diverse set of cellular processes which 

requires, to some degree, both local and global plasma membrane reorganization events. How 

mitogenic signals may induce plasma membrane remodeling however, is mechanistically not well-

understood59–61. As previously described, mitogenic signaling by receptor tyrosine kinases are known to 

recruit and activate PLC-γ1, thereby inducing both PIP2 hydrolysis and cytosolic calcium increases206.The 

activation of PLC-γ1 by receptor tyrosine kinases may therefore, serve as a mechanistic route by which 
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mitogenic signals may regulate CME; influencing plasma membrane remodeling. The precise role of 

mitogenic-induced PLC-γ1 activities in CME regulation however, is not well-understood, serving as one 

of the major questions investigated in this work. 

 

In addition to PLC-γ1 recruitment, activation of receptor tyrosine kinases also induces their own 

internalization via CME (discussed in section 1.6.4)58,207. As such, activation of receptor tyrosine kinases 

facilitates a temporal overlap between PLC-γ1 activation and initiation of CME. The regulatory role of 

PLC-γ1 in RTK clathrin-mediated endocytosis however, is not well-defined, and will be the focus of this 

thesis in understanding how mitogenic signals may regulate overall CME. As an aside, findings from this 

work will indirectly address the role of acute calcium increases in the regulation of non-neuronal CME. 

 

Receptor tyrosine kinases are robust platforms for a wide array of signaling pathways; one of 

which involving PLC-γ1 activation. It is therefore essential to discuss receptor tyrosine kinases in detail, 

to define the network within which PLC-γ1 functions. Doing so will provide indications as to how PLC-γ1 

may regulate RTK clathrin-mediated endocytosis. The following section will thus, comprehensively 

describe receptor tyrosine kinases with emphasis on their activation mechanisms, signaling properties, 

and endocytosis. 

 

 

 

1.6- Receptor tyrosine kinase (RTK) 
Receptor tyrosine kinases (RTK) are the largest identified family of proteins belonging to the 

superfamily of enzyme-linked receptors which include serine/threonine kinase receptors, guanylyl 

cyclase receptors, and ligand-gated ion channels208,209. Their main function involves the translation of 

extracellular signals intro intracellular cues through the activation of intracellular signaling 

messengers210. Enzyme-linked receptors are transmembrane proteins found on the plasma membrane 

characterized by three domains: an extracellular ligand-binding domain, a transmembrane helical 

domain, and an intracellular domain with intrinsic catalytic activity211. RTKs are defined by the same 

three domain structure and as their name implies, possess an intrinsic tyrosine kinase activity. Its 

tyrosine kinase is activated upon RTK interaction with extracellular polypeptide signals including growth 

factors, of which binding elicits a conformational switch leading to tyrosine kinase activation212,213. The 

ligand-induced activation of RTKs lead to the phosphorylation of intracellular RTK segments which 
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recruit and activate signaling molecules. This in turn result in the generation of a wide spectrum of 

signaling cascades which play fundamental roles in cell proliferation, migration, metabolism, 

differentiation, and survival—and thus, implicated in multiple human pathologies including cancer208,214. 

 

 

1.6.1 - RTK structure: three prototypic domains 
To date, 58 RTKs have been identified in the human genome which can be divided into 20 sub-

families215. Some of the best characterized and prototypic families include EGFR, insulin receptor (IR), 

platelet-derived growth factor (PDGF) receptor (PDGFR), vascular endothelial growth factor (VEGF) 

receptor (VEGFR), fibroblast growth factor (FGF) receptor (FGFR), and the neurotrophin receptor (NR) 

family of which member tropomyosin-related kinase receptor (Trk), binds to the first characterized 

mitogenic peptide, the nerve growth factor (NGF) (Figure 1.11)211,215. All RTKs share the conserved 

structural arrangement of an extracellular N-terminal ligand-binding domain (ECD), a single hydrophobic 

α-helix transmembrane domain (TMD), and a cytosolic tyrosine kinase domain (TKD) which catalyzes the 

phosphorylation of tyrosine residues208. Beyond these similarities, RTK families diverge in displaying 

variations within the three main architectural domains, diversifying their modes of regulation, activation 

and signaling properties. 

 

RTK families for instance, vary in their ECD structures defined by characteristic arrays of 

structural motifs, capable of binding specific protein-ligands216. Structural features such as EGF-like 

motifs, cysteine-rich motifs, leucine- and glycine-rich repeats, immunoglobulin-like repeats (Ig-like), and 

fibronectin type III repeats (FNIII) can exist solely or in different combinations on the ECD, conferring 

unique ligand-binding properties to RTKs. For instance, the EGFR family which consist of four RTKs in 

humans (EGFR/ErbB1/HER1, ErbB2/HER2/neu, ErbB3/HER3, and ErbB1/HER4) share a common ECD 

made up of four parts: EGF-like domains I and III, and cysteine-rich domains II and IV217. This structure 

interacts with a family of structurally related ligands which include EGF, transforming growth factor α 

(TGF-α), betacellulin (BTC), heparin-binding EGF-like growth factor (HB-EGF), amphiregulin (ARG), 

epiregulin (EPR), epigen (EGN), and neuregulin (NRG)217. Most of these ligands are commonly made as 

membrane-bound precursor proteins, which are cleaved and released into the extracellular 

environment via proteases. In general, structurally related ligands may overlap in binding different 

receptor members, while some remain exclusive to specific receptors such as EGF and NRG, which 

respectively bind the EGFR and ErbB4217,218. Further described in section 1.6.3.1, ligand binding 
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constitutes one of the mechanisms through which RTK signaling may be diversified. Thus, despite 

sharing a common catalytic tyrosine kinase core, variations in ligand binding and receptor expression 

allow cells in propagating context-specific RTK signals. 

 

While most conserved amongst RTKs, TKDs similarly exhibit partial variability present either as a 

full-length or a split tyrosine-kinase, of which the latter is divided into two domains by a ~100 amino 

acid residue insertion termed the kinase insert domain (KID)215. While its exact functions remain unclear, 

KIDs may impose potentially significant regulatory roles as  seen with its requirement for VEGFR, PDGFR, 

and FGFR signaling215,219,220. In addition, TKDs are also regulated by an intrinsic kinase activation loop (A-

loop) built within the domain; with the exception of EGFR (described section 1.6.2.1)11. The A-loop can 

be visualized in an inactive RTK as a hinge blocking the catalytic site of TKDs. Common to most 

autoinhibitory loops, the A-loop can be modified by phosphorylation resulting in a conformational 

change which removes its inhibitory role on the TKD221. While exact phosphorylation sites may differ 

between RTK families, A-loops contain three similarly placed tyrosine residues important for 

activation221. Furthermore, TKDs are flanked by additional regulatory segments including the 

intracellular juxtamembrane (JM) region and the carboxy-terminal tail sequence (carboxy-terminal 

domain; CD)—both of which differ largely amongst RTK classes219.  

 

The JM region separates the transmembrane from the cytosolic domain and is generally not well 

conserved between RTK families. It is however, highly similar between RTK family members and shown a 

regulatory target in modulating RTK activity. The JM region of EGFR for instance, is phosphorylated on 

threonine 654 (Thr654) residue by PKC during ‘receptor transmodulation’222,223. Receptor 

transmodulation is a negative feedback mechanism which modulates the intensity and duration of RTK 

signaling, as in the case of EGFR following GPCR transactivation219,223. Briefly, GPCR agonist binding 

stimulates the release of ligands including EGF, which bind and activate EGFR on the same cell through 

an autocrine loop; the transactivation of EGFR is understood to amplify GPCR signaling which includes 

the Ras/ERK and PI3K/Akt pathways (see section 1.6.3.2)223. Referred to in section 1.4, GPCRs are known 

activators of PLCβ which subsequently activates PKC through Ca2+ influx and DAG production. 

Santiskulvong and colleagues demonstrated that the GPCR-mediated PKC activation transmodulates and 

inhibits EGFR signaling by phosphorylating the Thr654 residue on its JM region. In a GPCR context, the 

EGFR juxtamembrane region serves as a regulatory module in fine-tuning its signaling activity. As well, 

this major Thr654 phosphorylation site is attributed in the diversion of EGFR trafficking from a 
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degradative pathway, to the recycling endosome—which limits the ligand-induced down-regulation of 

EGFR signaling (see section 1.6.3.4)224. In other RTKs, the JM region may fold and act as an autoinhibitory 

loop blocking the TKD site. Phosphorylation in this segment elicits conformational changes which 

relieves the catalytic site of autoinhibition, as in the case of the ephrin (Eph) receptor family215,225. Thus, 

the JM region further serves to diversify RTK function by exerting additional regulatory layers to its 

signaling repertoires. 

 

Lastly, variations between RTK families occur largely within their CDs which remain the most 

divergent segment of the receptor molecule. CDs serve as the predominant sites of autophosphorylation 

of which occurrence remain a hallmark in RTK activation11. CD phosphorylation typically occurs on 

tyrosine residues, creating phosphotyrosine (pTyr) epitopes which act as docking sites for SH2 and PTB 

domain-containing proteins208,226. Signaling molecules with intrinsic enzymatic activities for instance, are 

docked and activated as a result of binding to pTyr residues on specific RTKs. Some of these signaling 

molecules include the non-receptor Src tyrosine kinases, SHP tyrosine phosphatases, GTPase-activating 

protein (GAP) for Ras, ubiquitin ligases, and PLC-γ1 which may facilitate CME regulation by RTKs 

investigated in this thesis215. Scaffolding proteins are also recruited and subsequently phosphorylated by 

RTKs including the insulin receptor substrate (IRS) family for IRs, FGF receptor substrate 2-α and -β 

(FRS2-α, -β) for FGF and NGF receptors, and Gab1 or Gab2 for EGFR and several other RTKs, providing 

additional recognition motifs for downstream effectors215. CDs vary between RTK families in terms of 

size and number of phosphorylation sites, giving receptors specificity in protein recruitment. As such, 

activated RTKs act as hubs which form stable complexes of signaling proteins involved in the 

propagation of diverse signaling networks215. With their implications to signal transduction, mutations in 

CDs effect dysregulated RTK signaling as observed with the ligand-independent constitutive activation of 

EGFR, resulting from a truncated CD218,227. While poorly characterized, CDs may also act as 

autoinhibitory segments of which phosphorylation is required for TKD activation215,217,218. Thus, despite 

sharing a similar molecular architecture, RTK families are uniquely regulated by both their upstream 

ligand binding modules, and as well as their regulatory cytosolic domains—consistent with the key 

regulatory roles they play in the cell11. 
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1.6.2 - RTK activation by ligand-induced dimerization 
In general, RTKs exist on the plasma membrane as monomers in their unbound, inactive state. 

Their activation and signal transducing properties rely on their ability to oligomerize into RTK dimers 

induced by ligand binding. Ligand binding induces a conformational shift, inducing monomers towards 

self-association with other RTKs through non-covalent dimerization218. Dimerization activates RTK 

activity by the physical juxtaposition of RTK domains including the ECD, TMD, and the TKD along with 

the JM and CD regions215. While activation mechanisms may differ between RTK families, it is 

demonstrated that adjacent TKDs within dimer pairs cross-phosphorylate one another in the process 

termed ‘autophosphorylation’11. With the exception of EGFR, dimerized TKDs of receptor tyrosine 

kinases generally autophosphorylate adjacent residues including the autoinhibitory A-loop, which 

initially relieves their catalytic domains from autoinhibition11. Previously mentioned, intracellular 

segments such as the JM region, KID in split-tyrosine kinase RTKs, and CDs may also act as autoinhibitory 

modules which are similarly phosphorylated in the full activation of tyrosine kinase activity215. The 

ligand-induced dimerization of RTKs is a crucial event in receptor activation which not only serve in 

releasing the tyrosine kinase from inhibition, but also in the generation of protein docking sites and 

subsequent self-enhancement of catalytic activity. 

 

1.6.2.1 - Four mechanisms of RTK dimerization 

Ligand-induced dimerization is a crucial step in RTK signaling which facilitates the strong, non-

covalent self-association between two dimerization-competent RTK monomers217. While common 

amongst RTKs, ligand-induced dimerization differs between receptor families—occurring through four 

possible mechanisms, described below208. 

 

(i) In the first mechanism, dimerization occurs due to the dimeric nature of some RTK ligands 

which simultaneously binds two RTK monomers, bringing them in proximity for autophosphorylation. 

Through “ligand-mediated” dimerization, receptors do not form direct contacts, but instead are held 

into a dimeric complex by a bivalent ligand interface11. Specifically, the NGF receptor TrkA is the best 

characterized receptor whose dimerization is found exclusively ligand-mediated. Other RTK families 

including VEGFR and PDGFR are known receptors of dimeric ligands which however, also require 

reciprocal interaction between receptors in stimulating receptor activity215. 
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(ii) The second mechanism of dimerization include both ligand-mediated and receptor-mediated 

components, of which the latter follows the former event. The VEGFR family for instance, dimerizes by 

the initial cross-linking of monomers through a dimeric VEGF ligand. In addition, ligand binding induces 

VEGFR to undergo conformational rearrangements, exposing several domains on the ECD for 

dimerization. The formation of receptor-receptor interactions in the ECD stabilizes the rigid dimer 

conformation, enabling the subsequent positioning and activation of intracellular kinase domains228. In 

this model, VEGFR is initially dimerized by ligand binding which initiates the sequential ‘zipping’ of both 

the VEGFR membrane proximal ECD domains, and its intracellular kinase. Other related RTKs including 

the Ephrin (Eph) and PDGF receptor families exhibit similar ECD arrangements, which mediate 

dimerization through ligand-mediated and receptor-mediated interactions11,228. 

 

(iii) The FGFR family of receptors similarly undergo dimerization through interactions mediated 

by both ligands and receptors. Unique with FGFRs however, is the involvement of an accessory molecule 

which aids in receptor dimerization. The extracellular cofactor heparin sulfate proteoglycan (HSPG) is a 

membrane glycoprotein which contacts both the FGF ligand, and the FGFR. The involvement of HSPG 

within the dimer is thought to aid in both cross-linking FGFR monomers and establishing ligand binding 

specificities to FGFR family members. As well, HSPG may contribute to the activation of FGFR monomers 

by shifting them from a ‘closed’ to a more ‘open’ conformation. Thus, aside from ligand-receptor and 

receptor-receptor interactions, accessory molecules such as HSPG may participate in the cross-linking 

and stabilization of activated RTK dimers as observed with FGFR11. 

 

(iv) In contrast to the oligomerizing roles of ligands described in the previous mechanisms, the 

fourth mechanism of dimerization is mediated entirely by receptor-receptor interactions. In this 

mechanism, ligands do not physically cross-link receptors but exclusively induces a conformational shift 

in promoting receptor self-association. Currently, the EGFR family remain the best studied and 

characterized RTK class, of which dimerization is found to be exclusively mediated by receptor-receptor 

interactions—and as such, will be the RTK of interest in this thesis, in understanding how PLCs may 

regulate CME. As one of the first studied RTKs for which the importance of ligand-induced dimerization 

was established, EGFR were previously thought to dimerize through ligand-mediated cross-linking—and 

deemed as the ‘prototypical’ RTK11. A series of EGF-bound EGFR crystal structures published in 2002 and 

2003 however, provided a thematic shift in the understanding of EGFR dimerization which classified its 

mechanism as an ‘extreme’ form—far from being prototypical217. These structures show that in contrast 
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to other RTKs, activating ligands of EGFR are distantly positioned from the dimer interface and do not 

engage in ligand-ligand interactions. As such, EGFR ligands do not directly cross-link EGFR monomers, 

but instead effect receptor dimerization through large-scale conformational shifts within the ECD which 

influences dimerization of the overall structure217. 

 

The EGFR ECD is made up of four domains (DI-IV) wherein the structurally related DI and DIII 

regions primarily bind activating ligands. The cysteine rich domains II and IV are also structurally related 

which serve as dimerization modules participating in receptor-receptor interactions. In its inactive, 

unbound state, EGFR monomers are observed to be in a ‘tethered’ configuration, where domains II and 

IV exist  in a closed state forming weak electrostatic interactions with one another11. Binding of the 

bivalent EGF ligand on domains I and III pulls domains II and IV apart, exposing the predominant 

‘dimerization arm’ found within the DII region. This dramatic conformational shift creates dimerization-

competent EGFR monomers which self-associates strongly through the DII dimerization arm, and weakly 

through the DIV region217. Thus, despite their lack of involvement at the dimer interface, EGF ligands 

drive the receptor-mediated dimerization of EGFR, which subsequently positions their intracellular 

domains for activation217. 

 

Unique amongst RTKs, the activation of EGFR is defined by the allosteric activation of its 

intracellular TKD, which occurs upon formation of an asymmetric dimer217. The asymmetric dimerization 

of the intracellular domains of EGFR, impart a mode of activation which does not involve the typical 

phosphorylation of the inhibitory A-loop, common to most RTKs217. The TKD of EGFR adopts a bilobed 

structure forming an N-terminal and a C-terminal lobe, connected by a flexible hinge region which 

defines an ATP binding site229. Upon ligand binding, one EGFR subunit within the dimer assumes an 

‘activator’ role, of which C-terminal TKD lobe interacts with the N-terminal TKD lobe of the adjacent 

EGFR, termed the ‘receiver’ kinase. This interaction is thought to induce allosteric changes in the N-

terminal lobe of the receiver kinase thus, activating its kinase activity230. Although phosphorylation of 

the A-loop typically required for activation of other RTKs is not involved in this mechanism, the EGFR A-

loop, nonetheless, is extruded from the active site due to conformational changes induced by the 

asymmetric interaction217. While sufficient in promoting EGFR activation, this model raises the question 

as to how the two roles are assigned between the dimeric pair. Previously regarded as a prototypical 

receptor, EGFR thus, represents the diversity which exists amongst RTKs, of which complete 

mechanisms of dimerization is yet to be fully uncovered. 
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1.6.2.2 - RTKs may exist on the plasma membrane as pre-formed dimers 

While other modes may exist, these four main modes of RTK activation are generally regarded 

as the canonical mechanisms of dimerization, of which future studies will identify new variations for 

many of the 58 human RTKs11. It is also worth emphasizing that while dimerization is understood as an 

event following ligand binding, an increasing number of studies have identified the presence of pre-

formed unbound, inactive RTK dimers215. The IR family characterizes this exception which is understood 

to exist as constitutive dimers in their unbound, inactive configurations; which however, still requires 

ligand binding for activation231. 

 

Interestingly, other receptors are observed to exhibit pre-formed dimers prior to ligand-binding 

which includes the well characterized EGFR family231,232. Seminal work from Yarden and colleagues in 

1987, first described the role of ligand binding in the dimerization of RTKs. Specifically, they observed 

that EGFR quickly assembles into dimers upon addition of the EGF ligand which initially suggested a role 

for dimerization in activation of RTKs233. Recent findings however, have challenged this notion in 

describing the presence of unbound, inactive EGFR dimers presumed in equilibrium with monomeric 

structures234. Research including that of Moriki and colleagues further describes this equilibrium to 

favour dimeric structures, illustrating that contrary to previous findings, >80% of unbound, inactive EGFR 

are constitutively dimeric in nature235. These findings suggest that EGFR monomers are inherently self-

associating molecules, which do not require the ligand-induced conformational shift within its ECD—

previously described as a requirement for its dimerization217. In support of these findings, studies have 

shown that apart from the ECD, the TM region along with other intracellular domains may promote 

receptor dimerization in the absence of ligand216,231. It remains unclear however, the cellular context by 

which homotypic interactions between these domains precede ligand binding since their contributions 

to premature dimerization appear negligible within a full-length EGFR construct216,231,236,237. Nonetheless, 

receptor stoichiometry appears to influence the pre-dimerization of unbound RTKs, wherein elevated 

expression levels appear to positively correlate with this phenomenon234. This is especially true for EGFR 

which produce unbound dimers at high expression levels, while strictly monomeric under lower 

expressions236. Work from Liu and colleagues however, obscures this finding by demonstrating the 

presence of pre-formed, unbound EGFR homo- and hetero-dimers at physiological expression levels—

further supporting this thematic shift in RTK biology238. Nonetheless, unbound, inactive EGFR dimers, are 

likely not the same as their ligand-bound counterpart due to the asymmetric nature of the latter217. 
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With this disparity, it is also important to consider the plasma membrane identity within which 

an RTK resides, as receptor assembly and hence dimerization, can be influenced by specific membrane 

microdomains3. EGFR activation and signaling for instance, may be modified depending on the identity 

of its microdomain which often involve complex lipid-protein interactions3,236. Lambert and colleagues 

for instance found that the ligand-independent dimerization of EGFR can be initiated in cholesterol 

depleted plasma membranes, suggesting the role of cholesterol and lipid rafts in the spatiotemporal 

regulation of dimerization amongst RTKs239. Using molecular dynamic simulations, Arkhipov and 

colleagues further demonstrates the potential requirement for lipid-protein interactions in stabilizing 

the inactivate state of EGFR237. They describe that anionic lipids such as PIP2 may promote and stabilize 

the homotypic interaction between TM domains in absence of ligands. In addition, they found that the 

tyrosine kinase domains contain basic patches which are sequestered by anionic lipids on the plasma 

membrane. Thus, it appears that membrane components including PIP2 may promote the dimerization 

of unbound RTKs through the TM region, but simultaneously inhibit their tyrosine kinase activity by 

electrostatic sequestration237. This is supported in previous work by Michailidis and colleagues, which 

describes a reduction in EGFR activation upon ligand binding in plasma membrane domains containing 

elevated levels of PIP2
240. Taken together, the heterogeneic nature of the plasma membrane is likely to 

impose regulatory features towards RTK activation, which may increase or decrease their propensity for 

ligand-independent clustering and signaling241. More work needs to be done in consolidating these 

findings, but whether inactive RTKs exist as monomers or dimers, ligand binding remains a requisite 

event in the stabilization and activation of RTK signaling11. 

 

1.6.2.3 - Heterodimerization as a means of signal diversification and amplification 

While the oligomerization state of unbound RTKs remain controversial, it is generally accepted 

that a change in dimerization conformation precedes tyrosine kinase activation242. Dimerization can take 

place in one of two ways: between two identical receptors (homodimerization) or between different 

members of the same receptor family (heterodimerization). Homodimerization however, is commonly 

regarded as the canonical process through which RTKs dimerize, in part due to the paucity of methods in 

quantifying heterodimeric formations. Biochemical assays which largely involve the chemical cross-

linking and subsequent immunoprecipitation of receptors, have been the primary strategies in studying 

RTK hetero-interactions216,243. While sufficient in identifying heterodimers, these techniques fail to 

recapitulate physiologically relevant conditions occurring in native PMs; incapable of quantifying rates of 
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formation, and classifying heterodimer identities216,243. Nonetheless, several RTKs are well-documented 

in literature to undergo heterodimerization, which include the well-characterized HER2 receptor. 

 

Although mechanistically not well understood, heterodimerization is believed to increase an 

RTKs ligand-binding repertoire, in addition to the amplification and diversification of its signaling 

pathways219,243. RTK signaling is predicated on tyrosine kinase activities and patterns of 

autophosphorylation within intracellular domains, which commonly differ between receptors. As such, 

variations in receptor composition within heterodimeric complexes inevitably generate diverse signaling 

pathways with varying biological outcomes215. Some members of the EGFR family for instance, undergo 

reciprocal dimerization with one another, forming heterotypic complexes with differing signaling 

properties244. Consistent with its inability to homodimerize under physiological expression, HER2 is the 

preferred heterotypic partner of all EGFR members, of which activation and signaling occurs potently 

through heterodimeric complexes217,244. In addition, activating ligands had—and has still—not been 

identified for HER2 after its characterization in 1985, which left researchers uncertain about its role 

within the cellular signaling network. Interestingly, the chromosomal localization of HER2 was found 

identical to the neu gene in rats, which during the time had been recognized as an oncogene245. It wasn’t 

until two years after its discovery that HER2 was similarly substantiated as an oncogene by Slamon and 

colleagues, who used antibody probes to measure its expression levels in primary breast tumours245. 

This pivotal work by Slamon was first to correlate HER2 expression with the pathogenesis of human 

breast cancer, of which receptor amplification was found linked with poor patient survival. Specifically, 

30% of sampled breast tumors had a ~2-20 fold HER2 amplification which corresponded with reduced 

survival and time to relapse246. Since then, HER2 became an established prognostic factor in some forms 

of human breast cancer, and as well as in other oncogenic manifestations including ovarian 

carcinomas247. 

 

Part of the oncogenicity of HER2 is attributed to its ability in promiscuously heterodimerizing 

with other EGFR members. While similar to EGFR in overall architectural arrangement, the HER2 crystal 

structure reveals an extended or ‘un-tethered’ ECD, of which fixed configuration supersedes the 

requirement for ligand binding in activation. Specifically, the HER2 ECD exists in an open conformation in 

where the dimerization arm is constitutively exposed—bypassing its requirement for a ligand-induced 

conformational shift within the ECD248. Garrett and colleagues further describe that the HER2 

ectodomain contain a greater distribution of acidic and basic residues compared to EGFR, giving HER2 a 
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larger electrostatic potential248. This large electrostatic potential is described to prevent HER2 from 

homotypic dimerization, due to electrostatic repulsions between the dimerization arm and its binding 

pocket on an adjacent HER2248. Poised for dimerization however, HER2 instead form heterodimers with 

other ligand-bound EGFR monomers, which subsequently engage in tyrosine kinase 

autophosphorylation and signaling. Thus, despite the absence of an activating ligand, HER2 receptors 

can be activated by all other EGFR members, forming heterodimers such as EGFR/HER2 and 

HER2/ErbB3—of which the latter is believed the most biologically active and pro-tumorigenic of all ErbB 

dimer complexes216. 

 

Along with HER2, ErbB3 is also unique in requiring ligand-induced heterodimerization for 

activity. While capable of forming homodimers, ErbB3 lacks critical amino acid residues involved in 

catalysis and therefore has no—or very low—tyrosine kinase activity215. As such, ErbB3 activation rely on 

heterodimerization with other receptor members including EGFR, HER2 and ErbB4, which provide 

surrogate tyrosine kinases to compensate for the non-functional catalytic domain of ErbB3210. Within 

the heterodimer, ErbB3s serve as phosphorylatable scaffolds capable of augmenting protein 

recruitment—exemplified by its powerful role in amplifying PI3-kinase activity215. With this role, ErbB3 is 

similarly implicated in oncogenic diseases including human breast cancer, of which overexpression is 

commonly observed together with HER2244. Although mechanistically unclear, other receptors such as 

VEGFR also produce heterodimeric complexes with differing signaling capabilities, serving similar roles in 

the diversification and amplification of receptor signaling232. Recently, improved methodologies have 

also identified the intrinsic amino acid residues responsible for RTK heterodimerization, albeit only in 

FGFR243. These improvements involve the powerful method of Forster resonance energy transfer (FRET), 

coupled to previously established biochemical assays—allowing researchers to quantify rates of 

formation and as well as in classifying identities of heterodimeric complexes243. Thus, although 

rudimentary in current understanding, future optimizations of research techniques will inevitably 

uncover the explicit roles of heterotypic interactions in the diversification, amplification, and 

propagation of RTKs’ diverse signaling pathways. 

 

This thesis thematically focuses on the ability of mitogenic signals in regulating CME; and hence 

influence plasma membrane remodeling. Mitogenic signaling by RTKs is specifically considered due to 

their ability in binding and activating PLC-γ1, of which potential implications on CME was described (see 

section 1.4 and 1.5). In addition, some RTKs—under various contexts—are internalized via CME upon 
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activation, providing an ideal model through which the requirement for PLC-γ1 in overall CME may be 

investigated. The comprehensive discussion on RTK diversity from the previous sections highlights 

differences in receptor structure and activation mechanisms—contingent on their physiological roles 

within mammalian systems. Important to this thesis, this diversity presents potentially distinct 

regulatory mechanisms which not only influences receptor function, but also mechanistic details of 

internalization via CME. As such, the requirement and role for PLC-γ1 in CME of the 20 distinct families 

of RTKs may vary—of which complete elucidation is both daunting and beyond the scope of this work. 

The thesis will therefore focus on EGFR which is the best-characterized RTK family, with special focus on 

EGFR homodimers. Later discussed in section 1.6.4, EGFR (from here used in referring to ErbB1, unless 

stated otherwise) homodimer internalization largely occurs via CME, of which mechanism is best-

defined amongst RTKs. Focusing on EGFR will thus, enable identification of the potential roles of PLC-γ1 

in regulating CME, providing clues as to how mitogenic signals may remodel the plasma membrane 

landscape. 

 

 

1.6.3 - RTK signaling 
Previously introduced, the diversity amongst receptor structures enable RTKs in responding to a 

wide array of extracellular cues—uniquely decoded into intracellular signals directing cell growth, 

differentiation, and function215. While conceptually straightforward, RTK signaling is complex, of which 

diverse biological processes involve a challenging amount of protein interactions196,249. The prototypical 

signaling network of the well-characterized EGFR family for instance, was determined to involve 122 

proteins which form 211 different types of interactions250. Quantitative data for the vast majority of 

these interactions however, is currently lacking which impedes the full deterministic modeling of RTK 

signaling11. Despite this complexity, extensive research on EGFR have provided useful insights in 

understanding RTK signaling topology. Specifically, biochemistry tools along with computational 

modeling have allowed systems biology in elucidating a “bow-tie” or “hourglass” network structure in 

describing RTK signaling249. Three sequential signaling layers make up this network model; the first layer 

consisting of broad input signals from ligands and multiple RTKs; the narrow second layer serving as the 

‘core processing’ stage conserved amongst RTKs; and the broad third layer representing the diverse 

biological outputs of RTK signaling249. Individual layers of the EGFR signaling architecture will be 

discussed in this section. 
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Important to this thesis, the concomitant CME of EGFR induced upon receptor activation is 

regulated by its own distinct signaling activities; which the role for the PLC-γ1 signaling pathway is 

currently undefined. The EGFR signaling network is highly interconnected, composed of distinct signaling 

pathways regulated by overlapping regulatory mechanisms. As such, understanding precisely how PLC-

γ1 may regulate EGFR clathrin-mediated endocytosis requires discussion of overall EGFR signaling 

activities. The following section will therefore discuss the basic signaling components of EGFR, in 

providing insight into the functional role of PLC-γ1 within the EGFR network. 

 

1.6.3.1 - The first layer of RTK signaling: signal input 

The first layer in the RTK bow-tie signaling topology consists of broad signaling input, derived 

from ligands and receptors which collectively induce RTK activation11. Specifically, the molecular 

diversity amongst ligands and receptors both contribute to distinct phosphorylation and hence, 

activation patterns of RTKs249. The input layer for EGFR activation for instance, primarily involve 11 

ligands and four receptor types, of which individual parameters and ligand-receptor derivatives often 

drive distinct biological outcomes11. The polypeptide growth factor ligands which activate EGFR for 

example, are extracellular signals of which concentrations vary within cellular microenvironments. All 

cells synthesize one or more growth factors commonly secreted as soluble molecules, or synthesized as 

transmembrane proteins—released into the extracellular milieu by proteases211. Furthermore, growth 

ligands may be made locally and provided within regional tissues through a group of mechanisms 

involving paracrine, autocrine, intracrine and juxtacrine interactions196. Growth factors commonly 

operate in a paracrine manner—synthesized in one cell and exerts its effects on a neighbouring cell—

locally inducing RTK activities on a cell-to-cell basis211. Ligands may also function in an endocrine 

manner, capable of remotely activating distant RTKs by entering the circulatory system196. As such, 

ligand bio-availability fluctuates within a given tissue depending on their localized production, and 

remote synthesis. With that, it is worth emphasizing that biological outputs in RTK signaling result from 

the collective summation of multiple tyrosine kinase activities, of which duration and signaling strength 

are thereby dependent on extracellular ligand concentrations211. For example, PDGF stimulation of 

PDGFR leads to both cell migration and proliferation—but within single cells are two mutually exclusive 

processes251. Donatis and Cirri further show that under low PDGF concentration, PDGFRs induce 

migration while higher concentrations result in cell proliferation. Thus, signaling inputs by ligands 

quantitatively modulate receptor activation, enabling PDGFR—and likely many other RTKs—in inducing 

variable signaling outputs251. 
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In addition to their bio-availability within the cellular microenvironment alluded to above, 

inherent ligand properties similarly contribute to the initiation of divergent signaling pathways. Many 

studies have indicated ligands to be ‘functionally selective’ capable of binding the same receptors—yet 

producing distinct cellular responses252. The 11 activating ligands of the EGFR family for instance, have 

varying receptor affinities and exclusive binding specificities implicated in distinct cellular 

processes215,253. Of prominence, is the group of ligands which include EGF, TGF-α and AR which 

competitively bind to EGFR254. The respective binding of these ligands however, elicit different 

responses as demonstrated with AR in stimulating greater motility and invasiveness in human mammary 

epithelial cells in vitro; in contrast to EGF253. As well, in transgenic mouse models, AR induces epidermal 

hyperplasia, aberrant differentiation, resistance to apoptosis, and increased inflammation of the 

epidermis—not observed with TGF-α253. In context to human diseases, the predominant expression of 

EGF in human breast cancer is associated with a more favourable prognosis, whereas TGF-α expression 

correlate to more malignant outcomes253. Similarly, non-small-cell lung carcinoma patients experience 

better prognosis when exhibiting higher EGF serum concentrations, whereas TGF-α and AR expression 

correlate to more aggressive tumor forms253. Thus, these studies suggest distinctly inherent molecular 

properties which allow ligands in eliciting diverse biological outputs—despite sharing cognate receptors. 

 

The exact mechanism by which ligands may facilitate functional selectivity is not well-

understood—although mutagenic analysis of receptor tyrosine kinase ECDs indicate the involvement of 

ligand-induced conformational rearrangements253. Ligand binding induces a conformational shift within 

the ECD of RTKs, resulting in receptor homo- or hetero- dimerization—activating the tyrosine kinase. 

Activated tyrosine kinases autophosphorylate intracellular tyrosine residues on the carboxy-terminal tail 

(CD) of adjacent dimeric partners, creating pTyr epitopes. These epitopes serve as specific docking sites 

for signaling molecules involved in several signaling cascades and thus, central to RTK signaling11. 

Previously mentioned, CDs are the most divergent segments amongst RTKs which contain distinct 

phosphorylatable tyrosine sites219. The EGFR carboxy-terminal tail for example, contains approximately 

20 phosphorylatable tyrosine residues of which dynamic phosphorylation mediate the spatiotemporal 

recruitment of signaling proteins; PDGFRβ contains 19 known phosphorylatable tyrosine residues, IR 

with 13, and TrkA with 6254–256. It is postulated by Wilson and colleagues that the phosphorylation 

patterns of these tyrosine sites are specified by distinct ligand-receptor interactions. They elaborate that 

different ligands stabilize subtly distinct ECD conformations—which through the dimeric interface—is 

transmitted to the intracellular domains, altering details of activation253. As such, diverse 
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autophosphorylation patterns can hypothetically be produced contingent on the distinct spatial 

juxtaposition of intracellular domains. In support of this hypothesis, structural comparisons between 

EGF-EGFR and TGFα-EGFR bound complexes reveal subtle differences between their ECD structures—

highlighting the plausibility of a ligand-induced receptor phosphorylation mechanism253. Through this 

mechanism, distinct ligands are presumed to mediate functional selectivity by creating 

conformationally-distinct dimers with different complements of phosphorylated tyrosine residues—

ultimately inducing unique sets of signaling pathways with diverse biological outcomes253. 

 

Evidence supporting the ligand-induced receptor phosphorylation hypothesis can be derived 

from the observation that different EGFR ligands stimulate distinct patterns of EGFR tyrosine 

phosphorylation. Gilmore and colleagues for instance, showed that EGF potently induce 

phosphorylation of Tyr1045, -1068, -1148, and -1173 in three different cell lines, whereas AR does 

not257. This differential phosphorylation pattern corresponds to distinct intracellular activities resulting 

from the differential recruitment of signaling proteins. For instance, the abundant EGF-dependent 

phosphorylation of Tyr1045 creates a docking site for the strong recruitment of the E3 ubiquitin ligase, 

Cbl (Casitas B-lineage lymphoma; c-Cbl and Cbl-b isoforms)254. Cbl is responsible for EGFR ubiquitination 

which promotes its trafficking towards the lysosomes for degradation—thereby attenuating receptor 

signaling (see section 1.6.4.1)254. Willmarth and colleagues demonstrated that AR stimulation result in 

low pTyr1045 which correlate with low EGFR ubiquitination—in contrast to EGF258. Consistent with this 

finding, they find that EGFR remained stable in human mammary epithelial cells overexpressing AR, 

whereas it was degraded in the presence of EGF—emphasizing the distinct roles of EGF and AR in RTK 

internalization and signaling258. Additionally, EGF and TGFα have similarly been found to induce 

overlapping cellular processes—however using different protein effectors259. Ellis and colleagues adds 

that EGF and TGFα both induce the equipotent stimulation of migration in fibroblast, however requiring 

the cell adhesion receptors CD44, and integrin respectively259. Taken together, by inducing distinct 

patterns of tyrosine phosphorylation through subtle conformational modifications, different ligands can 

propagate diverse RTK signaling pathways with varying strengths, durations, and overall biological 

outcomes. 

 

Able to differentially impact EGFR signaling, this thesis will therefore solely focus on the EGF 

ligand in activating EGFR, due to its role in promoting CME via Cbl binding (further discussed in section 

1.6.4.1). As well, EGF results in the phosphorylation of Tyr1173, which is one of the two preferred PLC-γ1 
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docking sites; with the other being pTyr992260. The activation of PLC-γ1 by EGF stimulation of EGFR is 

further corroborated by the downstream activation of PKC, which previously discussed, is activated in 

response to PLC-γ1 activity (see section 1.4)261. 

 

1.6.3.2 - The second layer of RTK signaling: core-processing 

Following the first layer, the broad range of signaling input converge into the secondary ‘core 

processing’ stage, where their information is collectively decoded into signaling pathways250. Analogous 

to the center of a bow-tie, the second layer represents the narrow convergence of a wide array of 

signaling input into small sets of signaling intermediates262. Friedlander et al., describes that mammalian 

signal transduction systems commonly follow this topology, wherein a set of less than 10 intracellular 

pathways mediate the conversion of information, from hundreds of possible input signals into diverse 

biological outputs262. In context of RTKs, the diverse molecular input from ligands and receptors result in 

differential receptor activation patterns, which are decoded by the cell into a relatively small number of 

intracellular signaling cascades11,241. As such, only a handful of conserved molecules and interactions 

mediate the diverse biological outputs generated from all RTKs250. It is believed that the evolution of this 

signaling architecture impart robustness to RTK signaling, which enable core processes to persist despite 

input perturbations249. With that, although individual core processes are well-understood in literature, 

how diverse input signals are summed into distinct core processes require further work of which 

complex cross-talk obscures its deterministic understanding; therefore the reader is referred to select 

publications providing insight on signal transduction modeling [249,250,262,263]. 

 

Emphasized in the previous section, information from ligand-binding are translated into 

receptor docking sites which recruit signaling proteins implicated in diverse RTK signaling pathways. 

These proteins are the foundation for a handful of canonical core signaling cascades well-defined in 

literature250. While diverse in receptor classes and sub-classes, RTK signaling is collectively limited and 

such, may be based on the comprehensively studied EGFR family11. Briefly, the EGFR signaling pathway 

is one of the best-investigated signaling systems, of which dysregulation is widely associated with 

human malignancies; attested by the amount of drugs in clinical use targeting these receptors264. At the 

time of writing, a PubMed search for the term ‘EGFR’ returned ~50,000 publications of which vast 

majority involve uncovering details of receptor activation, expression, and relevance to cancer265. 

Reflecting this importance, its core-processing modules are experimentally and computationally well 

characterized allowing for its dynamic analysis. Using this multitude of data, Oda and colleagues 
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comprehensively compiled a map of the EGFR signaling pathway highlighting key processes involved250. 

It is well understood that other RTK families utilize these canonical pathways with variations in location, 

intensity and duration220,249. Thus, although explicit in describing EGFR signaling, signaling properties of 

other RTK families may draw parallels from the following discussions; of key protein-protein interactions 

facilitating intracellular RTK network cascades. 

 

1.6.3.2.1 - Activated EGFR recruits a diverse array of signaling proteins 

Activation of EGFR leads to the phosphorylation of its tyrosine residues creating specific docking 

sites for downstream signaling proteins, containing Src-homology 2 (SH2) and phosphotyrosine-binding 

(PTB) domains254. SH2 and PTB domains recognize pTyr sites and are found in diverse proteins including 

enzymes of distinct catalytic functions, and adapters with specific interactions226. The SH2 and PTB 

domains however, recognize pTyr sites in an appropriate amino acid context, imparting specificity in 

binding activated RTKs and other tyrosine phosphorylated effectors226. EGFR for instance, bind SH2-

containing proteins with enzymatic activities such as phosphodiesterase PLC-γ1, the non-receptor 

tyrosine kinase Src, phosphatidylinositol 3-kinase (PI3K), phosphotyrosine phosphatase SHP2, GAP for 

Ras, and ubiquitin ligase Cbl; and adaptor proteins such as growth receptor-bound protein 2 (Grb2), 

Grb2-associated binding protein 1 (Gab1), and Src homology domain-containing adaptor protein C 

(Shc)254. Enzymatic effectors directly translate EGFR activation into intracellular responses creating 

signaling intermediates, while adaptor and scaffold proteins act in recruiting additional signaling 

proteins to the receptor—of which collective activities stimulate various intracellular signaling 

pathways266. In addition, other structural modules are utilized by these proteins in facilitating distinct 

biological functions including phospholipid binding domains: PH or FYVE, C1, and C2 which respectively 

bind PIP2/PIP3, DAG, and calcium; and the SH3 domain recognizing sequences with proline residues 

important in protein-protein interactions226. As such, activated RTKs form unique signaling platforms, of 

which protein complexes propagate core signaling processes267. Later described in section 1.6.4, 

activated EGFR similarly induces the recruitment of endocytic proteins required for CME, of which 

binding and assembly may be modulated by several of the mentioned effectors including PLC-γ1, Cbl, 

and Grb2. 

 

The major EGFR signaling cascades in humans include the (1) MAPK pathway, and the (2) 

PI3K/Akt pathway; with other key intracellular pathways including the (3) Src, (4) STAT, and the (5) PLC-

γ1 pathway (Figure 1.12)267,268. Other RTK families similarly activate these common pathways although 
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the location, intensity, and duration of such signaling events exhibit unique patterns contingent on 

ligand, RTK, and cell-type. In this manner, the signaling system is capable of distinctly controlling cell 

function despite propagation of conserved core processes220. 

 

The following discussions will thus extensively describe key mechanistic events in the 

propagation of distinct EGFR pathways. Although not explicitly crucial in the investigation of the role of 

PLC-γ1 in EGFR clathrin-mediated endocytosis, discussion of the major EGFR pathways nonetheless, 

provide contextual insight into potential mechanisms which may interact and influence PLC-γ1 activities. 

Later described in section 1.6.4, the role of PLC-γ1 in CME may also be indirectly inferred from 

measurements of EGFR signaling activation (e.g. PI3K/AKT)—thus, warranting comprehensive 

discussion4. 

 

1.6.3.2.2 - The MAPK pathway: A high-profile signaling pathway conserved amongst RTKs 

The MAPK pathway is one of the major and best studied RTK signaling pathway involving the 

mitogen-activated protein kinase (MAPK) which regulate important processes such as cell proliferation, 

gene expression, differentiation, mitosis, cell survival, and apoptosis269. The pathway is triggered by the 

Grb2 adaptor which may directly bind activated EGFR at pTyr1068 and -1086; or indirectly by binding the 

Shc adaptor, which binds EGFR at pTyr1148 and -1173 sites267,270. Grb2 is an adaptor protein composed 

mostly of SH2 and SH3 domains which respectively bind RTKs, and proline-rich sequences of numerous 

target proteins including the GEF protein, Son of Sevenless (Sos)270. In addition to its proline-rich C-

terminal region recognized by Grb2, Sos contains an addition N-terminal PH domain capable of binding 

phosphatidic acid generated upon EGFR activation—further aiding its recruitment to the plasma 

membrane106,271. On the membrane, Sos interacts and activates the monomeric G protein Ras; a small 

GTPase belonging to the Ras superfamily of proteins271. Briefly, Ras is a membrane localized GTPase 

which cycles between an inactive GDP-bound, and an active GTP-bound state—with similar affinities for 

GDP and GTP272. The very slow dissociation of GDP however, stabilizes the inactive state of Ras, thus, 

requiring signal input in provoking an enhanced GDP/GTP exchange272. Sos is a known Ras-GEF of which 

binding causes a conformational shift in Ras—inducing the release of GDP268. Due to its high cellular 

concentration, upon Sos action GTP readily binds Ras, displacing Sos in the formation of an active GTP-

bound complex. Ras is an essential component of the MAPK pathway, of which aberrant activity has 

been greatly characterized in malignant transformations271. 
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The activation of Ras by the Grb2-Sos complex represent a prerequisite step in initiating the 

MAPK cascade. Activated, Ras-GTP initiates the three-tiered RAF-MEK-ERK cascade which starts with the 

activation of its major effector—rapidly accelerated fibrosarcoma (Raf) kinase273. Raf is a 

serine/threonine-specific kinase activated by Ras-GTP as a result of an interaction-induced 

conformational shift274. The Raf kinase family (A-, B-, and C-Raf) is defined by a three domain structure: 

an N-terminal conserved region 1 (CR1), containing the Ras-binding domain (RBD) and the cysteine rich 

domain (CRD); the conserved region 2 (CR2) rich in serine/threonine sequences; and the C-terminal 

kinase domain273. In its inactive cytosolic state, the Raf CR1 region act as an autoinhibitory segment 

which folds over the kinase domain inhibiting its catalytic activity. Furthermore, the inactive 

conformation of Raf is stabilized by binding of 14-3-3 protein on its phosphorylated Ser259 within the 

CR2 region; a product of negative inhibition by the MAPK pathway273. Through yet a poorly understood 

mechanism, Ras-GTP recruits Raf onto the plasma membrane through the RBD, imposing structural 

changes relieving its kinase domain of autoinhibition—correlating with Ser259 dephosphorylation and 

release of 14-3-3 protein273. Recent data demonstrate that Raf proteins bound to activated Ras form 

homo- and hetero-dimers from which various Raf activities originate273. Although mechanistically 

unclear, dimerization is thought to result in full activation of Raf via phosphorylation, enabling the 

subsequent recruitment and phosphorylation of the MAP/ERK kinase (MEK) which propagates signaling 

down the three-tiered MAPK module273. 

 

The MEK protein represents the second stage of the three-tiered signaling cascade, which 

remains the only well-established physiological target of Raf275. The MEK family is a dual nature 

serine/threonine/tyrosine kinase consisting of the ubiquitously expressed MEK1 and MEK2 (MEK1/2) 

proteins, sharing a similar structure: a trifunctional N-terminal sequence containing the ERK binding 

domain, nuclear export sequence, and an inhibitory segment; a protein kinase domain with the 

activation segment and a proline-rich region; and a C-terminal domain276. Like most kinases, MEK1/2 

exists in an autoinhibited conformation in its inactive state, mediated by the N-terminal inhibitory 

segment. Its activation occurs upon recruitment to Raf proteins which induces a conformational change 

leading to the phosphorylation of key residues in the activation loop; Ser218/222 and Ser222/226 for 

MEK-1 and -2, respectively267. Catalanotti and colleagues further show that MEK-1 and -2 form a 

heterodimeric complex upon Raf recruitment, which they found essential for its negative regulation276. 

They highlight that after activation, the heterodimer is attenuated by phosphorylation on the MEK1 

Thr292 residue within its proline-rich region by MAPK, stimulating Ser218/222 dephosphorylation; this 
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residue is absent in MEK2276. Thus, in MEK1 deficient cells, they find an enhanced MAPK signaling 

attributed to the loss of negative regulation of MEK and lack in heterodimerization276. Activated, 

MEK1/2 subsequently phosphorylates and activates MAPK which denotes the final stage within the 

kinase cascade. 

 

MAPK is the final protein within the three-tiered kinase cascade of which activation remain a 

hallmark in the signaling pathway. MAPK is a serine/threonine kinase currently established as the only 

physiological substrate of MEK1/2276. MEK1/2 phosphorylates MAPK and as such, denoted as MAPK 

kinase (MAPKK, MAP2K); in this regard Raf is referred to as MAPK kinase kinase (MAPKKK, MAP3K)255. 

MAPK is also referred to as ERK (extracellular signal-regulated protein kinase) which consists of two 

ubiquitously expressed proteins ERK-1 and -2 (ERK1/2; p44/p42). Unlike MEK1/2, both ERK isoforms 

function independently but are often referred to as the single unit—ERK1/2—due to many shared 

features including mode and degree of activation, substrate specificity, and overall biological output277. 

The structure of ERK-1 and -2 is 84% identical in sequence made up of an N-terminal domain which bind 

ATP; a protein kinase domain with an activation segment and catalytic core; and a C-terminal tail 

important for substrate binding. Upon recruitment to the Ras-Raf-MEK scaffold, ERK1/2 is 

phosphorylated by MEK1/2 protein on Thr202/185, and Tyr204/187 within their activation segments. 

Unlike the limited substrates of Raf and MEK, ERK1/2 catalyzes the phosphorylation of more than 175 

documented cytoplasmic and nuclear targets including regulatory molecules and transcription factors277. 

With this diverse substrate repertoire, the MAPK pathway robustly regulates key cellular processes in 

survival and growth of cells—attesting to its role as one of the major RTK core processes. 

 

1.6.3.2.3 - The PI3K/Akt pathway: Regulation of metabolism and growth 

The PI3K/Akt pathway is another major signaling cascade conserved amongst RTK signaling 

networks278. This pathway regulates cellular functions involved in maintaining balance between cell 

survival and apoptosis267. Processes in protein synthesis, metabolism, and cell cycle progression are 

facilitated by this pathway which is initiated by PI3K activation267,279. PI3K is a lipid kinase composed of a 

catalytic subunit (p110) and an adaptor/regulatory subunit (p85) which heterodimerizes in forming the 

complex279. The p85 subunit binds p110 through a p110 binding motif located in between two SH2 

domains, which bind activated EGFR254,267. The p110 subunit serve as the PI3K catalytic core which 

phosphorylates the plasma membrane lipid PIP2 at the D3 inositol position, creating PIP3. Under resting 

conditions, the p85 subunit inhibits PI3K activity by acting as an autoinhibitory module for p110280. 
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Binding of p85 to activated receptors induces a conformational shift, relieving p110 of autoinhibition, 

thereby activating PI3K. Furthermore, p85 is a known phosphorylation target of the Src family kinases 

Lck and Abl (discussed below)—similarly recruited to activated EGFR280. The nature of this 

phosphorylation in context to PI3K regulation however, remain uncertain, although expression of a 

constitutively active Src kinase in vitro had been correlated with increased PI3K activity280. 

 

The recruitment of PI3K is downstream of most active EGFR dimers244. The potency and kinetics 

of PI3K activation however, may differ between dimeric partners due to the absence of a PI3K binding 

site in EGFR and HER2 receptors244,268. The two SH2 domains of p85 bind pTyr residues following the 

specific pYXXM motif281. At least six pYXXM motifs have been confirmed in ErbB-3 and -4 which directly 

bind PI3K, resulting in enhanced PI3K activation—compared to EGFR and HER2210,282. Alternatively, the 

docking protein Gab1 is recruited by Grb2 adaptors on activated EGFR and HER2 receptors, and contains 

three canonical pYXXM motifs recognized by PI3K268,281. Proline residues on Gab1 interacts with the Grb2 

SH3 domains—becoming rapidly phosphorylated on its tyrosine sites upon receptor recruitment281. The 

pTyr residues generated on Gab1 provides docking sites for multiple SH2 domain-containing proteins, 

including PI3K283. As such, all activated EGFR result in the production of PIP3 on the plasma membrane 

through the direct and/or indirect recruitment of PI3K. PIP3 serve as a key plasma membrane docking 

site for two distinct protein-lipid binding domains—the FYVE and PH domains279. 

 

Proteins containing PH-domains are critical in mediating PI3K-induced signaling events279. 

Proteins such as Akt (or protein kinase B; Akt/PKB) and its activator 3-Phosphoinositide-dependent 

kinase 1 (PDK1) for instance, are recruited by PIP3 onto the plasma membrane via PH domains226. Akt is a 

serine/threonine-specific protein kinase which sits at the crossroads of multiple cellular processes. It has 

three highly homologous members (Akt-1, -2, and -3) which share a similar structure of an N-terminal 

segment with a PH-domain, a central kinase core domain with an activation loop, and a C-terminal 

regulatory domain254,279. In its inactive form, the Akt PH domain is inhibitory, assuming a “PH-in” 

conformation blocking the central kinase core284. PH domain binding to PIP3 result in a “PH-out” 

conformation which releases the kinase domain, exposing two phosphorylation sites such as Thr308 in 

the activation loop and Ser473 in the regulatory domain of Akt1; Akt-2 and -3 adopts a similar 

mechanism exposing Thr309/Ser474 and Thr305/Ser472, respectively279,284. Likewise, PDK1 is a 

serine/threonine-specific kinase of which low basal activity becomes fully activated upon engagement of 

its PH domain at the plasma membrane212. Plasma membrane-bound, PDK1 phosphorylates Akt1 at 
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Thr308, which stabilizes its active conformation and partial activation278,279.  Full activation of Akt1 

requires subsequent phosphorylation at Ser473 residue by the mammalian target of rapamycin (mTOR) 

complex 2 (mTORC2); of which activation and activity parallels PDK1284. The fully activated Akt is mostly 

understood to dissociate from PIP3, able to phosphorylate both cytosolic and nuclear targets involved in 

cell proliferation, and anti-apoptotic processes267,284. Related to this thesis, PIP3 also creates a docking 

site for the N-terminal PH domain of PLC-γ1 which stabilizes it on the plasma membrane. Whether or 

not this has synergistic roles in the potential regulation of PLC-γ1 by CME is not well-understood13. 

 

A major function of Akt involves the activation of the mammalian target of rapamycin complex 1 

(mTORC1). The mTORC1 complex is involved in ribosomal biogenesis, and translation of pro-mitogenic 

proteins underlying cell growth284. It is comprised of three components: the ser/thr kinase mTOR, the 

scaffolding protein RAPTOR (regulatory-associated protein of mTOR), and the mammalian lethal with 

Sec13 protein 8 (mLST8)285. It is activated by the GTPase Ras homolog enriched in brain (RHEB), of which 

RHEB-GTP conformation bind and activate the complex286. In unstimulated cells, RHEB is kept in an 

inactive RHEB-GDP state by the tuberous sclerosis complex 2 (TSC2) GAP protein which prevent mTORC1 

activation284. In response to growth factor stimulation, Akt phosphorylates TSC2, which through a poorly 

understood mechanism inhibits its GAP activity, thereby promoting GTP loading of RHEB and 

subsequent activation of mTORC1287. In parallel to mTORC1 activation, Akt similarly inhibits the pro-

apoptotic transcription factor FOXO through phosphorylation, which sequesters it from the nucleus 

unable to induce apoptotic responses284. As such, PI3K and PIP3 are considered obligate and rate limiting 

for proper induction of the Akt pathway, of which dysregulation is commonly implicated in 

tumorigenesis278,284. 

 

1.6.3.2.4 - The Src pathway: Synergistic roles in EGFR signaling 

The Src pathway is defined by the activation of the non-receptor protein-tyrosine kinase (nRTK) 

Src, implicated in mitogenic processes inducing DNA synthesis, cell survival, cytoskeleton 

rearrangements, cell adhesion and motility255. Src is the archetypal member of an 11-gene Src kinase 

family expressed in vertebrate cells288. They can be categorized into three groups (group-I; Src, Fyn, Yes 

which are expressed ubiquitously, and Fgr; group-II; Blk, Hck, Lck, and Lyn; group-III: Frk, Srm, and Brk) 

based on structural diversity, albeit sharing a conserved structural arrangement: an N-terminal 14-

carbon myristoyl group, a ‘unique’ domain, an SH3 domain, an SH2 domain, an SH2-kinase linker, an SH1 

protein-tyrosine kinase domain, and a C-terminal regulatory segment288. The myristoyl group facilitates 
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localization to plasma membranes where they may be activated and brought in proximity to their 

catalytic substrates. As its name implies, the unique domain varies between different Src family 

members, mediating diverse protein-protein interactions involved in both distinct, and overlapping 

activities289. Aside from their respective interactions with proline-rich and pTyr residues, the SH3 and 

SH2 domains serve roles in constraining enzyme activity via intramolecular contacts. Briefly, the Src 

kinase exists in an autoinhibited state in its inactive form, where its SH2 domain binds intramolecularly 

to a phosphorylated Tyr530 residue in the C-terminal tail. In this inactive conformation, the SH3 domain 

similarly interacts with the SH2-kinase linker, stabilizing the structure288. Binding of the Src SH2 domain 

to pTyr sites on activated EGFR relieve Src of autoinhibition, subsequently undergoing intermolecular 

autophosphorylation catalyzed by another proximal Src molecule. Autophosphorylation between Src 

proteins occur at Tyr419 within the activation loop, which promotes kinase activity288. 

 

Despite its involvement in key cellular processes and human diseases, the specific roles and 

substrate targets of activated Src kinases are still not fully understood. Work from Ferrando and 

colleagues however, hinted of the potentially wide array of Src target proteins involved in signaling, of 

which phosphorylation levels increased in response to Src activation290. Whether or not these 

interactions are the direct product of Src phosphorylation nonetheless, remain uncertain. FAK is 

amongst Src kinases verified effectors of which phosphorylation is involved in cell adhesion and 

migration254,290. Although selective for a pYEEI (where E is an acidic residue, and I is isoleucine) motif, the 

Src SH2 domain can bind a variety of other sequences that do not conform to this optimal pattern288. As 

such, it is recruited by several activated RTKs including EGFR, which interestingly is also one of its 

verified substrates. In the late 1980s, Src kinases and EGFR were found to behave synergistically in 

propagating EGF induced mitogenic cell responses. It wasn’t until later that specific pTyr sites distinct 

from EGFR autophosphorylation sites, were attributed to Src kinase phosphorylation activity291. 

Specifically, Tyr845, -891, -920, and -1101 were found to be phosphorylated by Src on EGFR residues 

which were observed to potentiate EGFR signaling. Of interest to this thesis is Tyr845 within the EGFR 

activation loop, of which phosphorylation by Src was shown to stabilize its active state—corroborated by 

increased phosphorylation of its downstream effectors including PLC-γ1 and Shc292. In addition, Tyr920 

provide essential docking sites for the activation of STAT transcription factors (discussed below)291,293. 

Thus, although mechanistically unclear, Src kinases function in potentiating EGFR signals through 

synergistic activation of downstream signaling pathways292. 
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1.6.3.2.5 - The STAT pathway: Direct effector of phenotypic response 

The signal transducers and activators of transcription (STAT) proteins are a family of proteins 

which facilitate the STAT pathway downstream of EGFR294. Activation of STAT effect cellular processes 

including cell differentiation, proliferation, and invasion, and thus, implicated in oncogenesis and tumor 

progression294,295. The STAT family is comprised of seven members: STAT-1, -2, -3, -4, -5a, -5b, and -6 

which are activated by binding distinct pTyr residues on activated EGFR (STAT-1, -3, and -5), or through 

the JAK protein during cytokine signaling (STAT-2, -4, and -6)254,294. As such, STAT-1, -3, and -5 appear to 

play the most direct roles in tumorigenesis, exhibiting diverse mitogenic functions295. STAT-3 and -5 for 

instance, stimulate cell cycle progression, angiogenesis, and inhibition of apoptosis, with STAT1 initiating 

cell cycle arrest294. All STAT proteins however, share an overall general structure organized into 

functional modular domains: an N-terminal oligomerization domain facilitating protein-protein 

interactions, a DNA binding domain involved in nuclear import and gene transcription, a dimerization 

domain with an SH2 module important for activation, and a C-terminal transactivating region with 

several binding partners296,297.  As transcription factors, STATs thus serve as convergence points and 

terminal effectors of many signal transduction cascades, capable of directly translating upstream 

signaling events into direct gene responses295. 

 

Mechanistically, activation of STAT proteins is relatively simple, wherein phosphorylation of a 

conserved Tyr residue within the SH2 domain is sufficient in inducing its active conformation. STATs can 

also be phosphorylated by Src family kinases and/or MAPK which respectively phosphorylates activating 

Tyr and Ser residues in an EGF-dependent manner; a mechanism commonly exploited in several cancer 

types296,297. With their direct role in gene transcription, STATs are considered oncogenes of which 

aberrant activity are well-known to contribute to cancer formation and progression—and such, current 

targets of drugs in clinical use294,295. 

 

1.6.3.2.6 - The PLC-γ1 pathway: induction of pleiotropic calcium signaling 

Lastly, the PLC-γ1 pathway is a signaling cascade described in section 1.4, of which hallmark 

phosphodiesterase PLC-γ1 enzyme is a known EGFR effector; which is the primary pathway work in this 

thesis will focus on143,298. PLC-γ1 was the first protein discovered to be phosphorylated in response to 

EGF stimulation, providing one of the first clues as to how ligand-induced autophosphorylation 

propagates RTK signaling266. Activation of PLC-γ1 augments mitogenic, pro-proliferative effects during 

RTK stimulation—and as such, implicated in carcinogenesis143,159. PLC-γ1 contains two SH2 domains—
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nSH2 and cSH2—of which former binds to pTyr992 and pTyr1173 on activated EGFR257,299. Upon 

recruitment, PLC-γ1 is typically phosphorylated on several sites including pTyr783 within the catalytic 

core, necessary for stimulation of its lipase activity13,300. Previously discussed, PLC-γ1 catalyzes the 

hydrolysis of PIP2 into secondary messengers, DAG and IP3, which further stimulates the activation of 

downstream signaling cascades, diversifying the role of PLC-γ1 beyond the plasma membrane300. 

 

In context to MAPK signaling, DAG may serve as precursor in producing phosphatidic acid 

enhancing the MAPK pathway by recruiting Sos to the plasma membrane271. Described in section 1.4.3, 

DAG also serve as a plasma membrane docking site for PKC through a C1 domain, of which kinase 

autoinhibition is relieved by DAG binding177. PKC is a family of protein kinases that have been a focus of 

extensive drug discovery due to their roles in cell proliferation, differentiation, survival, and 

apoptosis176,301. Indicative of this role, PKC proteins upregulate the MAPK pathway by phosphorylating 

Raf proteins activating MEK1/2—inducing DNA replication, transcription and growth274,302. Furthermore, 

calcium influx generated by the IP3-mediated opening of ER calcium channels, aid in the activation of a 

subset of PKC proteins through a C2 domain (see section 1.4.3)177. The exact role of the PLCγ1-mediated 

calcium release in distinct signaling processes however, is difficult to clarify due to the ubiquity of 

calcium and its pleiotropic roles in cell signaling (see section 1.5)188. Specifically, its role in EGFR clathrin-

mediated endocytosis is not well-defined and is a key topic investigated in this thesis. 

 

Furthermore, it is worth noting that PLC-γ1 had been observed to play essential roles in cellular 

proliferation through protein-protein interactions mediated by its SH3 domain—independent of 

enzymatic activity303. Specifically, the PLC-γ1 SH3 domain binds and recruits Sos onto the plasma 

membrane—enhancing Ras activation and MAPK signaling300. This SH3-mediated augmentation of MAPK 

signaling overlaps with Sos recruitment through DAG; highlighting the role of PLC-γ1 as a robust 

enhancer of the MAPK pathway303. The GTPase Dyn1 involved in receptor endocytosis, also binds PLC-γ1 

serving as a non-conventional GEF in neuronal cells—albeit through an unknown mechanism and 

physiological context303,304. The role of PLC-γ1 as a GEF is further highlighted in the brain, where it 

interacts and promotes GTP loading of the PIKE (PI3Kinase Enhancer) GTPase—regarded as the nuclear 

counterpart of Ras involved in PI3K signaling305,306. Thus, the SH3 domain of PLC-γ1 may serve as scaffold 

for proteins in propagating mitogenic signals independent of lipase activity. The exact mechanisms of 

these interactions however, remain unclear and require further research in consolidating their 

contributions to RTK signaling propagated by secondary messengers of PLC-γ1303. 
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EGFR signaling is largely defined by these canonical pathways, of which mechanistic processes 

are conserved amongst different members of the RTK superfamily11. Variations in the spatiotemporal 

organization of these cascades is contingent on ligand, RTK, and cell-type, result in diverse signaling 

patterns and biological outcomes220. In addition, a dizzying array of regulatory factors including 

negative/positive feedback loops, determine the duration and strength of respective pathways which 

impact overall signaling output11. Significant cross-talk and redundancy between pathways also occur, of 

which complex tangled network remain a challenge in the predictive modeling of RTK signaling11. 

 

In understanding the role of PLC-γ1 in regulating EGFR clathrin-mediated endocytosis, careful 

consideration of potential pathway-pathway interactions must therefore be made. The PI3K/Akt 

pathway for instance, rapidly increases PIP3 on the plasma membrane thereby stabilizing PLC-γ1 on the 

surface. In addition, Src kinases stabilizes EGFR activation which leads to increased PLC-γ1 

phosphorylation and presumably, lipase activity. The requirement for these stabilizing factors in PLC-γ1 

activity however, is not well-understood and to some degree, may impact its potential regulation of 

EGFR clathrin-mediated endocytosis. Nonetheless, understanding regulatory cross-talk between these 

specific parameters is beyond the scope of this thesis, and may come secondary upon establishing the 

primary role of PLC-γ1 in EGFR clathrin-mediated endocytosis—addressed in this work. 

 

1.6.3.3 - The third layer of RTK signaling: signal output 

The third and final layer of the RTK ‘bow-tie’ network represents the diverse phenotypic output, 

derived from the summation of RTK-induced core processes249. At this stage, terminal effectors of 

signaling pathways induce gene transcription leading to diverse biological outputs, ranging from cell 

division and migration, to adhesion, differentiation, and apoptosis244. While much progress has been 

gained in understanding RTK signaling input and core processing layers, knowledge regarding the output 

layer lags behind due to methodological difficulties249. In particular, quantifying individual contributions 

of signaling pathways to overall phenotypic outcomes, prove difficult due to redundancies in activation 

of transcriptional processes307. Prototypic transcription factors such as c-Fos for instance (discussed 

below)—while commonly regarded as a MAPK terminal effector—is regulated directly or indirectly by 

adjacent overlapping pathways including PI3K, STAT, Src, and PLC-γ1 cascades (see section 1.6.3.1)277,308. 

Furthermore, positive and negative feedback mechanisms which respectively amplify and attenuate 

signaling pathways, vary depending on ligand, RTK, and cell-type, which further complicates predictive 
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modeling of signal output11,309. As such, significant cross-talk occur between RTK core processes, of 

which individual perturbations likely lead to the concomitant modulation of others307. 

 

Currently, an operational understanding of RTK biology is lacking, largely due to difficulties in 

modeling its complex, multivariate signaling network310. Specifically, understanding precisely how cells 

represent external stimuli into intracellular molecules directing phenotypic responses is not completely 

understood310. How mitogenic cues such as growth factors may regulate CME in remodeling the plasma 

membrane for instance, is relatively unexplored and is a key question this thesis aims to investigate. The 

following discussion is therefore limited to description of what is known about the signal output layer, 

covering topics in: transcription factor activation, regulatory feedback loops, signaling cross-talk, and 

signal termination. 

 

1.6.3.3.1 - RTKs induce activation of mitogenic transcription factors 

Transcription factors (TF) are proteins which recognize and bind specific DNA sequences, in 

regulating gene transcription311. They directly interpret the genome by binding genes at specific sites, 

inducing the expression or down-regulation of their genetic products311. Most TFs recognize small 6-12 

bp-long DNA sequences, with a typical human gene (>20kb) containing multiple potential binding 

sites311,312. This intrinsically low specificity suggests the involvement of more complex mechanisms, 

utilized by TFs in DNA regulation—which extends beyond their simple individual affinities for DNA312. 

The same TF can therefore regulate different genes in different cell types, indicative of their dynamic 

regulatory network311. Able to directly interpret the genome, TFs are key regulators of cell behaviour 

and development of which dysregulation is associated with numerous diseases including cancer; with 

TFs overrepresented amongst oncogenes313. As such, growth factor receptors including EGFR, commonly 

activate TFs in inducing cellular processes directed by external stimuli. 

 

RTK signaling generally culminate in activation of TFs, which direct cell behaviour in response to 

input signals. The MAPK pathway for instance, activates several gene regulators including the c-Fos, c-

Jun, and c-Myc TFs244,269. Under basal conditions, c-Fos is unstable and rapidly degraded within the 

cell277. Upon growth factor stimulation, activated ERK1/2 translocate into the nucleus where it 

phosphorylates c-Fos at Ser374 in the C-terminus314. The cytoplasmic ribosomal S6 kinase (RSK) effector 

downstream of ERK1/2 is also activated, which similarly localizes into the nucleus, catalyzing the 

secondary phosphorylation of c-Fos at Ser362314. Once phosphorylated, c-Fos is stabilized for a few 
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hours acting as a TF for the FOS gene, producing additional c-Fos proteins249. If ERK1/2 is still active 

during this subsequent c-Fos expression, they are similarly phosphorylated and stabilized leading to 

initiation of phenotypic responses such as cell differentiation314. In contrast, if ERK1/2 is activated 

transiently, cells fail to accumulate stable c-Fos proteins leading to cell proliferations instead of 

differentiation249. While generally unclear, this seminal work by Murphy and colleagues provide a 

glimpse into how conserved core processes may generate diverse signaling outputs, specifically through 

temporal control of signaling components314. 

 

Other RTK pathways initiated by PI3K, Src, STAT and PLC-γ1 also induce activation of TFs 

including c-Fos, albeit through a less defined mechanism. The TF protein STAT, is directly activated by 

EGFR resulting in its nuclear localization, where it may form complexes and regulate gene expression 

with other TFs including c-Fos and c-Jun294. PLC-γ1 indirectly regulates gene transcription by activating 

PKC, of which target substrates include the c-Fos315. The PI3K pathway also regulates c-Fos in promoting 

cell survival, in addition to inhibition of apoptosis by inactivating the pro-apoptotic transcription factor 

FOXO via Akt phosphorylation; which may be synergistically potentiated by the Src pathway280,316. Many 

of the long-term changes in cellular behaviour elicited by growth factors are therefore, largely due to 

altered programs in gene expression resulting from TF activities, which direct cellular phenotypic 

changes including plasma membrane remodeling events317. A degree of overlap in TF regulation evinced 

by c-Fos however, is evident amongst core processes and exactly how they distinctly contribute to the 

overall gene response is not well-understood. Despite this challenge, a general transcriptional program 

following RTK activation had been described, detailing the canonical expression of primary and 

secondary response genes governing many of the phenotypic output produced by RTKs317. 

 

1.6.3.3.2 - Expression of Immediate-early genes (IEG), delayed-early genes (DEG), and secondary 

response genes (SRG) by RTK signaling 

The transcriptional program induced by RTK activation consists of three stereotypical waves: 

transcription of immediate-early genes (IEG), delayed-early genes (DEG), and secondary response genes 

(SRG) responsible for determining cellular outcome318,319. IEGs are genes that are rapidly and transiently 

activated following growth factor stimulation, representing the first transcriptional event preceding 

phenotypic cellular responses317. About 50 IEGs have been identified including FOS, JUN, and MYC, of 

which transcription are mediated by pre-existing TFs317. The FOS IEG for instance, is transcribed by pre-

existing c-Fos stabilized by ERK1/2, resulting in further expression and accumulation of the TF314. As well,  
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IEG expression do not require de novo protein synthesis evinced by transcription of their mRNA, under 

the presence of protein synthesis inhibitors318. Largely coding for transcriptional activators, IEGs rapidly 

produce TFs such as c-Fos, c-Jun, c-Myc, and early growth response gene 1, which function in 

subsequently inducing expression of secondary gene sets269. 

 

IEG expression reaches maximal activation within 30-40 minutes following growth factor 

stimulation—creating transcriptional activators for SRGs320. SRGs are genes of which products determine 

new cell phenotypes320. They encode for proteins including enzymes implicated in metabolism and 

membrane biogenesis. In contrast to IEGs, SRGs are latently expressed following growth factor 

stimulation due to their requirement for de novo protein synthesis321. Transcription of SRGs occur ~120 

minutes following growth factor stimulation, of which maximal activation is achieved within ~4-5 

hours320. As such, RTKs induce the long-range expression of SRGs, of which effects persists well-past 

initial RTK activation in ultimately determining cellular outcome320. 

 

The RTK transcriptional program is comprised of 36% IEGs, 26% SRGs, and the remaining 44% 

classified as DEGs317. DEGs were once considered a part of the secondary response program due to their 

latent expression following RTK activation. The transcription of DEGs however—similar to IEGs—do not 

require de novo protein synthesis, thus, classifying it as an early gene response317. DEGs are expressed 

within 40-240 minutes following growth factor stimulation of which products largely participate in signal 

attenuation322. DEG products commonly repress early wave genes, consisting of phosphatases and 

transcriptional repressors249,309. Transcriptional repressors such as FOSL1 and JUNB for instance, are 

known DEGs of which latent expression inactivates IEGs upregulated in response to growth factors322. 

Phosphatases including MAPK phosphatases (MKPs) or dual-specificity phosphatases (DUSPs) also 

comprise the DEG response which attenuates RTK signaling by dephosphorylation of MAPK pathway 

components322. As such, DEG expression is a component of the built-in RTK system control, which 

include positive and negative feedback mechanisms regulating signaling parameters and overall 

phenotypic response249. 

 

1.6.3.3.3 - RTK System controls: Positive feedback mechanisms 

The overall behaviour of RTK signaling is dynamically regulated by system controls 

fundamentally comprised of positive and negative feedback loops250. Positive and negative feedback 

loops modulate signaling amplitudes, kinetics, and overall output by respectively amplifying and 
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attenuating the active state of signaling pathways264. The prototypic EGFR for instance, is defined by 

positive and negative feedback loops which are stimulated concomitant with EGFR activation250. EGFR 

positive circuits include the production of EGFR ligands, which are secreted to re-stimulate and sustain 

EGFR signaling in an autocrine manner249. This mechanism is largely regulated by the integral plasma 

membrane glycoprotein enzyme ADAM (a disintegrin and metalloprotease), which induces ligand 

shedding from the plasma membrane through proteolytic catalysis323. This mechanism may be activated 

by EGFR pathway components such as those derived from MAPK signaling, thus, providing positive 

feedback mechanisms in sustaining the EGFR signaling network11,324. 

 

Another positive feedback mechanism induced by EGFR include the production of reactive 

oxygen species (ROS) derived from activation of the PI3K pathway215. ROS are commonly regarded as 

cytotoxic agents due to the oxidative damage they cause to cellular components. At low concentrations 

however, ROS may function as secondary messengers capable of augmenting EGFR signaling 

pathways325. Briefly, protein tyrosine phosphatases (PTPs; discussed below) are molecules which 

antagonize EGFR activity by removing phosphate groups from phosphorylated tyrosine residues of 

activated receptors11. Bae et al., describes that the specific activity of PTPs are 10-1000 fold greater than 

those of protein tyrosine kinases suggesting that the ligand-mediated activation of a receptor kinase 

domains may not be sufficient for full EGFR activation325. The authors further elaborate that inhibition of 

PTPs might therefore be necessary for full activation of EGFR which they describe achievable through 

production of ROS325. Growth factor stimulation upregulates intracellular ROS such as hydrogen 

peroxide (H2O2), as a consequence of its core signaling processes326. The PI3K pathway specifically, is 

implicated in ROS generation, through several mechanisms highlighted by Silva and colleagues326. They 

describe that PIP3 generated by PI3Ks serve as plasma membrane docking sites for the recruitment of 

NADPH oxidase, which bind phosphoinositides through a PX domain326,327. On the plasma membrane, 

NADPH oxidase produce H2O2 which oxidizes a vulnerable cysteine residue within PTP active sites, 

resulting in their inhibition326. PLC-γ1 was similarly shown to activate ROS production through the PKC-

mediated phosphorylation of NADPH oxidase, albeit through a less understood mechanism328. Thus, 

although transient in expression, ROS are potent positive regulators of EGFR signaling, which amplifies 

downstream pathways by enhancing receptor tyrosine phosphorylation215. 
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1.6.3.3.4 - RTK System controls: Negative feedback mechanisms 

In preventing aberrant activity, negative feedback controls are spatiotemporally integrated 

within the EGFR signaling network which attenuate signaling components at several levels250. Several 

attenuating processes mediate EGFR signaling which include catalytic inactivation, steric hindrance, and 

post-translational modification mechanisms264. Direct activation of phosphatases for instance, represent 

an obvious feedback mechanism which directly opposes EGFR signaling through abolishment of binding 

sites for signaling intermediates and adaptor proteins11,210. Several PTPs catalyze the removal of 

phosphate groups from phosphorylated tyrosine residues on activated receptors320,329. The density-

enhanced phosphatase-1 (DEP1) for instance, is a transmembrane receptor-like PTP which is proximally 

activated by EGFR, abrogating phosphorylation of its cytosolic tyrosine residues330,331. Further discussed 

in section 1.6.4, stimulation of EGFR induces their concomitant internalization via endocytosis, creating 

receptor-containing endosomes. While still incompletely, it is becoming clear that some components of 

EGFR signaling is preserved within the endosomal system, where activated receptors continue to 

propagate core signaling processes332. PTP1B is an ER resident phosphatase which dephosphorylates 

EGFR in transit within endosomes—inactivating downstream signaling320. These two PTPs represent 

some of the immediate pre-existing attenuators of EGFR signaling264. 

 

Direct protein inhibitors of EGFR have been identified which are upregulated hours following 

ligand stimulation309. The Mitogen-inducible gene 6 (Mig6)/receptor-associated late transducer (RALT) 

(MIG6/RALT) for instance, is a transcriptionally induced feedback inhibitor of EGFR, which functions 

directly at the receptor level333. MIG6/RALT inhibits signaling by binding EGFR within their kinase 

domain, thus precluding intracellular dimerization and autophosphorylation334. MIG6 further attenuates 

EGFR signaling by recruiting endocytic adaptors including AP2, which promotes receptor endocytosis 

and degradation (section 1.6.4)49,333. Similarly induced by growth factor activity, the leucine-rich repeats 

and immunoglobulin-like domains protein 1 (LRIG1) also inhibits EGFR signaling by promoting receptor 

degradation264. LRIG1 is a transmembrane protein which forms a complex with EGFR receptors through 

ectodomain interactions335. The intracellular domain of LRIG1 also provides a docking site for the Cbl, 

leading to accelerated ubiquitination and degradation of EGFR336. Interestingly, LRIG1 reduces EGFR in 

both basal and ligand-stimulated conditions, which together with other latently expressed inhibitors, 

provide a long-term mechanism for signaling attenuation335. 
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In addition to receptor phosphatases and inhibitors which broadly abrogate EGFR activities, 

pathway-specific negative loops are also induced in response to ligand-stimulation which attenuate 

EGFR signaling on a local level309. The EGFR-mediated MAPK-responses for instance, is regulated by 

several negative feedback mechanisms given their central role in EGFR signaling11. Aside from its 

activation of transcriptional responses, ERK1/2 also catalyzes the direct phosphorylation of several of its 

upstream components including Sos. Phosphorylation of Sos impairs its interaction with Grb2 which 

reduces its recruitment to the plasma membrane—dampening Ras activation11,309. ERK1/2 similarly 

phosphorylates Raf kinase which reduces its kinase activity required for ERK1/2 activation11,273. The PI3K 

pathway as well, is inhibited by ERK1/2 via phosphorylation of Gab1 preventing PI3K recruitment and 

transactivation of Ras (see section 1.6.3.3.5)273. Lastly, ERK1/2 terminates its activation by directly 

attenuating EGFR activity by phosphorylating Thr669 within the receptors JM region254. 

 

Phosphatases and protein inhibitors similarly regulate the activities of several EGFR core 

processes in attenuating signaling. The PI3K pathway for instance, is primarily inhibited by phosphatase 

and tensin homologue deleted on chromosome 10 (PTEN) protein at the Akt level279. PTEN exists in a 

closed, autoinhibited state which is relieved by phosphorylation through a mechanism not well-

understood337. EGFR however, had been observed to induce activation of the Rho-associated protein 

kinase (ROCK), which phosphorylates PTEN337,338. In its open conformation, PTEN is recruited onto the 

plasma membrane via anionic lipid interactions, where it catalyzes the dephosphorylation of PIP3 at the 

D3 inositol position, producing PIP2
279. As previously described, PIP3 is a necessary plasma membrane 

docking site for the recruitment and subsequent activation of Akt, with its ablation therefore 

detrimental to PI3K signaling279. Indeed, several studies have reported the tumor suppressing properties 

of PTEN, of which dysregulation is implicated in oncogenic mutations254. Other pathways propagated by 

PLC-γ1, Src, and STAT, similarly integrate negative feedback loops involving phosphatases and protein 

inhibitors, of which mechanisms are reviewed elsewhere [303,339,340]. 

 

Lastly, receptor internalization coupled to degradation is considered the most effective, 

irreversible process which robustly attenuates RTK signaling264. It is initiated as a part of the early gene 

response, which directly attenuates signaling by the endocytic removal of receptors from the plasma 

membrane, further discussed in section 1.6.4. 
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1.6.3.3.5 - Extensive crosstalk exists within the RTK signaling network 

Although largely involved in regulating signaling pathways from which their activities are 

induced, positive and negative feedback mechanisms may overlap in regulating other core processes 

due to extensive cross-talk between the RTK signaling network250. Oda et al., illustrates the complexity 

of EGFR signaling in their comprehensive map detailing not only linear signaling chains, but also network 

intersections between different core processes250. The MAPK and PI3K pathway provides a clear 

example of this crosstalk wherein both processes have been observed to reciprocally regulate the other. 

ERK1/2 for instance, cross-inhibits PI3K by phosphorylating Gab1, which prevents the recruitment and 

activation of PI3K and its downstream signaling285. Reciprocally, Akt phosphorylates Raf kinase upstream 

of ERK1/2, recognized by the 14-3-3 protein which stabilizes its inactive state—thereby attenuating 

ERK1/2 activation285. In contrast, cross-activation of the PI3K pathway can also be induced by Ras which 

phosphorylates and activates PI3K recruited on the plasma membrane. The downstream effectors of the 

PI3K pathway TSC2, is also phosphorylated by ERK1/2, which inhibits its GAP function promoting 

mTORC1 activity285. Both ERK1/2 and RSK are also shown to directly phosphorylate mTORC1 further 

adding robustness to RTKs signaling activities284. 

 

Significant crosstalk also exists between structurally unrelated RTK families—wherein signaling 

activities from one, regulates the activation of another309. The insulin-like growth factor-1 receptor (IGF-

1R) for instance, activates a cognate Src kinase which was found to induce transactivation of EGFR 

important for mitogenesis341. Crosstalk between EGFR and the receptor for the hepatocyte growth 

factor, MET, had also been demonstrated in cancer cell lines wherein both receptors were found to 

positively influence each other; and correspondingly, inhibition of one negatively regulating the other342. 

Lastly, other transmembrane proteins such as GPCRs induce transactivation of EGFR through stimulation 

of ADAM proteases, promoting ligand shedding and subsequent receptor activation210. Furthermore, 

through PLCβ-mediated calcium influx, GPCRs similarly induce the activation of a cognate Src family 

kinase, which is shown capable of phosphorylating and activating EGFR244,250. 

 

Taken together, distinct RTK signaling pathways exists within a larger, highly interconnected 

network, of which combinatorial activations and regulations ultimately determine cellular responses210. 

The modulation of common substrates by different pathways highlights this convergence, from which 

related transcriptional programs are induced in promoting overlapping phenotypic outcomes285. System 

controls which amplify or attenuate distinct signaling cascades, must therefore be considered in context 
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of signaling cross-talk, as regulation of one pathway, is likely to result in regulation of others307. Due to 

this high degree of interconnectivity, it is difficult to determine how distinct signaling pathways may 

contribute towards specific cellular phenotypes, requiring quantitative datasets to better improve 

deterministic modeling343. 

 

In summary, RTK signaling can be modeled with a bow-tie structure comprised of three layers, 

where a large number of inputs (ligand-, receptor-, cell-type) are converted into a small number of 

intermediates (conserved core processes), which diverge in generating a large number of outputs 

(phenotypic outcomes)—contingent on intrinsic molecular rules derived from feedback and cross-

interaction mechanisms262. 

 

Important to this thesis, mitogenic signaling by RTKs often induce cellular responses requiring 

phenotypic modifications of the plasma membrane surfaceome59,60. Precisely how the distinct RTK 

signaling pathways are orchestrated in facilitating membrane reorganization however, is not well-

understood. Thus, although knowledge of RTK biology—in context of their diverse molecular structures, 

complex modes of regulation, and signaling properties—is extensive, understanding of precise 

mechanisms and machineries through which RTKs may influence overall cellular morphology is lacking. 

In this thesis, we attempt to provide a potential pathway through which RTKs may mechanistically 

influence the surfaceome. Specifically, the PLC-γ1 pathway may serve as a direct mechanistic link 

between mitogenic RTK activation, and plasma membrane remodeling via CME regulation. As illustrated 

by EGFR, other RTK signaling pathways contribute to the regulation of PLC-γ1 including Akt (PIP3 

production), MAPK (indirectly via Akt activation), and Src (stabilization of receptor activation). 

Understanding the precise role of PLC-γ1 in regulating EGFR clathrin-mediated endocytosis, will 

therefore clarify how the distinct RTK pathways—and hence, mitogenic signaling—may modify the 

plasma membrane in eliciting diverse physiological responses. 

 

Alluded to in the previous sections, activation of RTKs including EGFR, induces their concomitant 

internalization via CME, and as well as the recruitment and activation of PLC-γ1. Initiation of EGFR 

clathrin-mediated endocytosis is therefore coupled to the activation of PLC-γ1 and its lipase activity. The 

role of PLC-γ1 in EGFR clathrin-mediated endocytosis however, is relatively unexplored, of which 

elucidation may provide insight as to how PLC-γ1 may potentially regulate CME on both local and global 

levels. In the following section, mechanisms of EGFR clathrin-mediated endocytosis will be detailed, in 
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identifying potential junctures which may be regulated by PLC-γ1 activities. In addition, discussion of the 

several strategies used by EGFR in enhancing its own internalization, will provide clues whether other 

potential mechanisms exist—aside from the potential role of PLC-γ1—in regulating global plasma 

membrane remodeling upon mitogenic signaling by RTKs. 

 

 

1.6.4 - RTK endocytosis 
Receptor signaling, while essential for cellular function, must be subsequently followed by signal 

attenuating processes in or order to both prevent aberrant activities, and to allow cells to receive and 

discriminate between old and new signals344. As previously described, activation of RTKs is intimately 

linked with the simultaneous activation of negative feedback control systems, which involves 

dephosphorylation and steric inhibition of activated receptors. In addition, activation of RTKs is 

mechanistically coupled to the recruitment of endocytic proteins, promoting receptor internalization—

which serve as the major mechanism of RTK signal attenuation345. Upon activation, RTKs are internalized 

within intracellular structures such as early endosomes, of which transit within the endomembrane 

system result in signal down-regulation11. For instance, increasing luminal acidity within endosomal 

structures may contribute towards RTK inactivation by inducing ligand-receptor dissociation. 

Emphasized in section 1.6.3.1, ligand binding induces and maintains the active conformation of RTKs, of 

which dissociation therefore render receptors inactive345. Inactive receptors are unable to support 

recruitment and scaffolding of signaling proteins which ultimately inhibits RTK signaling. As well, 

depending on several regulatory parameters, RTKs within endosomes may either be recycled back to the 

plasma membrane for subsequent stimulation, or delivered within lysosomes for degradation—which 

ultimately attenuates signaling254. While RTKs may undergo constitutive endocytosis in a ligand-

independent manner, ligand stimulation nonetheless, rapidly increases the rate of RTK internalization by 

several folds, ensuring the down-regulation and prevention of aberrant RTK activities345. 

 

As the major endocytic mechanism in mammalian cells, CME remains the predominant and best-

characterized internalization route for the ligand-induced down-regulation of RTKs249. While clathrin-

independent internalization pathways have been described, their precise mechanisms and roles in RTK 

signaling are less defined249,345. For instance, some studies have demonstrated the internalization of 

EGFR via clathrin-independent pathways—albeit only when high EGF concentrations are used, and a 

large amount of ligand-bound receptor complexes are present at the cell surface132. In addition, clathrin-
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independent routes may be secondarily preferred by RTKs, upon saturation of the CME pathway during 

aberrant receptor activation and expression132. As such, the contributions of these mechanisms to EGFR 

endocytosis, in vivo may be minimal132. Clathrin-independent internalization pathways of RTKs will 

therefore not be considered in this section, with the interested reader referred towards excellent 

reviews detailing their specific processes [53–55]. 

 

CME serve as the primary route of RTK internalization, and thus, commonly regarded as the 

principal pathway involved in attenuating receptor signaling. While largely involved in this facet, an 

additional role for CME and its clathrin components have been recently proposed. Specifically, work 

from our laboratory have uncovered a direct role for clathrin and CCPs in regulating and organizing EGFR 

signaling at the plasma membrane. Activation of the PI3K/Akt signaling pathway for instance, was 

demonstrated to require clathrin lattice assembly, but not EGFR endocytosis as shown by the respective 

perturbations of clathrin and dynamin207. This finding exhibits the functional role of clathrin assemblies 

in propagating EGFR signaling at the cell surface independent of receptor internalization. Furthermore, 

other surface receptors including β1-AR (β1-adrenergic receptor, a GPCR that interacts with hormones 

and neurotransmitters) have been observed to utilize CCPs in propagating their signaling activities. 

Eichel and colleagues found that agonist stimulation of β1-AR elicits the enrichment of its downstream 

β-arrestin-2 adaptor (component of GPCR-mediated MAPK signaling), but not β1-AR, within cell surface 

clathrin structures, supporting the notion that CCPs function as signaling hubs346. Thus, in addition to its 

role in signal attenuation, clathrin and its clathrin components may also provide a signaling platform on 

the cell surface, for distinct RTKs which similarly undergo CME upon activation; of which experimental 

validations however, have yet to be conducted. 

 

Indeed, several other RTKs (IR, IGF1R, MET, and RET) have been described to predominantly 

undergo ligand-induced CME, however, their specific components and molecular mechanisms remain 

poorly defined3,249. Important to this thesis, most of what is known regarding RTK internalization had 

been derived from studies of EGFR, serving as the prototypical model for receptor tyrosine kinase 

CME249. The following section will therefore discuss RTK internalization in context of EGFR, detailing 

ligand-induced mechanisms which enhances EGFR clathrin-mediated endocytosis, of which details 

nonetheless may likely be adapted for other RTKs. 
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1.6.4.1 - EGF binding promotes EGFR clathrin-mediated endocytosis through several mechanisms 

EGF binding induces the rapid endocytosis of EGFR of which most obvious function involves 

signal attenuation254. Several lines of evidence demonstrate EGFR internalization to be facilitated 

predominantly by CME. For instance, studies including those from our laboratory have demonstrated 

the colocalization and concentration of the EGF:EGFR complex, within clathrin-coated structures upon 

stimulation with physiologically relevant ligand concentrations4,7. Several others have also measured the 

kinetic rate of EGFR internalization upon EGF stimulation, which was found to be comparable to that of 

the classical CME cargo, TfR347. Indeed, inhibition studies which mutate key endocytic components 

including dynamin and clathrin, fully ablate internalization of EGFR—strongly supporting CME as the 

primary EGFR endocytic route132. Although the major steps of EGF:EGFR clathrin-mediated endocytosis 

are well-established, the precise molecular machinery governing the internalization process remains 

poorly understood254. Nonetheless, several mechanisms have been identified which augments EGFR 

clathrin-mediated endocytosis, of which details for some are described below (Figure 1.13). 

 

(i) EGF stimulation induces the dimerization and subsequent phosphorylation of tyrosine 

residues within the intracellular domains of EGFR, enhancing receptor internalization. Emphasized in 

section 1.6, pTyr residues on EGFR provide docking sites for the recruitment and activation of signaling 

proteins, some of which include components involved in EGFR clathrin-mediated endocytosis. Later 

discussed, cytoplasmic substrates including Grb2 and Cbl are amongst the proteins recruited to pTyr 

sites on activated EGFR, which have been implicated in receptor internalization132. In addition, post-

translational phosphorylation of several tyrosine sites on EGFR cytoplasmic domains, have been 

implicated in the regulation of EGFR clathrin-mediated endocytosis. Phosphorylation of Ser1046 and -

1047 by CaMKII for instance, was demonstrated in vitro to enhance EGFR internalization348. The exact 

mechanisms and implications of CaMKII in EGFR clathrin-mediated endocytosis in vivo however, is not 

well-understood—but presents an interesting regulatory juncture for the PLCγ1-derived calcium signals; 

relevant to this thesis. In contrast, phosphorylation of the JM region on Thr654 by PKC, transmodulates 

EGF activity resulting in decreased internalization due to partial kinase inhibition219,223. As such, deletion 

or mutation of the EGFR kinase domain results in the re-routing of EGFR from rapid ligand-induced CME 

internalization, towards slower clathrin-independent pathways; likely due to failure in proper 

recruitment and assembly of endocytic proteins132. 
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(ii) Described in section 1.3, recruitment of cargo within CCPs is primarily mediated by the AP2 

complex which recognizes short-linear amino acid motifs within the cytoplasmic tails of transmembrane 

proteins77. EGFR contains a tyrosine-based (YXXØ; YRAL) and a dileucine-based (residues Leu1010 and -

1011; LL) sorting motif, which are respectively recognized by the µ2 and β2 subunits of AP2132. Although 

mechanistically unclear, these recognition motifs are believed to be masked in the unbound, inactive 

EGFR conformation, and are exposed only upon ligand binding and activation of EGFR58. EGFR is known 

to phosphorylate the Tyr6 residue of the β2 subunit of AP2, which is predicted to facilitate 

conformational changes required for its interaction with the EGFR LL motif249. Despite the importance of 

these motifs in AP2 binding, deletion of the primary YRAL sequence on EGFR, or mutations in the µ2 

YRAL recognition domain on AP2, does not interfere with the rate of EGFR clathrin-mediated 

endocytosis132. Similarly, mutations in the LL motif also does not affect EGFR internalization—

demonstrating a mechanistic redundancy in EGFR clathrin-mediated endocytosis132. Interestingly, under 

certain experimental conditions, depletion of AP2 does not affect EGFR clathrin-mediated endocytosis, 

suggestive of potential alternative EGFR adaptors which may mediate the internalization process74. 

Thus, although important for facilitating AP2 interactions, understanding of the precise roles of the 

tyrosine and dileucine motifs in EGFR clathrin-mediated endocytosis is incomplete, and remains to be 

defined249. 

 

(iii) Another internalization mechanism induced by EGFR activation involves the recruitment of 

the E3 ubiquitin ligase, Cbl. Cbl catalyzes the covalent transfer of a ubiquitin molecule to lysine residues 

on the carboxy-tail of EGFR345. This post-translational ubiquitination is implicated in directing EGFR 

towards the degradative lysosomal route upon internalization220. Although known to facilitate protein 

poly-ubiquitination, Cbl facilitates the mono-ubiquitination of EGFR which—through a ubiquitin binding 

domain (UBD)—is recognized by the ESCRT (endosomal sorting complexes required for transport) 

machinery involved in protein degradation11. Other UBD-containing proteins capable of binding the 

ubiquitin moiety on EGFR includes the endocytic proteins epsin, and eps15. Described in section 1.3, 

epsin and eps15 belong to the pioneer CME module, required for the initiation of CCP assembly78. As 

such, ubiquitination of EGFR is proposed to induce CME by enhancing recruitment of endocytic 

machineries. Despite this possible enhancement, the role of EGFR ubiquitination as an internalization 

signal remains controversial. One study for instance, reports the unperturbed internalization of a 

ubiquitination-deficient EGFR mutant with full kinase activity349. In addition, conflicting reports on the 

role of epsin and ep15 on CME have emerged; with some studies supporting, while others dismissing 
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their absolute requirement for EGFR clathrin-mediated endocytosis132. Indeed, evidence supporting the 

role for ubiquitination in enhancing EGFR clathrin-mediated endocytosis were based on indirect 

observations of mutations, or down-regulations of components of the ubiquitination system345. As such, 

the precise role of ubiquitin as an internalization signal have not been completely clarified, needing 

further research. 

 

Despite the controversial role of ubiquitin in receptor internalization, studies which deplete 

endogenous Cbl via genetic knockout, siRNA depletion, or overexpression of inactive mutants, 

collectively demonstrate the inhibition of EGFR clathrin-mediated endocytosis and several other RTKs; 

implying an alternative role for Cbl in CME regulation345. Cbl is a multidomain protein comprised of an N-

terminal tyrosine kinase binding domain (TKB; containing the SH2 domain) important for activation; a 

RING finger domain mediating its ligase activity; and a divergent C-terminal structure (which includes an 

SH3 domain recognition site) facilitating various protein-protein interactions350. Cbl is directly recruited 

onto activated EGFR via binding of TKB to pTyr1045, or indirectly through Grb2; Cbl is subsequently 

phosphorylated and activated by EGFR or Src kinases351. Direct binding of Cbl to EGFR however, is not as 

crucial to receptor internalization compared to its interaction with Grb2, as demonstrated by the 

unperturbed CME of EGFR mutated at the Tyr1045 site349. Cellular depletion of Grb2 however, ablated 

EGFR clathrin-mediated endocytosis, which is rescued by the expression of a chimeric protein comprised 

of the Grb2 SH2 domain and Cbl352. Indeed, Grb2 and Cbl are colocalized and remain bound to activated 

EGFR within CCPs, indicating their role in the recruitment of EGFR within clathrin structures345. Cbl may 

therefore regulate EGFR clathrin-mediated endocytosis in a ubiquitination-independent manner, of 

which precise mechanisms however, remain to be elucidated. 

 

(iv) Highlighted by its role in recruiting Cbl, Grb2 is an important component of the EGFR 

internalization pathway, which enhances receptor CME upon ligand activation. In addition to its 

interaction with Cbl, Grb2 is known to bind several other proteins implicated in CME. The SH3 domain of 

Grb2 for instance, recognizes and binds the proline-rich region of dynamin, which was previously 

described an essential component in CCV fission. Indeed, ligand stimulation induced increased 

Grb2/dynamin association as demonstrated by biochemical assays353. In addition, the SH2 domain of 

Grb2 was shown to interact with the signaling adaptor protein Tom1L1 (Target of myb1 like 1 membrane 

trafficking protein), implicated in EGFR clathrin-mediated endocytosis354. Briefly, Tom1L1 is a transient 

interaction partner of EGFR, phosphorylated by Src kinases at Tyr460 upon EGF stimulation. This 
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pTyr460 site is subsequently recognized by the Grb2 SH2 domain, which alternatively associates with 

EGFR via the Shc adapter (see section 1.6.3.2.2); forming the Tom1L1/Grb2/Shc/EGFR complex354. 

Interestingly, the C-terminal tail of Tom1L1 contains a novel clathrin-interacting motif, which interacts 

with the proximal region of the CHC subunit354. The interaction of Tom1L1 with clathrin was determined 

required for receptor internalization, as EGFR clathrin-mediated endocytosis in Tom1L1-knockdown cells 

was rescued by exogenous Tom1L1354. Central to these interactions, Grb2 is therefore a crucial link in 

receptor internalization which bridges EGFR with several CME-promoting components. How these 

interactions may mechanistically enhance EGFR clathrin-mediated endocytosis however, is not well-

defined and requires further investigation. 

 

While several other possible CME-enhancing processes have been described in [345,355], these 

aforementioned mechanisms are primarily known to co-ordinate the internalization of EGFR upon EGF 

stimulation; and likely, CME of other RTKs. It is interesting to ponder however, why several redundant 

mechanisms have evolved in regulating EGFR clathrin-mediated endocytosis. It can be hypothesized that 

due to the oncogenic potential of EGFR, and many other RTK members, robust internalization 

mechanisms become necessary as defects in one pathway may be rescued by the activity of another—

ensuring down-regulation and prevention of aberrant mitogenic signaling356. Singular perturbations of 

internalization mechanisms may therefore be insufficient in inhibiting EGFR clathrin-mediated 

endocytosis, which may explain discrepancies in literature regarding the role of AP2, ubiquitin and its 

binding adapters (epsin and eps15) in receptor internalization355. Indeed, studies have shown that 

simultaneous mutations in AP2 binding motifs, and multiple ubiquitination and acetylation sites, is 

necessary to substantially suppress EGFR clathrin-mediated endocytosis345. Although the precise 

contributions of individual internalization mechanisms to overall CME is not well-understood, it is 

possible that their relative roles may vary depending on cell type and environmental parameters, 

endowing flexibility in the robust CME of EGFR355.  

 

1.6.4.2 - Mitogenic signaling by RTKs may induce global plasma membrane remodeling via PLC-γ1 

Mitogenic signaling by RTKs including EGFR, commonly induces both local and global 

reorganization of the plasma membrane required for mitogen-derived cellular processes59–61. How EGFR 

activation may mechanistically induce plasma membrane reorganization however, is not well-

understood. Able to enhance its own CME, it is tempting to hypothesize whether the same 

internalization mechanisms used by EGFR may be applied in inducing global reorganization of the 
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plasma membrane. Based on the previous discussions however, the internalization strategies induced by 

EGFR are likely limited within the spatial domains of the activated receptor3. Some of the best-studied 

internalization strategies of EGFR for instance, involve the recruitment of AP2, Grb2, Cbl and TOM1L1 to 

binding sites on the activated receptor, of which functional roles are transient and terminated upon 

dissociation from the complex. These CME-enhancing mechanisms thus appear to operate locally in 

exclusively enhancing EGFR internalization, of which effect on global plasma membrane remodeling may 

be minimal—raising the question of what other signals generated by EGFR may induce global plasma 

membrane remodeling. 

 

In contrast to the local CME-enhancing mechanisms induced by EGFR activation, downstream 

EGFR signaling components may have the potential in influencing global plasma membrane remodeling, 

of which spatial reach extends beyond the domains of activated receptors. The PLC-γ1 pathway for 

example, is activated downstream of EGFR which presents a direct mechanism in potentially influencing 

CME on both local and global scales. Previously discussed, the direct recruitment and activation of PLC-

γ1 on the plasma membrane may directly impact CME via PIP2 hydrolysis, or indirectly via cytosolic 

calcium increases. PLCs have been described to catalyze PIP2 hydrolysis on the plasma membrane via a 

‘scooting’ mechanism, wherein they must slide along the plane of the membrane in order to access 

another PIP2 substrate—therefore likely to consume PIP2 locally within sites of recruitment357. Calcium 

on the other hand are diffusible signals with pleiotropic cellular roles, of which some may be involved in 

the global regulation of plasma membrane CME; as demonstrated by the role of calcium in neuronal 

endocytosis96,102. Indeed, the potential role of calcium in augmenting CME in non-neuronal cells (also 

discussed in section 1.5) can be implied from the regulation of EGFR clathrin-mediated endocytosis by 

CaMKII and PKC, both of which require calcium for activation as previously described. Nonetheless, the 

role of PLC-derived calcium increases in regulating CME had not been explicitly studied. 

 

PLC-γ1 provides a potential link by which mitogenic signals may regulate both local and global 

CME, important for plasma membrane remodeling. Knowledge on how PLC-γ1 may impact EGFR 

clathrin-mediated endocytosis is therefore useful in providing insight as to how PLC-γ1 may regulate the 

global plasma membrane. Indeed, this section on RTK endocytosis was prefaced with the goal of 

identifying potential junctures in EGFR clathrin-mediated endocytosis, which may be regulated by PLC-

γ1 activity. An emerging theme revealed from these discussions however, is the insufficiently researched 

role of PLC-γ1 in mediating receptor internalization. This study will therefore investigate and uncover 
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novel roles for PLC-γ1 in the regulation of EGFR clathrin-mediated endocytosis, providing further 

understanding on their potential role as mitogenic effectors of plasma membrane remodeling.   

 

 

 

1.7- Metabolic signals may regulate the plasma membrane via CME 
As emphasized in section 1.1, the cell surfaceome collectively describes the proteins and 

molecules embedded within the plasma membrane, which functions in diverse cellular processes 

including cell adhesion and migration, nutrient uptake, product release, and intracellular signaling358. 

The surfaceome serve as the primary interface for cell-environment interaction, which senses and 

responds to physicochemical changes within the extracellular milieu10. For instance, under nutrient-rich 

conditions, the surfaceome exhibits enhanced expression of amino acid and lipid transporters which 

respectively induces protein and lipid synthesis359. Similarly, proliferative conditions stimulate the 

increased expression of motogenic surface proteins including integrins, which promotes cellular 

adhesion and migration360. In contrast, metabolic stress induced by nutrient scarcity promotes the 

down-regulation of energy-consuming processes (e.g. removal of Na+/K+ ATPase pumps from the 

plasma membrane), along with the concomitant upregulation of glucose uptake (e.g. increased GLUT1 

surface expression)361,362. As such, the cell surfaceome adequately responds to the dynamic 

environment, of which modifications are contingent on adaptations necessary for survival. 

 

Highlighted above, fluctuations in nutrient availability represents one of the dynamic 

parameters defining the cellular environment, which largely regulates the cellular surfaceome. Nutrient 

availability controls cellular energy levels (e.g. ATP) and overall cellular metabolism, and hence, a major 

driver of many, if not, all cellular processes. In this regard, reorganization of the surfaceome is tightly 

coupled to cellular metabolic states, which correspondingly adapts to changing cellular demands 

imposed by fluctuations in nutrient availability. How perturbations in metabolic states may be 

interpreted and directly translated into surfaceome remodeling however, is not well-understood, 

although several studies including work from our laboratory have indicated a role for AMPK (AMP-

activated protein kinase) in regulating the process360. Briefly, AMPK is a predominant metabolic sensor 

which is activated upon sensing metabolic stress resulting from reduced energy levels (i.e. decreased 

cellular ATP). AMPK activation is regarded as a cellular response which stimulates adaptive mechanisms 

responsible for restoring energy balance and metabolic homeostasis (Figure 1.14). Additionally, previous 
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work from our laboratory have shown that AMPK activation induces the global reorganization of the 

plasma membrane, involving robust reductions in cell surface expression levels of surface proteins; likely 

as a component of its metabolic repertoire360. Nonetheless, how AMPK may directly regulate the plasma 

membrane has not been explicitly studied, of which elucidation will provide a mechanism as to how 

metabolic signals may directly regulate the surfaceome. 

 

In this section, I thus aim to describe how AMPK may directly induce remodeling of the plasma 

membrane, in providing a mechanism through which metabolic signals (e.g. low ATP levels) may directly 

influence cellular processes. This thematic shift from mitogenic to metabolic signals is largely motivated 

by previous work from our laboratory demonstrating the AMPK-induced remodeling of the plasma 

membrane360. The precise mechanisms of how AMPK may directly remodel the plasma membrane 

however, is not well-defined. Given the broad range of cell surface proteins that are controlled by AMPK 

activation, AMPK might be expected nonetheless to control the plasma membrane via regulation of 

CME, which previously emphasized, is the major endocytic route in eukaryotic cells. In line with the 

focus of this thesis, I therefore aim to investigate how AMPK may potentially regulate CME in inducing 

robust plasma membrane remodeling in mammalian cells. The following section provides an overview of 

AMPK biology, with emphasis on its regulation and cellular roles, of which understanding will provide 

insight into its potential role in CME regulation. 

 

 

1.7.1 - AMPK is an energy sensor of the cell. 
AMP-activated protein kinase or AMPK is a cellular metabolic sensor which plays a critical role in 

maintaining energy balance, and homeostasis under conditions of metabolic stress. AMPK is exquisitely 

sensitive to perturbations in energy states of which kinase activity is directly activated by reduced ATP 

levels363. Activated during metabolic stress, AMPK stimulates stress responses aimed at restoring 

metabolic homeostasis by inhibiting ATP-consuming anabolic processes, while promoting catabolic 

processes which generates ATP. Indeed, AMPK has been a major focus in several human pathologies, of 

which therapeutic activation is a promising target for cancer, type II diabetes, and other illnesses 

characterized by abnormal utilization of cellular energy359. 
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1.7.1.1 - AMPK directly senses cellular energy availability via direct nucleotide binding 

 ATP (adenosine triphosphate) is the primary energy currency largely generated from glycolysis 

and oxidative phosphorylation, which provides the energy required for driving cellular processes in living 

cells364. ATP is structurally comprised of three sequentially connected phosphate molecules (α, β, and 

the terminal γ phosphate; referred to as triphosphate) covalently attached to an adenine-ribose ring196. 

Two phosphoanhydride bonds connect the triphosphate moiety within which energy derived from ATP 

is predominantly stored. Specifically, hydrolysis of ATP into ADP (adenosine diphosphate) and an 

inorganic phosphate—and subsequently into AMP (adenosine monophosphate) and another inorganic 

phosphate—releases large amounts of energy which is tightly coupled and used as fuel for other cellular 

processes363. Due to its critical role as an energy source, cells therefore sustain high amounts of 

intracellular ATP relative to ADP, which is maintained at a 10:1 ratio365. Nonetheless, perturbations in 

the ATP:ADP ratio may occur upon cellular exposure to metabolic stress induced by starvation, hypoxia, 

ischemia, and exercise365–367. Under these conditions, ATP consumption exceeds its replenishment 

thereby reducing its concentration, which concomitantly increases levels of ADP and AMP. As described, 

cells acutely cope to reduced energy states by activating AMPK which as implied by its name, is activated 

upon direct binding of AMP or ADP363. AMPK is therefore a direct effector of metabolic stress, which 

restores energy homeostasis upon sensing perturbations in ATP concentrations. 

 

AMPK is a heterotrimeric kinase enzyme comprised of three subunits with differing functions: a 

catalytic α-, scaffolding β-, and a regulatory γ-subunit (Figure 1.14A)359. In mammals, these subunits are 

further expressed into different isoforms encoded by multiple genes (α1 and α2; β1 and β2; and γ1-3), 

of which various combinations give rise to 12 total AMPK complexes366. The expression levels and 

enrichments of AMPK subunit isoforms however, vary amongst tissue types giving rise to tissue-specific 

AMPK complexes. The α2 and β2 subunits for instance, are enriched within skeletal and cardiac muscles 

serving as the major α and β isoforms comprising AMPK within these tissues; whereas they are found at 

lower levels in other tissue types363. Similarly, the γ2 and γ3 subunits appear to also be restricted in 

skeletal and cardiac tissues, within which the α2/β2/γ2 or -γ3 AMPK complexes predominate363. In 

contrast, the α1, β1, and γ1 subunits are ubiquitously expressed, forming the prototypical α1/β1/γ1 

complex from which most knowledge regarding AMPK biology is derived359. Although the distinct AMPK 

complexes generally exhibit functional redundancy in sensing and responding to metabolic stress, they 

may nonetheless, exhibit different biochemical properties of which regulations may differ in a tissue-

specific manner; described in [368]. Despite this difference, a general regulatory mechanism has been 
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described which details precisely how AMPK complexes may be activated at the onset of metabolic 

stress. 

 

A reduction in ATP:ADP/AMP ratio largely regulates the activation of AMPK. Specifically, the γ-

subunit serve as the main regulatory module that allows AMPK to sense changes in cellular adenosine 

nucleotide concentrations. The γ-subunit is made up of two Bateman domains, each of which contains 

two cystathionine β-synthase (CBS) repeats, providing four total sites (sites 1-4) which binds either ATP, 

ADP, or AMP in a competitive manner363. Site 2 however, appears to be missing an essential aspartate 

residue required for nucleotide binding, rendering the site non-functional and commonly devoid of a 

nucleotide molecule. As well, while able to bind all three adenosine derivatives, site 4 exhibits 

preferential affinity for AMP which is thought to permanently occupy the nucleotide binding site363. In 

contrast, sites 1 and 3 competitively binds all three nucleotide molecules, therefore serving as the 

regulatory binding sites capable of monitoring perturbations in nucleotide concentrations. Indeed, AMP, 

and to a lesser extent ADP, binding to sites 1 and 3 induces a conformational shift promoting AMPK 

activation, which in contrast, is directly opposed by ATP binding to these regulatory sites363. 

 

The α-subunit serves as the primary catalytic module of AMPK, of which activation is mediated 

by AMP binding to the γ-subunit. The α-subunit is comprised of: an N-terminal kinase domain 

responsible for phosphorylating downstream AMPK targets; an autoinhibitory domain (AID) which 

regulates AMPK activity; an α-linker containing two α-RIM (regulatory-subunit-interacting motifs) 

segments which interacts with the γ-subunit; and a C-terminal domain that interacts with both the γ- 

and β-subunits, which also contains an ST loop (serine/threonine-rich domain) responsible for fine-

tuning AMPK activity363. Crystallographic studies reveal that in its ATP-bound state, AMPK exists in an 

autoinhibited configuration wherein the kinase domain is occluded by the AID—rendering the enzyme 

inactive. AMP binding relieves AMPK of autoinhibition by reorganizing the α-RIM segments to interact 

with the empty site 2 and AMP-bound site 3 of the γ-subunit, inducing a large-scale conformational shift 

displacing the AID from the kinase domain; increasing AMPK activity by ~10-fold363. In addition, the 

AMP-mediated conformational shift also promotes the phosphorylation of Thr-172 within the activation 

loop of the kinase domain, regarded as the hallmark of AMPK activation which enhances AMPK activity 

in vitro by ~100-fold363,369. Release of autoinhibition and Thr-172 phosphorylation of the α-AMPK subunit 

are thus, essential events for the full activation of AMPK, allosterically mediated by AMP binding. 

 



99 
 

1.7.1.2 - Full activation of AMPK under metabolic stress requires Thr-172 phosphorylation by LKB1  

Several kinases have been identified which phosphorylates AMPK at Thr-172 upon allosteric 

activation by AMP. LKB1 (liver-kinase-B1) for example, is the major upstream kinase which is believed to 

exist in a constitutively active state, responsible for phosphorylating AMPK during metabolic stress362,369. 

Interestingly, LKB1 is known to phosphorylate AMPK at Thr-172 even under high cellular ATP levels, 

which nonetheless, is readily dephosphorylated by phosphatases including protein phosphatase 2A and 

2C (PP2A and PP2C), and PPM1E (Mg2+-/Mn2+-dependent protein phosphatase 1E)362. The 

conformational shift induced by AMP binding to AMPK however, stabilizes Thr-172 phosphorylation, of 

which active conformation sterically obstructs phosphatase docking thereby protecting Thr-172 from 

dephosphorylation363. Other AMPK kinases have also been identified including CaMKII (Calmodulin 

dependent kinase II) and TAK1 (TGFβ-activated kinase 1), which similarly phosphorylates Thr-172, albeit 

under different cellular conditions such that during intracellular calcium increases and mitogenic 

signaling, respectively362. Indeed, LKB1 is the primary kinase which activates AMPK in a nucleotide-

dependent manner of which deletion in mice significantly reduces survival, likely due to the inhibition of 

phosphorylation, and hence, activation of AMPK preventing energy maintenance under metabolic 

stress369,370. 

 

In its AMP-bound, activated state, AMPK phosphorylates several downstream targets which 

functions in numerous cellular energy-restoring processes (Figure 1.14B). AMPK for instance, limits 

energy consumption by inhibiting anabolic pathways such as glycogenolysis, lipogenesis, and protein 

synthesis, via inhibitory phosphorylation of key regulatory proteins including glycogen synthase (GS), 

acetyl-coA carboxylase (ACC) and mTOR, respectively359,363. In parallel, catabolic processes which 

breakdown macromolecules for ATP regeneration are enhanced by AMPK. Catabolic pathways which 

breakdown glucose (e.g. glycolysis), fatty acids (e.g. fatty acid oxidation), and proteins (e.g. autophagy) 

for instance, are upregulated by AMPK phosphorylation of regulatory proteins including PFKFB3 (6-

phosphofructo-2-kinase/fructose-2,6-bisphosphate 3), ACC, and ULK1 (unc-51-like autophagy-activating 

kinase 1), respectively359,363. Furthermore, AMPK restores energy balance by remodeling the plasma 

membrane, limiting the expression of ATP-consuming surface proteins such as ion pumps (e.g. Na+/K+ 

ATPase pumps) and motogenic receptors (e.g. integrin receptor), while increasing surface expression of 

nutrient transporters such as GLUT-1 and -4, and CD36 (cluster of differentiation 36), respectively 

increasing glucose and lipid uptake for ATP synthesis362,363. While intracellular control of metabolic 

processes by AMPK is mechanistically well-annotated, understanding of how AMPK may directly 
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remodel and regulate the plasma membrane nonetheless, remains poorly understood. Several studies 

however, suggests the potential involvement of the small GTPase protein, Arf6 (ADP-ribosylation factor 

6), which has been demonstrated to promote the assembly of clathrin lattices on the plasma membrane; 

and of which activation may similarly be regulated by AMPK activity as demonstrated in recent work 

from our laboratory122,360. Arf6 may thus be hypothesized to couple AMPK activation with plasma 

membrane remodeling, in restoring energy balance during perturbations of cellular metabolic 

homeostasis—further described in the following section. 

 

 

1.7.2 - The Arf family of small GTPases are major regulators of membrane traffic 
The ADP-ribosylation factor (Arf) family represents one of the five major sub-families (e.g. Ras, 

Rho, Ran, Rab and Arf) constituting the Ras superfamily of small GTPases (20-40kDa)371. To date, more 

than 100 small GTPases have collectively been identified in eukaryotes from yeast to humans, with 

varying regulatory roles in diverse cellular processes371. The best-characterized Ras family for instance, is 

known to regulate gene expression involved in cellular growth, differentiation, and survival (as described 

in section 1.6.3.2.2); while other families such as Rho and Ran regulates cytoskeletal reorganization and 

nucleo-cytoplasmic transport during cell division, respectively371,372. Rab and Arf proteins on the other 

hand are major regulators of membrane traffic, with various roles in mediating intracellular vesicle 

budding and subsequent targeting to subcellular organelles373. Importantly, Arf proteins have been 

largely implicated in the regulation of almost every aspect of membrane traffic in cells, including a role 

at the plasma membrane in the control of endocytosis372. In this section, I will therefore focus on the Arf 

family and their role in regulating membrane traffic, to provide insight as to how they may mediate 

plasma membrane remodeling in response to AMPK activation during metabolic stress. 

 

1.7.2.1 - Arfs proteins regulate distinct membrane traffic processes in a GTP-dependent manner 

The Arf family of small GTPases regulates several aspects of membrane traffic in eukaryotes 

including vesicle budding, tethering and cytoskeleton organization, important for cell adhesion and 

migration374,375. Six mammalian Arf isoforms (Arf1-6) have been identified which are organized into three 

classes according to their sequence homology: class I (Arf1-3), class II (Arf4 and 5), and class III (Arf6). All 

Arf isoforms however, share a similar structural arrangement: an N-terminal amphipathic helix bound to 

a myristoyl group; and two GTP-binding regions common to small GTPases termed ‘switch 1’ and ‘switch 

2’, which nonetheless, is uniquely separated in Arfs by a mobile ‘interswitch’ region376. Moreover, Arf 
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proteins are the founding members of a larger structurally related protein family that also includes Arl 

(Arf-like), Arp (Arf-related proteins) and Sar (Secretion-associated and Ras-related) proteins, of which 

role in membrane traffic albeit, remain poorly characterized377. In contrast, the six major Arf isoforms 

have been implicated in regulating distinct intracellular membrane traffic processes which include both 

secretory, and endocytic pathways. Indeed, single knockout of Arf isoforms in mice such as Arf1 or Arf6, 

result in embryonic developmental defects likely attributed to dysregulation of membrane traffic376,378. 

 

Arf proteins regulate membrane traffic by directly associating with biological membranes, where 

they recruit effector molecules necessary for vesicular budding and targeting. Specifically, the 

myristoylated helix at the N-terminal region of Arfs is shorter compared to other small GTPase 

membrane-anchoring domains, enabling the close apposition of Arfs and their respective effector 

molecules to cytosolic membranes376. Furthermore, Arfs exhibit various localizations within intracellular 

membranes allowing for the regulation of distinct membrane traffic pathways. Arf1 for instance, is the 

best-studied and most abundant Arf isoform predominantly localized to the Golgi complex where it 

functions in largely regulating the secretory pathway; along with Arf3, Arf4 and Arf5379,380. On the Golgi 

complex, Arf1 recruits endocytic components including coat (e.g. COPI; coat protein complex I) and 

adaptor proteins (e.g. AP1)—promoting vesicle budding from the TGN379,381. Arf6 on the other hand, is 

the predominant Arf isoform localized on the plasma membrane due to a larger positive surface charge, 

where it may regulate CME via several mechanistic routes375. Firstly, Arf6 is known to induce production 

of plasma membrane PIP2 by recruitment and activation of PIP5Ks, thereby enhancing AP2 recruitment 

and CME (see section 1.3)379,382. Secondly, Arf6 has also been demonstrated to directly recruit and 

interact with AP2, which together with PIP2, coordinates its translocation to the plasma membrane379. 

Thirdly, Arf6 has been demonstrated to directly bind the CHC terminal domain, strongly indicating its 

role in CME regulation383; although less defined, the Arf6 regulator SMAP (described in the following 

section) is also known to bind clathrin, further corroborating the role of Arf6 in clathrin recruitment376. 

Indeed, ablation of Arf6 activity inhibits TfR internalization, indicative of its regulatory role in the 

clathrin-mediated endocytic process379. It is important to note however, that the recruitment of effector 

molecules and thus, regulation of membrane traffic by Arfs, occur in a GTP-dependent manner—

predicated on the intrinsic ability of Arfs in binding GTP376. 
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1.7.2.2 - Arf-GEFs and Arf-GAPs regulates Arf nucleotide cycling and control of membrane traffic 

As with other small GTPases, Arf proteins are guanine nucleotide-binding enzymes which cycle 

between GDP-bound (Arf-GDP) inactive and GTP-bound (Arf-GTP) active states, of which the latter 

configuration promotes effector molecule recruitment (Figure 1.15)377. In their inactive GDP-bound 

form, Arfs are held in an autoinhibited conformation by their interswitch region, which retracts onto 

switch 1 and switch 2 preventing GTP binding. In addition, the retracted interswitch segment forms a 

hydrophobic pocket within which the amphipathic N-terminal helix binds, localizing Arf-GDP in the 

cytosol unable to interact with biological membranes377. GTP binding on the other hand, relieves Arfs 

from autoinhibition by inducing a large-scale conformational shift resulting in the outward protrusion of 

the interswitch region, and extrusion of the N-terminal helix for membrane binding; thereby coupling 

Arf activation with membrane recruitment377. While capable of intrinsically binding and hydrolyzing GTP, 

Arfs nonetheless require the regulatory activities of GEFs which facilitate GDP dissociation promoting 

GTP binding, and as well as GAPs that stimulate GTP hydrolysis372. As such, nucleotide cycling by Arfs is 

largely mediated by Arf-GEFs and Arf-GAPs, of which spatiotemporal regulations therefore determines 

the scope by which Arfs may regulate membrane traffic372,376. 

 

Several GEFs and GAPs have been identified which regulates the activation states of Arfs in 

eukaryotes. Specifically, there are six families of Arf-GEFs which share a conserved Sec7 domain 

responsible for catalyzing Arf-nucleotide exchange, via displacement of bound GDP by a negatively 

charged ‘glutamic finger’ motif372. Arf-GEF families nevertheless, structurally diverge featuring different 

domain architectures that enable mediation of diverse cellular activities. The cytohesin/ARNO, EFA6 and 

IQSEC/BRAG Arf-GEF families for instance, all contain a PH domain which targets their GEF activity 

towards the PIP2-enriched plasma membrane380. Indeed, the PH domain-containing Arf-GEFs have been 

shown as the predominant Arf6-GEFs, of which concomitant recruitment to the cell surface regulates 

Arf6—and thus, its regulation of plasma membrane endocytosis371,384. Similarly, ten subfamilies of Arf-

GAPs have been identified in humans, which despite having unrelated structures share a common Arf-

GAP domain376. The Arf-GAP domain contains an arginine-finger motif which inserts into the Arf active 

site, where it participates in catalyzing GTP hydrolysis376. Plasma membrane localized Arf-GAP families 

including ArfGAP3, ARAP, and SMAP for example, significantly enhances Arf6 GTPase activity, promoting 

its inactivation and dissociation from the plasma membrane376. In this regard, the functional roles of 

Arf6 in mediating plasma membrane traffic is therefore intimately coupled with the spatiotemporal 
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control of its GEFs and GAPs, of which precise mechanistic regulations under various cellular contexts 

nonetheless, remain poorly annotated. 

 

 

1.7.3 - AMPK may induce global plasma membrane remodeling via Arf6 
As previously described, AMPK is the primary energy sensor which upon activation induces 

global remodeling of the plasma membrane surfaceome. The precise mechanism by which AMPK 

facilitates cell surface reorganization however, remains poorly understood. Several lines of evidence 

nevertheless, indicate the potential involvement of Arf6, which described above, may augment CME by 

facilitating PIP2 production and AP2 and clathrin recruitment (Figure 1.16)383; and perhaps to a lesser 

extent via SMAP activity379. Importantly, we have recently shown that in addition to the down-regulation 

of ATP-consuming surface proteins, AMPK activation also decreases surface expression of Arf6-GAPs 

including ArfGAP3 and ARAP, of which the former contains a predicted AMPK phosphorylation site—

thereby potentially regulating Arf6 function360. In addition, Arf-GEFs including GBF1 and FBXO8 have 

been demonstrated to be directly phosphorylated by AMPK, which although not specific for Arf6, 

highlights the regulatory role of AMPK in controlling membrane traffic385,386. Lastly, surface expression of 

the β1-integrin receptor was also significantly reduced upon AMPK activation, which further described 

below, is endocytosed via CME in an Arf6-dependent manner. The precise mechanism by which AMPK 

may regulate Arf6 in enhancing CME of plasma membrane cargoes including β1-integrins however, is 

poorly understood; of which elucidation will provide a mechanistic link by which AMPK may induce 

global plasma membrane remodeling under metabolic stress. 

 

1.7.3.1 - Integrins are cell surface adhesion proteins endocytosed via CME in an Arf6-dependent manner 

Integrins are heterodimeric transmembrane surface receptors implicated in functionally diverse 

processes including cellular growth, differentiation, adhesion, motility and migration387. It is comprised 

of non-covalently associated α and β subunits, respectively expressed as 18 and 8 isoforms encoded by 

different genes in humans; producing 24 different integrin heterodimers388. The 24 integrin complexes 

can be grouped into subfamilies based on ligand-binding and structural properties, which include the 

predominant β1-integrin group (i.e. integrins containing a β1-integrin subunit and a variable α 

subunit)387. β1-integrins are widely expressed in mammalian tissues, topologically comprised of an 

exofacial N-terminal domain which binds to the extracellular matrix; a transmembrane domain; and a C-

terminal domain which bind components of the cytoskeleton—thereby mechanically anchoring the cell 
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to its environment389. In addition, β1-integrins (and integrins in general) propagate signal transduction 

from adhesion sites which biochemically provides the cell information on its location, adhesion and local 

environment state, enabling cells in executing appropriate cellular processes necessary for adaptation 

and survival390. As such, β1-integrins are regarded as major drivers of mitogenic and migratory 

processes, which unsurprisingly, are substantially down-regulated from the cell surface during metabolic 

stress; likely as an energy conserving mechanism360. 

 

While the exact nature of β1-integrin endocytosis remains to be fully understood, CME appears 

to be a major route through which β1-integrins are internalized387,391. Specifically, β1-integrins contain 

NPXXY/NXXY motifs within the cytoplasmic tail of the β1-subunit, which may be recognized by specific 

clathrin adaptors including AP2, eps8, Numb and Dab2 (see section 1.3.2)392. As well, Dyn2 localizes at 

adhesion sites together with clathrin and integrin, further highlighting CME as a predominant route for 

β1-integrin endocytosis392. Interestingly, Arf6 has similarly been implicated in cellular traffic of β1-

integrins, of which endocytosis becomes significantly impaired upon knockdown of Arf6-GAPs (e.g. 

ARAP) and Arf6-GEFs (e.g. BRAG2; member of the IQSEC/BRAG GEF family)391,393. Nonetheless, precisely 

how Arf6 may mechanistically regulate β1-integrin internalization is not well-understood, although it 

can be expected to do so via regulation of PIP2 and recruitment of endocytic components as previously 

described. 

 

In summary, Arf6 may therefore function as a mechanistic link directly coupling AMPK 

activation, and hence metabolic stress, with the reorganization of the plasma membrane via CME. While 

knowledge regarding AMPK control of Arf6 is limited, previous studies including our recent findings 

described above, indicate the potential regulation of Arf6 regulators (i.e. Arf6-GAPs and Arf6-GEFs) by 

AMPK. These findings are further corroborated by the AMPK-induced down-regulation of β1-integrins 

from the cell surface, which are known to undergo CME in an Arf6-dependent manner. Collectively, 

these previous studies suggest that it is possible that Arf6 is regulated upon AMPK activation. Thus, 

AMPK may control Arf6 potentially via nucleotide cycling which can be hypothesized to alter CME 

dynamics—ultimately providing metabolic signals with a mechanism by which modifications of the 

plasma membrane may be initiated. 
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1.8- Project goals and rationale 
The plasma membrane is an important organelle which allow cells to sense and interact with the 

surrounding environment, necessary for adaptation and survival. It is composed of a lipid bilayer 

embedded with key proteins including carriers and transporters, adhesion molecules, and signaling 

receptors—collectively termed as the cell surfaceome—which directs fundamental processes in cellular 

metabolism, migration, growth and proliferation31. As an essential environment-interfacing module, the 

surfaceome constantly undergoes dynamic changes involving constant removal and addition of proteins 

(e.g. integral and peripheral), in responding and adapting to changes within the extracellular milieu10. 

Endocytosis is the cellular process generally responsible for the reorganization of the surfaceome which 

directly removes proteins from the plasma membrane. During endocytosis, small regions of the plasma 

membrane invaginate into pits which pinch off as vesicles into the cytoplasm, capturing extracellular 

material including specific surface proteins into the cell51. Although several forms of endocytosis exist, 

CME is the predominant and best characterized endocytic route in mammalian cells, largely involved in 

plasma membrane remodeling, given the ability of CME to selectively concentrate specific receptors and 

transporters into budding vesicles10,58. CME is implicated in many facets of cell physiology and 

homeostasis, and understanding mechanisms of its regulation is therefore, of great importance57. 

 

Diverse cellular cues including mitogenic (e.g. growth factors) and metabolic signals (e.g. cellular 

energy levels) induce diverse physiological processes in mammalian cells (cellular growth, proliferation, 

migration and differentiation) requiring some degree of plasma membrane remodeling—and hence, 

direct regulation of CME. How mitogenic and metabolic signals may regulate CME however, is not well-

defined. In this thesis, I will therefore investigate how i) mitogenic and ii) metabolic signals may regulate 

CME, providing insight as to how these cellular cues may induce modifications of the plasma membrane. 

 

(i) In addressing the role of mitogenic signals in CME, I will specifically study mitogenic signaling 

by the RTK family with specific focus on the best-characterized member, EGFR. EGFR is activated upon 

stimulation by the mitogenic EGF ligand, resulting in the subsequent recruitment and activation of the 

PLC-γ1 enzyme by the activated receptor. The enzymatic activities of PLC-γ1 result in both PIP2 depletion 

and an increase in cytosolic calcium, both of which functions have not been explicitly studied in context 

of CME. Several lines of evidence however, imply the potential role of these PLCγ1-derived activities in 

CME regulation. As well, EGFR stimulation induces their own internalization via CME, thereby coupling 

PLC-γ1 activation with the internalization process. The potential role of PLC-γ1 in regulating EGFR 
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clathrin-mediated endocytosis however, remains relatively unexplored. Thus, in my thesis, I will 

investigate the requirement for PLC-γ1 in EGFR clathrin-mediated endocytosis, which will provide clues 

as to how mitogenic signals may regulate CME in effecting plasma membrane remodeling. 

 

I hypothesize that PLC-γ1 is required for the efficient internalization of EGFR via CME, of which 

enzymatic activities are required in regulating clathrin-coat assemblies. In addressing this hypothesis, 

the following goals were set: 

1) Determine the requirement for PLC-γ1 in the clathrin-mediated endocytosis of EGFR. 

2) Determine the roles for PIP2 hydrolysis and calcium signals derived from PLC-γ1 activity in 

regulating the clathrin-mediated endocytosis of EGFR. 

3) Determine the requirement for PLC-derived signals in CCP dynamics. 

4) Determine a possible mechanism by which PLC-derived calcium signals may impact CCP 

dynamics; and hence CME. 

*This work is published in the peer-reviewed journal Molecular Biology of the Cell in 20171, and 

presented here in Chapters 3 and 4. 

 

(ii) In addressing the role of metabolic signals in CME, I will specifically study AMPK which is 

considered as the primary energy sensor of the cell. AMPK is activated during metabolic stress induced 

by a reduction in cellular energy availability. Upon activation, AMPK stimulates global remodeling of the 

plasma membrane, which restores metabolic homeostasis by limiting energy consuming processes at 

the cell surface. Precisely how AMPK may mechanistically regulate the plasma membrane however, is 

not well-understood, although a role for the Arf6 GTPase can be proposed. Arf6 is a small GTPase which 

has been implicated to enhance CME by stimulating PIP2 production and AP2 and clathrin recruitment 

on the plasma membrane383. Importantly, previous studies including recent findings from our laboratory 

have demonstrated the potential control of Arf6 by AMPK, via regulation of Arf6-GAPs and Arf6-GEFs. In 

addition, we have shown that AMPK activation reduces cell-surface levels of β1-integrin, which is known 

to internalize via CME in an Arf6-dependent manner—suggestive of the potential regulation of Arf6, and 

hence, CME by AMPK. In this thesis, I will thus attempt to determine the role of Arf6 in controlling CME 

dynamics during AMPK activation, in providing a mechanism by which metabolic signals may regulate 

the cell surfaceome. 
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I hypothesize that AMPK regulates CME dynamics by control of Arf6 nucleotide cycling. 

Specifically, I hypothesize that AMPK activation toggles Arf6 nucleotide cycling, which impacts CCP 

dynamics—thereby influencing global CME and plasma membrane remodeling. In addressing this 

hypothesis, the following goals were set: 

1) Determine the role of AMPK in regulating CME dynamics. 

2) Determine how AMPK may control Arf6 activity, and its implication in regulation of CME. 

3) Determine how AMPK activation might regulate the internalization of CME cargoes; with 

specific focus on β1-integrin. 

*This work is currently in preparation and will be submitted to a peer-reviewed journal early 2019, and 

presented here in Chapter 5. 
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1.9- Figures for Chapter 1    
 

 

 

 

Figure 1.1. The cell surfaceome. The plasma membrane is comprised of a lipid bilayer embedded with 

surface proteins, collectively termed as the ‘cell surfaceome’31. Surface proteins can associate with the 

plasma membrane either integrally or peripherally (not shown), and include functionally diverse 

proteins such as nutrient carriers (e.g. Transferrin receptors), signaling receptors (e.g. EGFR), and 

adhesion molecules (e.g. β1-integrin)32. As such, the cell surfaceome is involved in a variety of cellular 

processes including cell-cell and cell-environment communication, adhesion and migration, metabolism, 

and signal transduction30. 
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Figure 1.2. Different modes of endocytosis. Endocytosis is the cellular process generally responsible for 

the reorganization of the surfaceome which directly removes proteins from the plasma membrane. 

During endocytosis, small regions of the plasma membrane invaginate into pits which pinch off as 

vesicles into the cytoplasm, capturing extracellular material including specific surface proteins into the 

cell50. Multiple pathways of endocytosis exist in eukaryotic cells including: i) Clathrin-dependent (e.g. 

clathrin-mediated endocytosis) and ii) Clathrin-independent (e.g. Caveolin-dependent and bulk 

endocytosis) forms of internalization50. All three modes follow a general step-wise sequence starting 

from plasma membrane invagination which forms into an endocytic vesicle trafficked to endosomes, 

where their content (termed cargo) are sorted either back to the plasma membrane for recycling or to 

the lysosomes for degradation. The main differences between these processes lie in the types of cargo 

they internalize, signal for initiation and as well as the type of endocytic vesicle that is initially formed. 

Clathrin-mediated endocytosis (CME) is the best-characterized and predominant form of endocytosis in 

mammals, characterized by the clathrin coat protein which surrounds the budding vesicle; caveolin-

dependent pathway form pits with caveolin while the latter mode is absent of any signature protein50. 
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Figure 1.3. Clathrin-mediated endocytosis is defined by morphologically distinct stages. CME proceeds 

through discrete stages: cargo selection and nucleation, coat initiation and assembly, and scission and 

uncoating. Each stage is marked by the arrival of functionally distinct protein modules; of which some 

are listed. Notably, protein modules exhibit overlap and may regulate multiple stages of CME, and as 

such, are not limited to the stages under which they are listed above. CME is initiated by ‘pioneer’ 

module proteins including FCHO1/2, eps15, intersectin, AP2 and clathrin, which define sites on the 

plasma membrane for CME. Cargo specific adaptors recruit surface proteins including EGFR (shown 

above) within nascent clathrin structures. Further recruitment and assembly of clathrin, along with 

other endocytic accessory proteins, promotes the growth of nascent clathrin structures into bona fide 

cargo-containing clathrin-coated pits (CCPs). CCPs continue to mature and eventually excised from the 

plasma membrane via dynamin, forming clathrin-coated vesicles (CCVs) within the cytosol. CCVs are 

then uncoated by Auxilin and HSC70, releasing clathrin and other components of the endocytic 

machinery for use in succeeding CME events. The progression of CME is hypothesized to be gated by an 

‘endocytic checkpoint’ (red broken line), through which nascent clathrin structures must progress to 

develop into productive CCPs. Several factors determine progression through this checkpoint including 

the rate and nature of coat assembly, extent and characteristic of cargo loading, recruitment of 

appropriate endocytic accessory proteins, and curvature generation—which if are not satisfied, induces 

the turnover of nascent clathrin structures6. 
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Figure 1.4. Clathrin-mediated endocytosis is regulated by three core hubs. CME is regulated by three 

core hubs: i) clathrin, ii) adaptor protein-2 complex (AP2), and iii) phosphatidylinositol-4,5-bisphosphate 

(PIP2). Clathrin is the hallmark protein coat which surrounds and provides structural support for the 

budding endocytic structure. After clathrin, AP2 is the most abundant protein found exclusively within 

plasma membrane-derived CCVs, which functions in recruiting endocytic accessory proteins and cargo 

molecules121. The membrane lipid PIP2 is an indispensable component of CME, serving as a plasma 

membrane substrate for several key endocytic components including AP2, FCHO1/2, CALM, epsin, eps15 

and dynamin. These core components of CME have disproportionately more interactions than any other 

proteins in the endocytic pathway, of which depletions exhibit catastrophic effects on the endocytic 

network12. 
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Figure 1.5. The structure of clathrin. Clathrin is the hallmark protein which coats endocytic vesicles 

during CME, characterized by its three-legged appearance referred to as a ‘triskelion’85,108. The clathrin 

triskelion is comprised of three ~190 kDa clathrin heavy chain (CHC; shown in red), which are each 

associated with a ~25kDa clathrin light chain (CLC; shown in green). Each CHC molecule can be divided 

into three regions: a proximal region, an intermediate distal region, and a globular N-terminal domain. 

The N-terminal domain of clathrin is largely responsible for its interaction with endocytic components 

including key proteins listed above. 
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Figure 1.6. The structure of the adaptor protein complex-2. (A) AP2 belongs to a functionally diverse 

family of adaptor protein (AP) complexes, comprising of five members in mammalian cells; designated 

adaptor protein-1 through -5 (AP1-5). All APs are heterotetrameric structures composed of isoform 

specific subunits including two large subunits (X and β; ~100kDa each), one medium-sized subunit (µ; 

~50kDa), and one small-sized subunit (σ; ~20kDa) arranged in a general Xβµσ structure, where ‘X’ is a 

variable subunit; γ/α/δ/ε/ζ. AP complexes form a general structure resembling a ‘Mickey mouse’ head, 

where the head (or trunk/core) is formed by the N-terminal segments of the large subunits, with the 

‘ears’ (or appendage) composed of their C-terminal domains connected to the head via a flexible neck 

(or linker/hinge). (B) AP2 is the best studied AP type which exclusively localizes to the plasma membrane 

in facilitating CME, comprised of the large α and β2 adaptins, the medium µ2, and the small σ2 adaptin. 

AP2 binds a broad repertoire of endocytic components including PIP2, cargo, clathrin, and various 

endocytic accessory proteins via the α-ear appendage domain.   
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Figure 1.7. A large conformational change is required for the activation and stabilization of AP2. AP2 

exists in at least two conformations designated as the inactive ‘closed’, and active ‘open’ states. In the 

cytoplasm, AP2 assumes an inactive autoinhibited arrangement, with its cargo and clathrin binding sites 

structurally obstructed within the core region. The activation of AP2 requires hierarchical interactions 

with its ligands, PIP2 and cargo on the plasma membrane. i) The α and β2 adaptins of AP2 directly binds 

PIP2 on the plasma membrane, forming the initial steps in the allosteric rearrangement and activation of 

the AP2 (A). This in turn causes the ii) release or ‘flipping-out’ of the C-µ2 domain from the AP2 core, 

thereby exposing its essential tyrosine-motif and PIP2 binding sites to the plasma membrane—further 

stabilizing the active state of AP2 (B). iii) Lastly, the stabilization of AP2 on the plasma membrane via 

PIP2 and cargo interactions, releases the β2 linker for clathrin recruitment and assembly (C). Clathrin 

assembly promotes the recruitment of AAK1 which further stabilizes the open conformation of AP2 by 

phosphorylating the C-µ2 domain (not shown above).   
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Figure 1.8. The seven derivatives of phosphoinositide. Phosphoinositides (PI) are the phosphorylated 

derivatives of phosphatidylinositol (PtdIns) generated by various phosphatidylinositol kinases and 

phosphatases. The hydroxyl residues at the D3, D4 and D5 positions of the inositol head group can be 

differentially phosphorylated giving rise to seven PI species. Examples of kinases and phosphatases 

which respectively catalyze PI phosphorylation and turnover are shown. PIP2 (highlighted in green box) is 

derived mainly from the phosphorylation of PI4P by PIPKI.   
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Figure 1.9. Phospholipase C activity and structure. Phospholipase C is a phosphodiesterase enzyme 

which hydrolyzes PIP2 on the plasma membrane. (A) The hydrolysis of PIP2 by PLC generates two 
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secondary signaling molecules: i) diacylglycerol (DAG) which remain on the plasma membrane, and iii) 

inositol 1,4,5-triphosphate (IP3) which diffuses within the cytosol. IP3 is a diffusible cytosolic molecule 

which stimulates the release of calcium from the ER by binding and opening IP3 receptors (IP3R). Upon 

opening of IP3R, calcium efflux from the ER into the cytosol increases cytosolic calcium concentrations—

implicated in facilitating numerous cellular processes. (B) Several PLC isotypes have been identified in 

mammalian cells which are classified into six sub-families based on unique domain inserts and 

extensions: PLC-β, -γ, -δ, -ε, -ζ and –η.  
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Figure 1.10. Maintenance of the cellular calcium gradient. The outside-to-inside chemical gradient for 

calcium is estimated at around 15,000-40,000:1, creating one of the largest known physiological 

gradients in the body. This gradient is created by various plasma membrane proteins which transport 

Ca2+ out of the cytosol. ATPase pumps actively pump calcium out of the cell into the extracellular space 

(via PMCA pumps), or into the ER (via SERCA pumps) through ATP hydrolysis. As well, ion exchangers 

such as NCX and NCKX pump Ca2+ into the extracellular fluid by respectively exchanging three Na2+ for 

one Ca2+ ion, and four Na2+ for the co-transport of a Ca2+ and a K+ ion. At rest, cytosolic Ca2+ 

concentration is ~100nM which can rise to 500-1000nM during signaling events. This increase can be 

derived from extracellular Ca2+ present in the range of 1-2mM (via plasma membrane calcium channels), 

or through intracellular compartments such as the ER with concentrations in the range of 0.1-1mM (via 

IP3 receptor). (PMCA, plasma membrane Ca2+ ATPases; SERCA, sarco-endoplasmic reticular Ca2+ ATPases; 

NCX, Na+/Ca2+ exchangers; NCKX, Na+/Ca2+-K+ exchangers).  
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Figure 1.11. The different families of receptor tyrosine kinases (RTK). RTKs are transmembrane 

proteins found on the plasma membrane characterized by three domains: an extracellular ligand-

binding domain, a transmembrane helical domain, and an intracellular domain with intrinsic tyrosine 

kinase activity. Shown above are the domain architecture of some of the best characterized RTK families 

including EGFR, IR, VEGFR, PDGFR, FGFR, and the Trk family. Although sharing a conserved structural 

arrangement, RTKs nonetheless diverge in displaying variations within the three main domains—

featuring unique combinations of domain inserts and extensions indicated above. (EGFR, epidermal 

growth factor receptor; IR, insulin receptor; PDGFR, platelet-derived growth factor receptor; VEGFR, 

vascular endothelial growth factor receptor; FGFR, fibroblast growth factor receptor; Trk, tropomyosin-

related kinase receptor; IG, immunoglobulin-like domain). 
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Figure 1.12. The major signaling pathways of EGFR. EGFR is the best characterized family of RTKs of 

which signaling pathways are well annotated in the literature. Upon EGF ligand binding, EGFR becomes 

activated and induces autophosphorylation of its intracellular domains, resulting in the generation of a 

wide spectrum of signaling cascades which play fundamental roles in cell proliferation, migration, 

metabolism, differentiation, and survival. Shown above are the major EGFR signaling cascades which 

includes the (1) MAPK (blue arrow) and the (2) PI3K/Akt (red arrow) pathway; with other key 

intracellular pathways including the (3) Src (orange arrow), (4) STAT (green arrow), and the (5) PLC-γ1 

(yellow arrow) pathway. 
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Figure 1.13. EGFR is a cargo of CME. EGF stimulation of EGFR induces its recruitment within clathrin 

structures, serving as a mechanism for EGFR internalization and signaling attenuation. Listed above are 

some of the possible mechanisms which may directly augment EGFR clathrin-mediated endocytosis 

which includes: the i) direct phosphorylation and ubiquitination of EGFR intracellular domains by CAMKII 

and Cbl, respectively; and the ii) recruitment of endocytic adaptor proteins including AP2, epsin and 

TOM1L1. 
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Figure 1.14. AMPK is a major metabolic sensor. (A) AMPK is a heterotrimeric kinase comprised of three 

subunits: a catalytic α-, scaffolding β-, and a regulatory γ-subunit. The γ-subunit contains four total sites 

(sites 1-4) which binds either ATP, ADP, or AMP in a competitive manner. Site 2 cannot bind nucleotide 

molecules due to a missing aspartate residue, while site 4 is constitutively bound to an AMP molecule. 
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Under high cellular energy states, ATP binds sites 1 and 3, keeping AMPK in an autoinhibited, inactive 

conformation. In this conformation, the kinase domain of the α-subunit is obstructed by an 

autoinhibitory segment, unable to phosphorylate downstream effectors (left panel). Reduction in 

cellular energy levels increases the concentration of AMP, outcompeting ATP for γ-subunit binding. AMP 

binding to AMPK induces a conformational shift within the α-subunit—causing the release of the kinase 

domain. The kinase domain is subsequently phosphorylated by upstream kinases including LKB1, CAMKII 

and TAK, which further stabilizes the activated state of AMPK (right panel). (B) Reduction in cellular 

energy levels can be induced by various metabolic stressors which in turn activates AMPK. Once 

activated, AMPK triggers several downstream processes which collectively functions in restoring 

metabolic and cellular homeostasis. These processes involve the respective inhibition and stimulation of 

anabolic and catabolic pathways, and as well as remodeling of the plasma membrane.  
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Figure 1.15. The small GTPase Arf6. Arf6 is a small GTPase which cycles between an active GTP-bound, 

and an inactive GDP-bound state. GTP and GDP binding of Arf6 is regulated by various GAP (e.g. 

ArfGAP3, ARAP, and SMAP) and GEF (e.g. cytohesin/ARNO, EFA6 and IQSEC/BRAG) interactors. The 

structure of Arf6 is largely defined by two domain regions: an i) N-terminal amphipathic helix bound to a 

myristoyl group; and ii) two GTP-binding regions common to small GTPases termed ‘switch 1’ and 

‘switch 2’, separated in by a mobile ‘interswitch’ region (not shown). GTP binding induces a 

conformational shift in Arf6, resulting it its translocation and association with the plasma membrane via 

the N-terminal region. 
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Figure 1.16. Arf6 has been implicated in the regulation of CME. Arf6 is recruited and associates with the 

plasma membrane via the N-terminal region in a GTP-dependent manner. Arf6 functions in membrane 

traffic pathways and has been implicated in enhancing CME through mechanisms shown above: 1) 

Recruitment of PIP5K inducing local PIP2 production; 2) direct recruitment of AP2; and 3) direct 

recruitment of clathrin molecules. Broken arrows represent interactions between corresponding 

molecules. 
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2.1- Materials 
DMEM/F12, fetal bovine serum (FBS), penicillin/streptomycin solution, insulin-Tfn-selenium-

ethanolamine solution, and sterile HEPES buffer were obtained from Life Technologies (Carlsbad, CA). l-

Glutamine was obtained from Sigma-Aldrich (St. Louis, MO). Human EGF (unlabeled), EGF (complexed to 

Alexa Fluor 555 [A555-EGF] or rhodamine [rhodamine-EGF]), Tfn (complexed to Alexa Fluor 555 [A555-

Tfn] or Alexa Fluor 647 [A647-Tfn]), biotin-xx-EGF, and biotin-xx-Tfn were obtained from Life 

Technologies (Carlsbad, CA). Anti-EGF antibodies (used in EGF internalization assay) were from Upstate 

Biotechnologies (Millipore, Etobicoke, ON, Canada), and Anti-Tfn antibodies (used in Tfn internalization 

assay) were from Bethyl Laboratories (Montgomery, TX). Avidin and o-phenylenediamine hydrochloride 

reagent were obtained from Biobasic (Markham, ON, Canada), and biocytin was obtained from Santa 

Cruz Biotechnology (Dallas, TX). Superblock blocking buffer was obtained from Thermo Fisher (Rockford, 

IL). 

 

Small molecular inhibitors and activators used were as follows: U73122 (1-(6-((17β-3-

methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl)-1H-pyrrole-2,5-dione) was obtained from Cayman 

Chemicals (Ann Arbor, MI), BIM (Bisindolylmaleimide I, hydrochloride) and CsA (Cyclosporin A) were 

obtained from Cell Signaling (Danvers, MA), XeC (Xestospongin C) was obtained from Abcam 

(Cambridge, MA), BAPTA-AM (1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid 

tetrakis(acetoxymethyl ester)) was obtained from Santa Cruz Biotechnology (Dallas, TX), A7 (A-769662) 

and SecinH3 was obtained from Abcam (Cambridge, MA), and Ionomycin was obtained from Sigma-

Aldrich (St. Louis, MO). 

 

Antibodies used for immunofluorescence (IF) microscopy were as follows: anti-Sjn1 from 

Synaptic Systems (Goettingen, Germany), and anti-β1-integrin from EMD Millipore (Darmstadt, 

Germany). Antibodies used for Western blotting were obtained as follows: for detection of phospho-Akt 

(pS473) from Life Technologies (Carlsbad, CA), and for total Akt, phospho-Erk (Thr202/Tyr204), total Erk, 

phospho-EGFR (Tyr1068), phospho-PLCγ1 (Tyr783), total PLC-γ1, total dynamin 1, and actin from Cell 

Signaling (Danvers, MA). 

 

cDNA constructs used were as follows: encoding the wild-type pleckstrin homology (PH) domain 

of PLC-δ1 fused to mCherry (mCherry-PH WT) or of the PH domain harboring K32A W36A mutations to 

abolish binding to PIP2 similarly fused to mCherry (mCherry-PH K32A, W36A) were previously described6. 
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cDNA encoding Sjn1 (170-kDa isoform) fused to mCherry (mCh-Sjn1) was previously described6. cDNA 

constructs encoding recombinant Arf6 proteins were previously described388,394. cDNA encoding β1-

integrin fused to mCherry (mCh-β1-integrin) was previously described395. Hemagglutinin (HA)-NFAT1(4-

460)-GFP was a gift from Anjana Rao, Harvard Medical School (Addgene plasmid #11107)396. siRNA 

sequences used were as follows (sense): Dyn1, 5′-GGCUUACAUGAACACCAACCACGAA397; clathrin heavy 

chain (CHC), GGAAGGAAAUGCAGAAGAAUU207; PLC-γ1, GAGCAGUGCCUUUGAAGAAUU; or non-targeting 

control siRNA, CGUACUGCUUGCGAUACGGUU; and were obtained from Dharmacon (Lafayette, CO) or 

Sigma-Aldrich (St. Louis, MO). 

 

 

 

2.2- Cell culture 
Wild-type ARPE-19 (RPE herein) human retinal pigment epithelial cells (RPE-WT) and derivative 

lines stably expressing clathrin light chain fused to eGFP (RPE eGFP-CLCa) or Tag-RFP-T (RPE RFP-CLCa) 

were used as previously described5,6. RPE cells exhibit a flat morphology with their plasma membranes 

closely and uniformly apposed to the substratum (e.g. coverslips)—serving as an optimal cell model for 

studying CME given their largely dispersed clathrin structures which can be individually tracked via 

software analysis7. RPE cells were cultured in DMEM/F12 supplemented with 10% FBS, 100 U/ml 

penicillin, and 100 μg/ml streptomycin at 37°C and 5% CO2. RPE cells engineered to stably express HER2 

(RPE-HER2) used for experiments in Figure 4.9C were previously described and cultured similarly as RPE-

WT cells, with the addition of 1 μg/ml puromycin to the growth medium207. 

 

 

 

2.3- cDNA and siRNA transfection 
cDNA transfection (as per Figures 3.6, 3.10, 4.6, 4.7, 5.3 and 5.6) was performed using 

Lipofectamine 2000 (Life Technologies, Carlsbad, CA), as per the manufacturer’s instructions and as 

previously described142,207. Briefly, cells were grown in each well of a six-well plate and allowed to reach 

40-60% confluency. For each well of a six-well plate, 2.5 μg of cDNA was pre-complexed with 5 μl of 

transfection reagent in Opti-MEM medium (Life Technologies, Carlsbad, CA) at room temperature for 

15-20 min. Cells were washed once in 1x phosphate-buffered saline (PBS) and replaced with fresh OPTI-
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MEM medium. The pre-complexed cDNA-reagent is subsequently added dropwise onto each wells and 

incubated for 4 h, followed by washing and incubation of cells in regular growth medium for 18–24 h 

before the start of the experiment. 

 

siRNA gene silencing (as per Figures 3.1, 3.3-3.6, and 4.9) was performed using Lipofectamine 

RNAiMAX (Life Technologies, Carlsbad, CA), as per the manufacturer’s instructions and as previously 

described207,360. Briefly, cells were grown in each well of a 12-well plate and allowed to reach 40-80% 

confluency. For each well of a 12-well plate, each siRNA construct was transfected at 220 pmol/l pre-

complexed to the transfection reagent in Opti-MEM medium (Life Technologies, Carlsbad, CA) at room 

temperature for 15-20 min. Cells were washed once in 1x phosphate-buffered saline (PBS) and replaced 

with fresh OPTI-MEM medium. The pre-complexed siRNA-reagent is subsequently added dropwise onto 

each wells and incubated for 4 h, followed by washing and incubation of cells in regular growth medium. 

siRNA transfections were performed twice (72 h and 48 h) before each experiment. 

 

 

 

2.4- Small molecule treatment and EGF stimulation 
For all experiments, cells were subjected to serum starvation for 1 h before the start of the 

assay. Following serum starvation, cells were treated with small-molecule pharmacological inhibitors 

and activators as follows: U73122 (2 μM for 10 min)398, BIM (1 μM for 30 min)399, CsA (10 μM for 30 

min)400, XeC (3 μM for 30 min)401, BAPTA-AM (10 μM for 15 min), A7 (100 μM for 15 min)360, SecinH3 (20 

μM for 10 min)402, and Ionomycin (10 μM for 20 min), or treated in media containing a corresponding 

volume of vehicle (dimethyl sulfoxide [DMSO], in each case <0.1%, control condition). All experiments 

requiring EGF stimulation were performed with an EGF concentration of 5 ng/ml unless otherwise 

stated. 
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2.5- TIRF-M measurement of cell surface PIP2 and β1-integrin 

abundance  
RPE cells were seeded onto glass coverslips and transfected with cDNA encoding either the wild-

type PH domain of PLC-δ1 fused to mCherry (mCherry-PH WT), or of the PH domain harboring K32A and 

W36A mutations to abolish binding to PIP2 similarly fused to mCherry (mCherry-PH K32A, W36A) for 

experiments in Figure 3.6B as previously described6. On the day of the experiment, transfected cells 

were serum starved for 1 h, then treated (or not; control) with 5 ng/ml EGF for 5 min, followed by 

immediate fixation in 4% paraformaldehyde (PFA). Cells were then imaged using sequential TIRF-M 

(Total internal reflection fluorescence-microscopy) and wide-field epifluorescence microscopy using a 

150×/1.45 NA objective on an Olympus IX81 instrument equipped with CellTIRF modules (Olympus 

Canada, Richmond Hill, ON, Canada) using 561-nm (50 mW) laser illumination and an 624/50 emission 

filter. Images were acquired using a C9100-13 EM-CCD camera (Hamamatsu, Bridgewater, NJ). 

 

Images were analyzed using ImageJ by manually delineating a region of interest corresponding 

to the cell outline, followed by measurement of the mean pixel intensity within this region for each of 

the TIRF-M and epifluorescence channels for each cell360,403. To obtain the relative cell-surface 

localization index for the mCherry-PH probes under various conditions, we determined the ratio of 

TIRF/epifluorescence for each cell. Measurements were subjected to analysis of variance (ANOVA) 

followed by Tukey’s posttest, with a threshold of p < 0.05 for statistically significant differences between 

conditions (Figure 3.6B). 

 

For experiments in Figure 5.5A, RPE cells were seeded onto glass coverslips and transfected with 

cDNA encoding mCh-β1-integrin as previously described395. On the day of the experiment, transfected 

cells were serum starved for 1 h, then treated (or not; control) with A7 (100 μM for 5 min). Intact cells 

were then immuno-labeled with an antibody specific for an exofacial epitope on β1-integrin. The cells 

were subsequently fixed in 4% PFA and imaged via immunofluorescence microscopy using wide-field 

epifluorescence as per Figure 3.6B, to acquire single frame images of the cell surface for manual analysis 

by ImageJ software as per [111]. With ImageJ, cells were manually outlined of which enclosed areas 

were quantified for mean pixel intensity of fluorescence—providing measurement of β1-integrin. The 

results were subjected to one-way ANOVA followed by Tukey’s posttest, with a threshold of p < 0.05 for 

statistically significant differences between conditions (Figure 5.5A). 
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2.6- Biochemical measurement of phosphoinositide levels 
RPE cells were incubated for 24 h in inositol-free DMEM (MP Biomedicals, Santa Ana, CA) with 

10 Ci/ml myo-[2-3 H(N)] inositol (PerkinElmer Life Sciences, Waltham, MA), 10% FBS, 4 mM l-glutamine, 

1× insulin-Tfn-selenium-ethanolamine 20 mM HEPES, and 1× penicillin/streptomycin. On the day of the 

experiment, cells were serum starved for 1 h and then stimulated with 5 or 20 ng/ml EGF for 5 min or 

with 10 μM ionomycin for 20 min, as indicated. Cells were then treated with 600 μl of 4.5% perchloric 

acid (vol/vol) on ice for 15 min, scraped, and pelleted at 12,000 × g for 10 min. Pellets were washed with 

1 ml ice-cold 0.1 M EDTA and resuspended in 50 μl of water. Phospholipids were deacylated with 500 μl 

of a solution of methanol/40% methylamine/1-butanol (45.7% methanol:10.7% methylamine:11.4% 1-

butanol [vol/vol]) for 50 min at 53°C. Samples were vacuum-dried and washed twice with water. The 

dried samples were then resuspended in water, extracted with a solution of 1-butanol/ethyl ether/ethyl 

formate (20:4:1), vortexed for 5 min, and centrifuged at 12,000 × g for 2 min. The bottom aqueous layer 

was collected and extracted twice more. The aqueous layer was vacuum-dried and resuspended in 50 μl 

of water. Equal counts of 3H were separated by high-performance liquid chromatography (Agilent 

Technologies, Santa Clara, CA) through an anion exchange 4.6 × 250 mm column (Phenomenex, 

Torrance, CA) with a flow rate of 1 ml/min and subjected to a gradient of water (buffer A) and 1 M 

(NH4)2HPO4, pH 3.8 (buffer B) as follows: 0% B for 5 min, 0–2% B for 15 min, 2% B for 80 min, 2–10% B 

for 20 min, 10% B for 30 min, 10–80% B for 10 min, 80% B for 5 min, and 80–0% B for 5 min. The 

radiolabeled eluate was detected by β-RAM 4 (LabLogic, Brandon, FL) with a 1:25 ratio of eluate to 

scintillant (LabLogic) and analyzed using Laura 4 software. Each of the phosphoinositides was normalized 

against the parent phosphatidylinositol peak. Samples were subjected to ANOVA followed by Tukey’s 

posttest, with a threshold of p < 0.05 for statistically significant differences between conditions (Figure 

3.6A). For further experimental details, the reader is directed to [142]. 

 

 

 

2.7- EGF and Tfn ligand internalization assays 
All internalization/uptake assays were performed on RPE-WT cells grown on 12-well plates as 

previously described207. Following siRNA gene silencing (Figures 3.3-3.5) or drug treatments (Figures 3.2, 

3.7-3.9, and 5.5), cells were then incubated with either biotin-xx-EGF (5 ng/ml for EGF internalization) or 

biotin-xx-Tfn (1 μg/ml for Tfn internalization) for 0, 2, 5, or 10 min at 37°C. Following ligand 

internalization, cells were immediately placed on ice and washed three times in ice-cold PBS2+ 
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(phosphate-buffered saline [PBS] supplemented with 1 mM CaCl2 and 1 mM MgCl2) to remove unbound 

ligand and arrest membrane traffic. Once bound, uninternalized ligands were subsequently quenched by 

sequential incubation with free avidin for 30 min on ice (5 μg/ml avidin for EGF internalization, and 28.6 

μg/ml for Tfn internalization), and biocytin for 15 min on ice (7.69 μg/ml biocytin for EGF internalization, 

and 27.3 μg/ml for Tfn internalization). Cells were subsequently washed repeatedly with ice-cold PBS2+ 

and solubilized by incubation in a buffer composed of 0.01% Triton X-100 and 0.01% SDS in Superblock 

buffer. Cell lysates were then plated onto enzyme-linked immunosorbent assay (ELISA) plates coated 

with either anti-EGF or anti-Tfn antibodies, followed by detection of biotin-xx-EGF or biotin-xx-Tfn (free, 

unbound to avidin) by incubation with streptavidin conjugated to horseradish peroxidase (POD), and 

detection of bound POD by o-phenylenediamine assay. Absorbance readings corresponding to 

internalized biotin-xx-EGF or biotin-xx-Tfn readings were then normalized to the total levels of surface-

ligand binding measured at 4°C and not subjected to avidin-biocytin quenching, performed in parallel for 

each condition. 

 

To resolve whether any differences in EGF internalization observed using the above assay might 

be due to changes in EGF:EGFR binding (instead of EGF:EGFR internalization rate), we performed a 

control experiment to measure cell-associated biotin-xx-EGF (reflecting EGF:EGFR binding) in which the 

quenching by avidin and biocytin was omitted (Figure 3.8). This assay was performed identically to the 

above EGF internalization assay, with the exception that, following ligand internalization (at 37°C), 

placement of cell on ice, and extensive washing in ice-cold PBS2+ to remove unbound ligand, cells were 

directly solubilized by incubation 0.01% Triton X-100 and 0.01% SDS in Superblock buffer. Cell-associated 

biotin-xx-EGF was detected on EGF-coated ELISA plates, as described above, and normalized to total 

biotin-xx-EGF bound (at 4°C). 

 

Measurement of biotin-xx-Tfn internalization during EGF stimulation was performed similarly as 

Tfn internalization described above, but was preceded by the addition of 5 ng/ml EGF (unlabeled) 1 min 

before addition of Tfn-xx-biotin in each sample. Measurement of Tfn-xx-biotin was performed in the 

continued presence of unlabeled EGF. 

 

In all EGF or Tfn internalization experiments, the results were subjected to two-way ANOVA 

followed by Bonferroni’s multiple comparison posttest, with a threshold of p < 0.05 for significant 

difference between treatment conditions. 
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2.8- Measurement of cytosolic [Ca2+] with Fluo4-AM  
RPE-WT cells were seeded onto glass coverslips and then subjected to siRNA silencing as 

described in section 2.3. At the time of the experiment, cells were loaded with Fluo-4 AM (8 µM for 15 

min) at 37°C and 5% CO2; this was followed by washing to remove excess Fluo-4 AM and a further 30 

min incubation at 37°C and 5% CO2, during which time some cells were treated with XeC, as indicated. 

Spinning-disk confocal microscopy of living cells was performed at 37°C and 5% CO2 throughout image 

acquisition using an Olympus IX81 equipped with a Yokogawa CSU X1 scanhead and a 60×/1.35 NA oil 

objective using a Hamamatsu C9100-13 EM-CCD camera. Excitation light was provided by 488-nm (100 

mV) laser illumination, and emitted light was collected following passage through a 525/50 emission 

filter. 

 

Images of multiple fields of view of unstimulated cells (basal) were obtained, followed by 

addition of 5 ng/ml EGF for 5 min and acquisition of images of multiple fields of view of the EGF-

stimulated condition. For testing the maximum intensity of Fluo4-AM fluorescence, subsequent to EGF 

stimulation, cells were treated with ionomycin (10 µM for 5 min) at 37°C in the presence of 5% CO2, 

followed by acquisition of images of multiple fields of view of the ionomycin-treated condition. All 

images were analyzed using ImageJ, measuring the total intensity of Fluo4-AM per cell in each condition 

(before EGF, after EGF, and after ionomycin). Shown (Figures 3.6, D, F, and G) are the differences in the 

mean Fluo4-AM fluorescence between the EGF-stimulated and basal conditions and the differences in 

the mean Fluo4-AM fluorescence between the ionomycin-treated and EGF-stimulated conditions. The 

results were subjected to one-way ANOVA followed by Tukey’s posttest, with a threshold of p < 0.05 for 

statistically significant differences between conditions. 
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2.9- TIRF-M and automated software image analysis of CLSs in fixed 

cells 
 

 

2.9.1 - Fixed sample preparation for CLS detection and analysis by TIRF-M  
RPE cells stably expressing eGFP-CLCa or RFP-CLCa were seeded onto glass coverslips the day 

before the experiment, and in some cases transfected with cDNA encoding mCh-Sjn1 (Figure 4.6) or 

recombinant Arf6 proteins (Figure 5.3). Following 1 h serum starvation and drug treatment as indicated, 

cells were treated in some cases with appropriate ligands for defined periods of time including 

rhodamine-EGF (20 ng/ml) and A647-Tfn (10 μg/ml) alone or in combination (Figure 3.11), either A555-

EGF (5 ng/ml) or A555-Tfn (1 μg/ml) (Figure 4.1), or unlabeled EGF (Figures 4.6 and 4.8)—followed by 

immediate fixation in 4% PFA. For experiments shown in Figure 4.8, endogenous Sjn1 was additionally 

labeled via immunofluorescence staining following fixation as previously described, using an anti-Sjn1 

antibody207. For further experimental details, the reader is directed to [7]. 

 

 

2.9.2 - Image acquisition by TIRF-M 
For experiments shown in Figure 4.1, samples were imaged by TIRF-M using a 150×/1.45 NA 

objective on an Olympus IX81 instrument equipped with CellTIRF modules (Olympus Canada, Richmond 

Hill, ON, Canada) using 491- and 561-nm laser illumination and 520/30 and 624/50 emission filters. 

Images were acquired using a C9100-13 EM-CCD camera (Hamamatsu, Bridgewater, NJ). 

 

For experiments shown in Figures 3.11, 4.6, 4.8, 5.1, and 5.3, samples were imaged using a 

Quorum (Guelph, ON, Canada) Diskovery TIRF-M, comprising a Leica DMi8 microscope equipped with a 

63×/1.49 NA TIRF objective with a 1.8× camera relay (total magnification 108×). Imaging was done using 

488-, 561-, and 637-nm laser illumination and 527/30, 630/75, and 700/75 emission filters and acquired 

using a Zyla 4.2Plus sCMOS camera (Hamamatsu). For further experimental details, the reader is 

directed to [7]. 
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2.9.3 - CLS detection and quantification of protein fluorescence intensity within 

CLSs 
For Figures 3.11, 4.1, 4.6, 4.8, 5.1, and 5.3, clathrin-labeled structures or CLSs were detected 

and quantified using TIRF-M coupled to custom software developed in Matlab (MathWorks, Natick, MA), 

as previously described5,207. CLSs represent all clathrin-containing structures as reported by fluorescent 

clathrin signals (e.g. RPE cells expressing either eGFP-CLCa or RFP-CLCa) detected by TIRF-M imaging 

coupled to automated software analysis79. Briefly, diffraction-limited CLSs were detected using a 

Gaussian-based model method to approximate the point-spread function of eGFP-CLCa or RFP-T-CLCa 

puncta. The amplitude of the Gaussian model of fluorescence intensity of a CLS informs about its size. In 

some experiments (Figures 3.11, 4.1, 4.6, 4.8, and 5.3), the fluorescence intensity corresponding to 

ligands (e.g. A555-EGF, rhodamine-EGF, A555-Tfn, or A647-Tfn) or cytosolic proteins (e.g. mCh-Sjn1, 

endogenous Sjn1, or eGFP-Arf6 recombinant proteins) were also detected and quantified via Gaussian 

modeling. The localization of the respective ligands and cytosolic proteins within CLSs were then 

determined based on the amplitude of the Gaussian model for the appropriate fluorescent channel for 

each CLS. As such, the measurements of fluorescent ligands or proteins within CLSs represent 

enrichment of the corresponding receptors (EGFR or TfR) or cytosolic proteins (Sjn1 or Arf6) relative to 

the local background fluorescence in the vicinity of the detected CLS. For further experimental details, 

the reader is directed to [5,7]. 

 

 

2.9.4 - Measurement of mean fluorescence of ligand or cytosolic proteins within 

CLSs 
Measurements of mean rhodamine-EGF and A647-Tfn (Figure 3.11B), A555-EGF (Figure 4.1C), 

A555-Tfn (Figure 4.1E), mCh-Sjn1 (Figure 4.6B), endogenous Sjn1 (Figure 4.8), or eGFP-Arf6 (Figure 5.3) 

enrichment within CLSs for each cell were subjected to ANOVA followed by Tukey’s posttest, with a 

threshold of p < 0.05 for statistically significant differences between conditions. 

 

 

2.9.5 - Generation of two-dimensional histogram of EGF and Tfn fluorescence  

within CLSs 
Measurements of EGF and Tfn fluorescence intensities within CLSs were plotted using a two-

dimensional histogram, with 50 bins per channel (Figure 3.11B). For normalization of differences in EGF 
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and Tfn binding between cells, the fluorescence intensities of EGF or Tfn within CLSs were rescaled by 

normalization to a value n = μ + 0.75σ, where μ and σ are the mean and SD of the EGF or Tfn intensity 

within CLSs in each image. For further experimental details, the reader is directed to [5,7]. 

 

 

2.9.6 - Identification of EGF- and Tfn-enriched CLSs 
To measure the properties of CLS subsets enriched in fluorescently conjugated EGF or Tfn (and 

thus the corresponding receptors, EGFR or TfR, respectively; Figures 3.11C and 4.1, D and F), we 

established a threshold of the ∼85th percentile of ligand fluorescence intensity within CLSs in the 

control (no inhibitor) condition in each experiment207. Using this threshold, we defined subsets of CLSs 

enriched in either fluorescent EGF and/or Tfn for each condition as those with ligand fluorescence 

intensity above this threshold. This method delineates CLSs as enriched in specific ligands (e.g. EGF+), 

effectively producing sorting of CLSs into cohorts based on the presence or absence of specific ligands. 

 

For the experiments in Figure 3.11C, within each condition, the CLSs were sorted into cohorts that 

are either positive for only rhodamine-EGF or A647-Tfn, or for both. For the experiments in Figure 4.1, D 

and F, within each condition, the A555-EGF or A555-Tfn enriched CLS population was used to measure 

mean eGFP-CLCa fluorescence per CLS in each cell. Measurements (mean eGFP-CLCa within the 

specified CLS subset for each cell) were subjected to ANOVA followed by Tukey’s posttest, with a 

threshold of p < 0.05 for statistically significant differences between conditions. For further 

experimental details, the reader is directed to [5,7]. 

 

 

 

2.10- TIRF-M and automated image analysis of CCP properties (time-

lapse imaging) 
Time-lapse imaging by TIRF-M was performed (Figures 4.3-4.5, 5.1, 5.4, and 5.6) as previously 

described5,79,404. Briefly, RPE cells stably expressing eGFP-CLCa were seeded onto glass coverslips the day 

before the experiment, and in some cases transfected with cDNA encoding mCh-β1-integrin (Figure 5.6). 

On the day of the experiment, the cells are serum starved in DMEM/F12 lacking phenol red 

(supplemented with 0.1% FBS for experiments in Figures 5.1, 5.4 and 5.6) for 1 h followed by 
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appropriate drug treatment as indicated. In some cases, the cells were treated with appropriate ligands 

including rhodamine-EGF (20 ng/ml) or A647-Tfn (100 ng/ml in the presence of 20ng/ml unlabeled EGF) 

at the time of imaging (Figure 4.3). Towards the end of drug treatment or ligand addition, time lapse-

image series were acquired at a frame rate of 1/s and an exposure time of 80–150 ms using a Quorum 

Diskovery TIRF-M comprising a Leica DMi8 microscope equipped with a 63×/1.49 NA TIRF objective with 

a 1.8× camera relay (total magnification 108×). Imaging was done using 488-, 561-, and/or 637-nm laser 

illumination and 527/30, 630/75, and 700/75 emission filters and acquired using a Zyla 4.2Plus sCMOS 

camera (Hamamatsu). 

 

Unlike TIRF-M of fixed cell samples described in section 2.9, time-lapse imaging of live cells via 

TIRF-M coupled to automated software analysis enables the detection of CLS subpopulations—allowing 

CLSs to be classified as either subthreshold (sCLSs) or bona fide CCP structures79. sCLSs represent short-

lived and dim CLSs which fail to grow. In contrast, bona fide CCPs are quantitatively defined by the 

continuous accumulation of clathrin which grow past a specific fluorescence threshold intensity79. The 

detection, tracking, and analysis of clathrin objects, which allow detection of sCLSs and CCPs, was done 

as previously described using the cmeAnalysis software package5,79. Briefly, diffraction-limited clathrin 

structures were detected using a Gaussian-based model method to approximate the point-spread 

function5, and trajectories were determined from clathrin-structure detections using u-track software405. 

sCLSs were distinguished from bona fide CCPs as previously described, based on the quantitative and 

unbiased analysis of clathrin intensity progression in the early stages of structure formation5,79. Both 

sCLSs and CCPs represent nucleation events, but only bona fide CCPs represent structures that undergo 

stabilization, maturation, and in some cases, scission to produce intracellular vesicles5,79. We report the 

rate of sCLS and CCP formation (Figures 4.3, 5.1, 5.4 and 5.6) and the distribution of CCP lifetimes 

(Figures 4.4C and 4.5C), and these measurements were subjected to Student’s t-test, with a threshold of 

p < 0.05 for statistically significant differences between conditions. 

 

Because CCPs are diffraction-limited objects, the amplitude of the Gaussian model of the 

fluorescence intensity of eGFP-CLCa indicates CCP size (Figures 4.3, 5.1, 5.4 and 5.6). In addition, the 

fluorescence intensity of receptor ligands (rhodamine-EGF or A647-Tfn) and endogenous receptors 

(mCh-β1-integrin) indicates the recruitment of the corresponding receptor (Figures 4.4, 4.5, and 5.6). 

Given the heterogeneity of CCP lifetimes, for eGFP-CLCa and ligand/receptor fluorescence intensity 
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measurements of CCP size and receptor recruitment, objects were separated into lifetime cohorts. For 

further experimental details, the reader is directed to [5,7]. 

 

 

 

2.11- Whole-cell lysates and Western blotting  
Western blotting was performed for experiments in Figures 3.1, 3.5, 4.9, and 4.10 as previously 

described2,207. Following transfection, serum starvation, and/or treatment with inhibitors as indicated, 

cells were stimulated (Figures 3.1, 4.9, and 4.10) with 5 ng/ml EGF for 5 min (unless otherwise 

indicated) or left unstimulated (basal). Whole-cell lysates were prepared using Laemmli sample buffer 

(0.5M Tris, pH 6.8, glycerol, 10% SDS, 10% β-mercaptoethanol, and 5% bromophenol blue) 

supplemented with a protease and phosphatase inhibitor cocktail (1mM sodium orthovanadate, 10nM 

okadaic acid, and 20nM Protease Inhibitor Cocktail [BioShop, Burlington, ON, Canada]). Lysates were 

then heated at 65°C for 15 min and passed five times through a 27.5-gauge syringe. Proteins were 

resolved by glycine-Tris SDS–PAGE followed by transfer onto polyvinylidene fluoride membranes, which 

were washed, blocked, and incubated with antibodies as previously described207. 

 

The levels of respective phosphorylated protein in each condition were quantified as previously 

described406. This was done by signal integration in an area corresponding to the appropriate lane and 

band for each condition. The measurement corresponding to the levels of a phosphorylated form of a 

specific protein was then normalized to the loading control (e.g., actin) signal and subsequently 

normalized to the measurement of total protein signal, obtained by a similar method either following 

blot stripping or reblotting. In each experiment, the resulting normalized phospho/total protein (e.g. 

phospho-Akt/total Akt) signal in each condition is expressed as a fraction of the normalized pAkt/total 

Akt measurement in the control condition stimulated with EGF for 5 min. Samples were subjected to 

ANOVA followed by Tukey’s posttest, with a threshold of p < 0.05 for statistically significant differences 

between conditions (Figures 4.9 and 4.10). 
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Chapter 3. Determining the role of PLC-γ1 in EGFR 

endocytosis 
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Mitogenic signaling by RTKs, including that by EGFR, results in the initiation of various cellular 

processes which may induce broad reorganization of the plasma membrane59–61. Precisely how EGFR 

signaling may robustly regulate the cell surface however, remain poorly understood—although it may be 

expected to do so via control of CME; which serve as the major endocytic route and regulator of the 

plasma membrane in mammalian cells50,58. While knowledge regarding EGFR control of endocytosis is 

limited, I hypothesize a role of PLC-γ1 in coupling EGFR activation with regulation of CME. Upon ligand 

binding, activated EGFR subsequently recruits and activates PLC-γ1 on the plasma membrane. PLC-γ1 is 

a phosphodiesterase enzyme largely responsible for the turnover of PIP2
13. Importantly, PIP2 is an 

essential component of CME of which dysregulation is well-documented in literature to cause endocytic 

defects138. The activation of PLC-γ1 by EGFR may therefore function to regulate CME of which context to 

the overall endocytic process nonetheless, remains to be elucidated. In addition, the hydrolysis and 

turnover of PIP2 by PLC-γ1 result in the production of secondary by-products such as the plasma 

membrane-localized DAG and the cytosolic IP3 molecule13. IP3 functions as a ligand which upon binding 

induces the opening of IP3R on the ER, resulting in the release and subsequent increase of calcium within 

the cytosol13. Calcium is a well-known regulator of neuronal endocytosis which enhances CME during 

synaptic transmission—suggesting a potential role for PLCγ1-derived calcium signals in regulating CME96. 

As such, I hypothesize that by activating PLC-γ1, mitogenic signaling by EGFR may regulate CME via PIP2 

hydrolysis and mobilization of calcium, in broadly regulating the plasma membrane. 

 

In this chapter, I elucidate the functional role of PLC-γ1 in the potential regulation of CME. In 

addition to the downstream activation of PLC-γ1, activated EGFR also induces its concomitant 

internalization via CME—thereby providing an ideal model through which the role of PLC-γ1 in the 

endocytic process may be examined. To understand the functional requirement for PLC-γ1 in CME, I 

specifically examined the role of PLCγ1-derived signals in context of EGFR endocytosis. Specifically, I 

measured the internalization of the EGF ligand (and hence, EGFR endocytosis) using biochemical assays, 

under control and PLC-γ1 perturbed conditions, to determine the functional requirement for PLC-γ1 in 

endocytosis of EGFR. Furthermore, I dissect the functional contributions of PIP2 hydrolysis and increased 

cytosolic calcium triggered by PLC-γ1 in EGFR endocytosis, to further define precisely how PLC-γ1 may 

regulate CME. Importantly, the following examinations of the endocytic regulation of EGFR are 

supplemented by parallel measurements of Tfn internalization (and hence, TfR endocytosis) under 

identical treatment conditions, to determine whether PLC-γ1 may broadly or selectively regulate the 

endocytic process. I hypothesize that PLC-γ1 activation, and both its subsequent hydrolysis of PIP2 and 



141 
 

mobilization of intracellular calcium signals, regulates endocytosis which may selectively impact CME of 

specific cargoes including EGFR. 

 

 

 

3.1- PLC-γ1 selectively controls clathrin-mediated endocytosis of EGFR 
EGF stimulation of retinal pigment epithelial (ARPE-19, henceforth RPE) cells elicits 

phosphorylation and thus activation of PLC-γ1, detectable as early as 1 minute after ligand addition 

(Figure 3.1A). To initially determine whether PLC-γ1 signaling contributes to EGFR endocytosis, I used 

the known PLC inhibitor compound U73122 in RPE cells stimulated with EGF, and monitored 

internalization of the ligand at various time points (e.g. 0, 2, 5, and 10 minutes) as per section 2.7. 

Treatment with U73122 significantly reduced internalization of the EGF ligand at all time points 

compared to control, which indicates a potential requirement for PLC-γ1 in EGFR endocytosis (Figure 

3.2). It is important to note however, that U73122 is a pan-PLC inhibitor which broadly inhibits multiple 

PLC isoforms through a poorly understood mechanism407. Thus, the reduction in EGF internalization 

cannot be directly attributed to the inhibition of PLC-γ1 as the non-specific effects of U73122 cannot be 

readily ruled out. Indeed, several studies have reported the non-specific effects of U73122 which was 

observed to activate rather than inhibit some human PLCs408. Nonetheless, the U73122-induced 

reduction of EGF internalization preliminarily highlights the potential contribution of PLC-γ1 in EGFR 

clathrin-mediated endocytosis. 

 

In circumventing the difficulty associated with the non-specific effects of U73122, I sought to 

directly inhibit PLC-γ1 expression via small interfering RNA (siRNA)-mediated silencing of PLC-γ1 in RPE 

cells, which resulted in an 85.6 ± 6.4% reduction (p < 0.05, n = 3) in PLC-γ1 expression (Figure 3.1B). I 

then monitored the internalization of the EGF ligand which I found significantly impaired in PLC-γ1 

silenced cells compared to control (non-targeting siRNA), demonstrating a requirement for PLC-γ1 in 

EGFR endocytosis (Figure 3.3A). In determining the scope by which PLC-γ1 may regulate CME, I also 

measured the internalization of the classical CME cargo, Tfn, which I found was expectedly unaffected 

by PLC-γ1 silencing under basal, non-EGF stimulated conditions due to the lack of PLC-γ1 activation 

(Figure 3.3B). Surprisingly, the lack of effect of PLC-γ1 silencing on Tfn endocytosis was also apparent 

even in the presence of EGF stimulation (to trigger PLC-γ1 activity), ruling out a broad effect of PLC-γ1 on 

CME (Figure 3.3C). Overall, these observations indicate PLC-γ1 as a selective regulator of CME, of which 
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activities may be required for the efficient internalization of a subset of CME cargoes which includes 

EGFR, but not TfR. 

 

Described in section 1.6.4, previous studies have indicated the internalization of EGFR via 

clathrin-independent endocytosis upon stimulation with high concentrations of EGF (>20 ng/ml)409. In 

assessing the role of PLC-γ1 in EGFR endocytosis, it is therefore important to consider the possibility of 

EGFR internalization via non-clathrin pathways. Indeed, for all experiments, I monitored EGFR 

internalization under low doses of EGF stimulation (5 ng/mL) to favour receptor internalization by 

CME409. In addition, in RPE cells, stimulation with low EGF doses induces EGFR internalization to occur 

very largely by CME207. Interestingly, I demonstrated that even at saturating levels of EGF stimulation 

(100 ng/mL EGF), EGFR endocytosis appears to be predominantly clathrin-dependent in RPE cells, as 

demonstrated by the significant impairment of EGF internalization upon siRNA silencing of clathrin, 

compared to control (Figure 3.4). These findings indicate that in RPE cells, EGFR may be largely 

restricted to internalization by CME. I thus conclude that the findings in this section indicate PLC-γ1 as a 

selectively regulator of the clathrin-dependent endocytosis of EGFR. 

 

 

 

3.2- PLCγ1-derived intracellular calcium is selectively required for EGFR 

endocytosis 
Having established the requirement for PLC-γ1 in CME of EGFR, I then sought to determine how 

precisely PLC-γ1 may control the endocytic process. Specifically, PLC-γ1 may control EGFR endocytosis 

by consumption of PIP2 or by generation of secondary signaling intermediates such as intracellular 

calcium. In addition, PLC-γ1 has also been proposed to regulate endocytosis by acting as a GEF for Dyn1 

in neuronal cells (see section 1.6.3.2.6), which selectively regulates CME of the tumor necrosis factor–

related apoptosis-inducing ligand (TRAIL)-death receptor (DR)304,400,410. To determine whether PLC-γ1 

regulates CME of EGFR by acting as a Dyn1-GEF, I silenced Dyn1 via siRNA and measured EGF 

internalization. Silencing of Dyn1 however, had no effect on EGF internalization relative to control 

(Figure 3.5, A and B), indicating that PLC-γ1 regulates EGFR endocytosis in a Dyn1-independent manner. 

Indeed, EGFR internalization is largely mediated by Dyn2 in RPE cells, which currently has not been 

reported to be directly controlled by PLC-γ1207. It can therefore be hypothesized that PLC-γ1 may control 
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CME of EGFR either through PIP2 hydrolysis, or stimulation of cytosolic calcium increases, investigated in 

this section207. 

 

 

3.2.1 - PLC-γ1 does not broadly regulate plasma membrane PIP2 concentrations 
As an indispensable component of CME, the consumption of PIP2 by PLC-γ1 may therefore serve 

as a potential mechanism by which mitogenic signaling by EGFR may directly regulate endocytosis. With 

this possibility, we sought to determine the extent by which PLC-γ1 may regulate plasma membrane PIP2 

concentrations. Using HPLC (high performance liquid chromatography), we biochemically measured and 

compared changes in concentrations of PIP2 under various conditions: basal (0 ng/mL), low (5 ng/mL) or 

high (20 ng/mL) EGF doses. Interestingly, EGF-stimulation at both low and high EGF doses, did not 

appreciably decrease PIP2 levels compared to the basal condition (Figure 3.6A). In contrast, PIP2 

concentration fell close to undetectable levels upon treatment of cells with ionomycin (calcium 

ionophore which stimulates calcium influx across the plasma membrane), which is well-known to 

deplete plasma membrane PIP2
411. This finding suggests that PIP2 concentrations are modestly, if at all, 

regulated by PLC-γ1 activity, indicating the minimal contribution of the PLCγ1-mediated PIP2 hydrolysis 

in the regulation of endocytosis. 

 

To further corroborate the previous finding, I similarly monitored plasma membrane PIP2 

availability by using a genetically-encoded fluorescent PIP2 probe coupled with microscopic imaging. 

Specifically, the PIP2 probe used is comprised of the PLC-δ PH domain fused with a fluorescent mCherry 

tag (mCh-PH WT), which described in section 1.4.1 is known to strongly bind PIP2
166. The mCh-PH WT 

construct was then transfected into RPE cells and subsequently visualized using total internal reflection 

fluorescence microscopy (TIRF-M). TIRF-M is a microscopic technique which allows imaging of the 

immediate cell surface (TIRF field; 200-400nm), and hence, visualization of plasma membrane-bound 

mCh-PH WT, of which quantification of fluorescence intensities indirectly reports on plasma membrane 

PIP2 content412,413. Consistently, stimulation of mCh-PH WT-expressing RPE cells with low dose EGF, did 

not appreciably decrease the fluorescence levels of this probe in the TIRF field compared to control, 

again reflecting modest reductions in plasma membrane PIP2 mediated by PLC-γ1 (Figure 3.6B). In 

contrast, fluorescence quantification of the mutant mCH-PH K32A/W36A construct (unable to bind PIP2) 

transfected in RPE cells, yielded lower intensity measurements compared to mCH-PH WT, indicating that 

the lack of fluorescence decrease in the EGF-stimulated condition was not due to low sensitivity for 
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detection. These experiments thus, indicate that the impact of PLC-γ1 on EGFR endocytosis is not due to 

robust, broad PIP2 depletion. 

 

 

3.2.2 - PLC-γ1 regulates EGFR endocytosis via stimulation of intracellular calcium 
The findings in the previous sections indicate that PLC-γ1 regulates EGFR endocytosis in a 

manner independent from its potential regulation of dynamin, or control of plasma membrane PIP2 

concentrations—suggesting the involvement of an alternate mechanism. Specifically, a mechanism by 

which PLC-γ1 could regulate EGFR endocytosis may be derived from its stimulation of calcium release 

from the ER. Briefly, hydrolysis of PIP2 by PLC-γ1 results in the production of the secondary IP3 by-

product, which induces cytosolic calcium increases by binding and opening IP3R calcium channels on the 

ER13. Emphasized in section 1.5.3, calcium is a well-known regulator of neuronal endocytosis which 

enhances CME during neurotransmission. As such, I then sought to determine whether the PLCγ1-

derived calcium signals may similarly enhance EGFR endocytosis, described in the following. 

 

In elucidating the potential regulation of EGFR endocytosis by PLCγ1-derived calcium signals, we 

used the fluorescent Fluo4-AM calcium probe to initially determine whether PLC-γ1 activation does 

indeed, result in measurable cytosolic calcium increases. Fluo4-AM is a cell-permeable fluorescent 

molecule which exhibits an increase in fluorescence upon binding calcium, and thus, an ideal reporter of 

intracellular increases in calcium concentrations414. Indeed, EGF stimulation elicits a gain in Fluo4-AM 

fluorescence intensity as visualized by wide-field epifluorescence microscopy, compared to the basal, 

unstimulated condition (Figure 3.6C)415,416. Expectedly, silencing of PLC-γ1 ablated the EGF-induced gain 

in Fluo4-AM fluorescence, which highlights the requirement for PLC-γ1 in stimulating cytosolic calcium 

increases (Figure 3.6, C and D). To further determine whether the gain in Fluo4-AM fluorescence upon 

EGF-stimulation was the direct result of PLCγ1-mediated calcium release from the ER, we used the IP3R 

channel inhibitor Xestospongin C (XeC) and imaged the cells under similar conditions. XeC is a highly 

selective, membrane permeable inhibitor of IP3R, which although poorly understood, is hypothesized to 

inhibit IP3R by sterically blocking the channel417. Interestingly, XeC treatment severely reduced the EGF-

induced intracellular calcium increase as reported by measurement of Fluo4-AM intensity, compared to 

control (Figure 3.6, E and F)418. Importantly, in each of these PLC-γ1 or IP3R perturbing conditions, 

subsequent treatment with ionomycin elicited a robust increase in intracellular calcium, indicating that 
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these treatments did not alter Fluo4-AM uptake (Figure 3.6G). Collectively, these findings indicate PLC-

γ1 and IP3R as essential requirements for the EGF-stimulated gain in cytosolic calcium. 

 

Having established the role of PLC-γ1 in inducing cytosolic calcium increases upon EGF 

stimulation, I then sought to determine the functional requirement for PLCγ1-derived calcium signals in 

EGFR endocytosis. Specifically, I demonstrated that treatment of RPE cells with XeC significantly 

abrogated EGF internalization relative to control, measured through identical biochemical assays used 

previously, highlighting the requirement for PLCγ1-derived calcium signals in EGFR endocytosis (Figure 

3.7A). Furthermore, XeC treatment did not affect Tfn internalization either in the absence (Figure 3.7B), 

or presence (Figure 3.7C) of EGF stimulation, demonstrating the selective regulation of EGFR 

endocytosis by PLC-γ1. Interestingly, treatment of RPE cells with the calcium chelator BAPTA-AM (1,2-

bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid tetrakis(acetoxymethyl ester)), phenocopies the 

reduction in EGF internalization observed with both PLC-γ1 silencing and IP3R inhibition (Figure 3.7D); 

which again was without effect on Tfn endocytosis in absence (Figure 3.7E) or presence (Figure 3.7F) of 

EGF stimulation. BAPTA-AM is a cell-permeable compound which binds two calcium ions per molecule, 

commonly used in chelating intracellular calcium thereby sequestering them from biological processes 

including endocytosis149,419. Importantly, BAPTA-AM treatment did not impact the total amount of cell-

associated EGF when the assay was repeated without distinguishing internalized from surface-

associated EGF (Figure 3.8). This indicates that BAPTA-AM treatment did not impact EGF endocytosis as 

a result of alteration of EGF:EGFR association, but instead decreased the rate of EGF:EGFR 

internalization. Collectively, the impairment of EGF internalization by PLC-γ1 silencing, IP3R inhibition, 

and intracellular calcium chelation, suggests the selective requirement for PLCγ1-derived calcium signals 

in the regulation of EGFR endocytosis. 

 

 

3.2.3 - PLCγ1-calcium control of EGFR endocytosis is mechanistically distinct from 

that in neuronal systems and may involve PKC. 
The findings from the previous sections demonstrate that PLCγ1-derived calcium signals are 

selectively required for the efficient internalization of EGFR. Calcium is a known regulator of endocytosis 

in neurons, of which influx into the neuronal synapse enhances CME. The mechanism by which calcium 

augments neuronal endocytosis is well-annotated, involving the activation of CaN, which upon binding 

calcium subsequently activates components of the clathrin machinery (see section 1.5.3)400. It is 
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therefore tempting to hypothesize whether the PLCγ1-derived calcium signals may function similarly in 

regulating EGFR endocytosis. To examine whether PLC-γ1 control of EGFR internalization recapitulates 

the control of endocytosis by CaN in neurons, I used the CaN inhibitor cyclosporin A (CsA) and measured 

the internalization of EGF. CsA is a cyclic, lipid-soluble peptide which forms a molecular complex with 

cyclophilin, that directly binds and blocks the phosphatase activity of CaN420. Strikingly, treatment of RPE 

cells with CsA does not appreciably reduce EGF internalization, suggesting that PLCγ1-derived calcium 

increases may regulate EGFR endocytosis through a different mechanism (Figure 3.9A). Importantly, CsA 

treatment effectively impaired the calcineurin-dependent nuclear translocation of NFAT (nuclear factor 

of activated T-cells)—detected by transfection and epifluorescence imaging of the NFAT-GFP construct 

in RPE cells—thereby confirming inhibition of CaN by CsA (Figure 3.10, A and B)420. These results thus, 

indicate that the PLCγ1-calcium control of EGFR endocytosis is at least partly distinct from that of 

enhanced CME elicited by calcium signaling in neurons. 

 

In addition to the activation of calcium sensing proteins such as CaN, calcium signaling is also 

known to activate several other downstream effectors including the conventional isoforms of PKC 

(cPKC). Described in section 1.4.3, cPKC proteins are activated by both binding DAG and calcium, which 

interestingly are both by-products of PLC-γ1 activity—and thus, coupled to EGF stimulation and receptor 

internalization. I therefore sought to determine the potential role of PKCs in the regulation of EGFR 

endocytosis by PLCγ1-derived calcium, by using the pan-PKC inhibitor BIM (bisindolylmaleimide I). BIM is 

a cell-permeable compound which broadly inhibits several PKC isoforms including cPKC, by acting as a 

competitive inhibitor for the ATP binding site thereby preventing full PKC activation421,422. Surprisingly, 

treatment of RPE cells with BIM significantly impaired EGF internalization (Figure 3.9B) comparable to 

that elicited by PLCγ1-silencing, IP3R inhibition, and calcium chelation; which similarly was without effect 

on Tfn endocytosis measured in the absence (Figure 3.9C) or presence (Figure 3.9D) of EGF stimulation. 

Although the reduction of EGF internalization cannot be directly attributed to the role of cPKC due to 

the broad inhibition of other PKC isoforms by BIM, these results nonetheless demonstrate the potential 

role of cPKC in selectively regulating the clathrin-dependent internalization of EGFR, in a manner similar 

to PLCγ1- and ER-derived cytosolic calcium. 
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3.3- EGFR and TfR localize largely to distinct CLSs 
The findings from the previous sections indicate that EGFR internalization is selectively 

regulated by PLCγ1-derived calcium signals, of which regulation of endocytosis may act via activation of 

PKC. In addition, these requirements appear to be limited to regulation of EGFR endocytosis, as 

internalization of other CME cargo such as TfR were largely unaffected. These findings nonetheless, are 

consistent with the distinct regulatory requirements for CME of EGFR and TfR, described in section 1.3.2 

(i.e. EGFR requires epsin, eps15 and phosphatidic acid; while TfR requires AP2 and TTP)74,105,106,423. As 

such, these observations lead to the hypothesis that EGFR and TfR reside within distinct sub-populations 

of clathrin structures, each with distinct functional requirements, and hence, regulation by PLC-γ1404,423. 

 

 To directly and systematically probe whether EGFR and TfR localize to distinct CCP structures, 

we used RPE cells stably expressing clathrin light chain fused to enhanced green fluorescent protein 

(eGFP) (eGFP-CLCa), which allows direct visualization of clathrin-containing structures identified by 

microscopic imaging. We then labeled the cells with the fluorescently conjugated ligands rhodamine-

EGF and A647-Tfn, which respectively binds to EGFR and TfR; labeled for 5 minutes followed by fixation 

and subsequent imaging via TIRF-M (Figure 3.11). Using TIRF-M, we observed diffraction-limited clathrin 

structures on the cell surface as reported by eGFP-CLCa, along with their respective cargo content 

including EGFR or TfR (reported by rhodamine-EGF and A647-Tfn, respectively; Figure 3.11A). Here I use 

the term clathrin-labeled structures (CLSs) for clathrin structures observed or detected within single 

images (frames); it is important to note that identification of bona fide CCPs requires additional analysis 

of CLS behaviour over time that is possible only when examining live-cell images5,79. The set of CLSs 

includes CCPs and as well as other clathrin structures such as subthreshold CLSs (sCLSs), of which the 

latter do not give rise to bona fide CCPs representing abortive endocytic structures described in section 

1.3.25,79,404. Nevertheless, the images obtained demonstrate that CLSs harboring either EGFR or TfR were 

more predominant, in contrast to CLSs harboring both receptors which were rarer—suggesting that 

EGFR and TfR are largely localized within distinct endocytic structures (Figure 3.11A). 

 

To quantitatively analyze the relationship between CLSs containing EGFR (EGF-positive; EGF+) 

and TfR (Tfn-positive; Tfn+), we subjected the obtained TIRF-M images to automated software detection 

and analysis described in [5,6,80,84,106,107,137,207,405]. Importantly, automated software analysis 

enabled the systematic, unbiased identification of CLSs, in addition to the quantitative measurement of 

fluorescent receptors contained therein5,8,207. To represent these data, we first plotted the distribution 
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of fluorescent EGF and Tfn within all identified CLSs in a two-dimensional histogram (Figure 3.11B). 

Notably, this approach reveals an apparently mutually exclusive relationship between the content of 

EGF and Tfn within CLSs. To directly quantify the proportion of CLSs that contain EGFR (EGF+), TfR (Tfn+), 

or both receptors (EGF+/Tfn+), we sorted the CLSs into cohorts by receptor content, using a systematic 

cut-off for classification of CLSs as positive for EGF or Tfn207. Importantly, this approach revealed that 

CLSs exclusively harboring either EGF or Tfn, were approximately three-fold more abundant than CLSs 

harboring both receptors (Figure 3.11C). In addition, using higher concentrations of rhodamine-EGF (50 

ng/ml) increased the percentage of EGF+ CLSs, without altering the percentage of EGF+/Tfn+ CLSs, 

indicating that the distinct localization EGFR within distinct CLSs is not a function of ligand concentration 

(Figure 3.11C). Collectively, these systematic analyses of the recruitment of EGF and Tfn ligands to CLSs 

indicates that EGFR and TfR largely reside in distinct endocytic structures, and thus may internalize 

through distinct CCPs. 

 

 

 

3.4- Summary of Chapter 3 
In this chapter, I demonstrated the role of PLC-γ1 as a selective regulator of EGFR endocytosis. 

Specifically, I found that inhibition of PLC-γ1—either broadly by chemical inhibition, or directly by 

genetic silencing—significantly reduces EGF ligand internalization in RPE cells. Furthermore, EGFR 

endocytosis occurs largely through CME in these cell lines even upon stimulation with high EGF doses, 

thereby indicating control of CME by PLC-γ1. Importantly, the regulatory role of PLC-γ1 on endocytosis 

appears limited to EGFR, as other CME cargoes including TfR were largely unaffected by PLC-γ1 

perturbations. As such, I concluded that PLC-γ1 is a selective regulator of CME which mediates the 

internalization of a subset of cargoes including EGFR, but not TfR.  

 

While knowledge regarding PLC-γ1 control of endocytosis remain poorly investigated, several 

studies nonetheless have suggested the role of PLC-γ1 as a GEF for Dyn1, thought to promote Dyn1 

activation and hence, augmentation of CME in neuronal cells400. Nonetheless, the requirement for PLC-

γ1 in EGFR endocytosis was demonstrated to function in a Dyn1-independent manner, due to the 

unperturbed internalization of EGF under Dyn1-silenced conditions. Indeed, EGFR in RPE cells is 

primarily endocytosed by CME in a Dyn2-dependent manner, which to date has not been shown to be 

directly regulated by PLC-γ1207. As a phosphodiesterase enzyme, PLC-γ1 directly catalyzes the hydrolysis 
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of PIP2, which is well-documented in several studies as an indispensable component of CME6,99,100. One 

possibility of the mechanism by which PLC-γ1 may control endocytosis is by directly consuming PIP2. 

However, biochemical measurements of PIP2 concentrations and availability demonstrated a lack of 

appreciable reduction in PIP2 levels in both basal, and EGF stimulated conditions; highlighting that 

although a major pathway for PIP2 turnover, PLC-γ1 does not robustly alter PIP2. This indicates that any 

EGF-stimulated reduction in PIP2 by PLC-γ1 activation may not be sufficient to regulate EGFR 

endocytosis. 

 

Numerous studies have demonstrated the role of calcium in enhancing CME in neurons during 

synaptic transmission. Specifically, calcium influx in neuronal synapses greatly enhances CME by 

promoting the activation of several endocytic components via CaN (see section 1.5.3)96. Interestingly, 

PLC-γ1 similarly stimulates intracellular calcium increases via the activation and opening of IP3R calcium 

channels on the ER, mediated by its enzymatic IP3 by-product—suggesting its potential regulation of 

EGFR endocytosis via mobilization of calcium signals. Indeed, chelation of calcium or inhibition of IP3R 

opening impaired EGF internalization to a similar degree elicited by PLC-γ1 silencing, indicating the 

requirement for PLCγ1-derived calcium signals in EGFR endocytosis. Furthermore, the mechanistic 

control of EGFR endocytosis by calcium is partly distinct from that in neurons, independent of CaN 

activity as demonstrated by the lack of effect of CaN inhibition on EGFR internalization. Instead, calcium 

may act to regulate EGFR endocytosis by activating PKC, as its chemical inhibition phenocopied the 

reduction in EGF internalization observed with previous calcium perturbing conditions. Importantly, 

these treatments were without effect on Tfn internalization, further indicating the selective role of the 

PLCγ1-calcium-PKC signaling axis in the distinct regulation of EGFR endocytosis (Figure 3.12). 

 

The results in this chapter indicate that CME of EGFR and TfR are differentially regulated by PLC-

γ1, consistent with previous studies demonstrating their unique requirements for endocytic regulatory 

proteins74,105,106,423. Together, these findings suggest that EGFR and TfR may be localized within different 

CCPs which may thus, be differentially regulated in a cargo-dependent manner. Indeed, I have 

thoroughly demonstrated the distinct localization of EGFR and TfR within distinct clathrin structures, 

further corroborating the selective role of PLC-γ1 in CME regulation. Therefore, I conclude that the 

internalization of EGFR requires PLCγ1-derived calcium signals, which although pleiotropic in nature, 

may selectively regulate only a subset of CME cargoes. Although PKC was implicated as a potential 

downstream calcium effector regulating EGFR endocytosis, the precise mechanistic implication of PLCγ1-
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derived calcium on CME dynamics nonetheless, remain to be elucidated, which will be explored in the 

following chapter. 
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3.5- Figures for Chapter 3 
 

 

 

 

Figure 3.1. EGF-stimulated PLC-γ1 activation and PLC-γ1 silencing in RPE cells. (A) RPE cells were 

stimulated with 5 ng/mL EGF for 0-10 min (as indicated), followed by preparation of whole cell lysates 

and immunoblotting to detect phospho-PLCγ1. Shown are representative immunoblots (left panels), as 

well as mean ± SE of the phospho-PLCγ1 signal intensity (right panels), n = 3. (B) RPE cells were 

transfected with siRNA to silence PLCγ1 or non-targeting siRNA (control). Whole cell lysates were 

resolved by western blotting and probed with anti-PLCγ1 specific antibodies or anti-actin antibodies 

(loading control). Shown are representative immunoblots (left panel), as well as mean ± SE of the PLC-γ1 

signal intensity (right panels), n = 3, *, p <0.05. 
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Figure 3.2. The pan inhibition of PLC by U73122 decreases EGF endocytosis. RPE cells were treated with 

the pan-PLC inhibitor U73122 (2µM, 10 min) and stimulated with 5 ng/mL EGF for 0-10 min (as 

indicated). The amount of EGF internalization was quantified which was significantly reduced in the 

U73122 treated cells, compared to DMSO (control). Shown are mean ± SE for n=3 independent 

experiments; *, p<0.05. 
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Figure 3.3. PLC-γ1 is required for EGF but not Tfn internalization. RPE cells were treated with siRNA 

targeting PLC-γ1 or non-targeting siRNA, followed by measurement of EGF (A), Tfn (B), or Tfn 

internalization in EGF-stimulated cells (C). RPE cells were stimulated with 5 ng/mL EGF for 0-10 min (as 

indicated). Shown are the means ± SE for n > 3 independent experiments; *, p < 0.05. 
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Figure 3.4. Silencing of clathrin broadly reduces EGF internalization. RPE cells were treated with siRNA 

to silence clathrin heavy chain (clathrin), or non-targeting siRNA (control). EGF internalization was 

measured at 100 ng/mL of biotin-xx-EGF. Shown are the means ± SE of 4 independent experiments. *, p 

< 0.05. While EGFR may internalize by non-clathrin mechanisms under some conditions (i.e. when 

stimulated with high doses of EGF in some cells409), these results indicate that EGF internalization is very 

largely clathrin-dependent in RPE cells, both at low dose of EGF (5 ng/mL, as per [4]) and at high doses 

(100 ng/mL) of EGF (this figure). 
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Figure 3.5. Silencing of Dyn1 has no effect on EGF internalization. RPE cells were treated with siRNA to 

silence Dyn1 (as per[400]), or non-targeting siRNA (control). (A) Whole cell lysates were resolved by 

western blotting and probed with anti-Dyn1 specific antibodies or anti-actin antibodies (loading control). 

Shown are representative immunoblots (left panel), as well as mean ± SE of the Dyn1 signal intensity 

(right panels), n = 3, *, p < 0.05. (B) EGF internalization was measured (at 5 ng/mL EGF). Shown are the 

means ± SE of 4 independent experiments in each condition. 
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Figure 3.6. EGF stimulation elicits a PLCγ1-dependent increase in cytosolic Ca2+. (A) Biochemical PIP2 

measurement (means ± SE) in cells treated with EGF (5 or 20 ng/ml, 5 min) or ionomycin (10 μM, 20 

min) as indicated. n = 3; *, p < 0.05 (Biochemical measurements performed by Dr. Leslie Bone; Ryerson 

University, Toronto, ON, Canada). (B) RPE cells transfected with cDNA encoding the wild-type PH domain 

of PLC-δ1 fused to mCherry (mCh-PH WT) or a similar fusion with a K32A/W36A mutant PH domain 

(unable to bind PIP2)6. Shown are representative micrographs obtained by wide-field epifluorescence or 

TIRF microscopy, as indicated and the means ± SE of the TIRF/epifluorescence ratio of the mCherry 

signal, indicative of membrane binding by the PH probe. (C–G) RPE cells were treated with siRNA 
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targeting PLC-γ1 or non-targeting siRNA, or treated with 3 μM XeC for 30 min or left untreated (control). 

RPE cells were then treated with Fluo4-AM for 30 min. Shown in C and E are representative images 

obtained by wide-field epifluorescence of Fluo4-AM obtained before further treatments (basal), after 

stimulation with 5 ng/ml EGF for 5 min, and then again after subsequent treatment with 10 μM 

ionomycin for 5 min, as indicated. Scale bars: 20 μm. Also shown are the EGF stimulated (D, F) or 

ionomycin triggered (G) gains (means ± SE) in Fluo4-AM fluorescence within cells in the various 

conditions examined. n > 3, *, p < 0.05 (Fluo4-AM imaging performed by Dr. Monica Dayam; Ryerson 

University, Toronto, ON, Canada).  
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Figure 3.7. IP3 receptor and cytosolic Ca2+ are required for EGF but not Tfn internalization. RPE cells 

were treated with 3 μM XeC for 30 min, 10 μM BAPTA-AM for 15min, or left untreated (control) as 

indicated, followed by measurement of EGF (A, D), Tfn (B, E) or Tfn internalization in EGF stimulated cells 

(C, F). RPE cells were stimulated with 5 ng/mL EGF for 0-10 min (as indicated). Shown are the means ± SE 

for n > 3 independent experiments; *, p < 0.05. 
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Figure 3.8. BAPTA-AM treatment does not affect EGF ligand binding to EGFR. RPE cells were treated 

with 10 μM BAPTA-AM for 15 min, then subjected to the measurement of cell-associated EGF (using EGF 

internalization assay modification that omits quenching of non-internalized, surface bound biotin-xx-

EGF, see Materials and Methods). RPE cells were stimulated with 5 ng/mL EGF for 0-10 min (as 

indicated). Perturbation of Ca2+ signaling does not impact the association of EGF ligand with EGFR at 

37oC. Shown are the means ± SE for n > 3 independent experiments. 
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Figure 3.9. PKC, but not calcineurin, is selectively required for EGF internalization. RPE cells were 

treated with 10 μM CsA for 30 min or 1 μM BIM for 30 min, or left untreated (control), followed by 

measurement of EGF (A, B), Tfn (C), or Tfn internalization in EGF-stimulated cells (D). RPE cells were 

stimulated with 5 ng/mL EGF for 0-10 min (as indicated). Shown are the means ± SE for n > 3 

independent experiments; *, p < 0.05. 
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Figure 3.10. Cyclosporin A effectively perturbs calcineurin in RPE cells. NFAT undergoes calcineurin-

dependent nuclear translocation in response to a gain in cytosolic calcium396. RPE cells were transfected 

with cDNA encoding GFP-NFAT, treated with 10 μM cyclosporin A (CsA) for 30 min, then treated with 5 

ng/mL EGF for 5 min, as indicated. Shown in (A) are representative GFP-NFAT and DAPI epifluorescence 

images obtained using a Leica DM5000 B epifluorescence microscope using a DFC350FX camera (Leica 

Microsystems, Wetzlar, Germany), Scale bars: 20 μm, and in (B) the mean ± SE of cellular 

nuclear/cytoplasmic GFP-NFAT fluorescence ratio. 
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Figure 3.11. EGF and Tfn are recruited to largely distinct CLSs. RPE cells stably expressing clathrin light 

chain fused to eGFP (eGFP-CLCa) were treated with 20 ng/ml rhodamine-EGF (Rho-EGF) and 10 μg/ml 

A647-Tfn for 5 min or the indicated time, followed by immediate fixation. (A) Shown are representative 

micrographs obtained by TIRF-M. Scale bars: 10 μm (top row); 5 μm (bottom row, corresponding to 

enlarged images of the region shown in the merged image of the top row). White circles depict CLSs that 

are positive for EGF but devoid of Tfn, and purple circles depict CLSs that are positive for Tfn but not 

EGF. (B, C) CLSs were subjected to automated detection and analysis as described in Materials and 

Methods. Shown in (B) is a two-dimensional histogram of the normalized EGF and Tfn fluorescence 

intensities in each CLS cohort. Shown in (C) are median (bar) and 25th/75th percentiles (boxes) of the 

proportions of CLSs that are positive for EGF (but not Tfn), Tfn (but not EGF), or both EGF and Tfn. The 

number of CLSs and cells analyzed, respectively, for each condition are as follows: 20 ng/ml rhodamine-

EGF and 10 μg/ml A647-Tfn: 70,124 and 57; and 50 ng/ml rhodamine-EGF and 10 μg/ml A647-Tfn: 46, 

240 and 37; from a minimum of three independent experiments in each condition. These experiments 

were performed by Stefanie Lucarelli (PhD. Candidate); Ryerson University, Toronto, ON, Canada.  
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Figure 3.12. PLCγ1-derived calcium signaling is selectively required for the internalization of EGFR but 

not TfR. Shown is the schematic diagram summarizing the findings described in chapter 3. EGF 

stimulation induces the activation of PLC-γ1 which in turn, enzymatically cleaves PIP2 producing the 

secondary by-products DAG and IP3. IP3 is a cytosolic secondary messenger which binds its cognate IP3 

receptor on the endoplasmic reticulum. Binding of IP3 subsequently triggers the opening of the IP3 

receptor causing the release of the endoplasmic reticulum calcium stores, thereby increasing cytosolic 

calcium concentrations. Our findings show that PLCγ1-derived calcium signals are selectively required 

for the clathrin-mediated endocytosis of EGFR. In contrast, the clathrin-mediated endocytosis of TfR-

containing clathrin structures is not regulated by PLCγ1-derived calcium signals, but instead requires 

other endocytic accessory proteins including TTP423.  
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Chapter 4. Understanding how calcium signals impact 

CME dynamics 
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CME is the major endocytic route in mammalian cells which regulates the plasma membrane by 

internalization of surface cargo via clathrin-containing structures. Emphasized in section 1.3.2, CME is 

defined by five distinct stages of which progressions are mediated by functionally diverse endocytic 

components50. The initial i) nucleation and initiation stage for instance, is responsible for spatially 

defining areas of the plasma membrane to be endocytosed, mediated by the pioneer proteins including 

FCHo1/2, intersectin, epsin and AP272,76. Cargo molecules are then recruited to endocytic sites by 

regulatory adaptors which in addition to AP2, may include distinct accessory proteins based on cargo-

specific requirements for endocytosis (e.g. epsin, Dab2 and ARH, β-arrestin, and TTP; for EGFR, LDLR, 

GPCR, and TfR, respectively)74,105,106,423. The ii) recruitment of cargo represents an endocytic checkpoint 

of which accumulation above a specific concentration threshold, is essential for the stabilization and 

assembly of bona fide CCPs80. The subsequent iii) assembly and maturation of CCPs is further subjected 

to regulation of which progression depend on the appropriate recruitment of clathrin, endocytic 

accessory proteins, and specific regulation of PIP2 by Sjn16,139. Described in section 1.3.5.2, Sjn1 is an 

enzyme that converts PIP2 into PI4P which may be found present within CCPs throughout their lifetime. 

As such, Sjn1 may be hypothesized as a negative regulator of CCP assembly, of which turnover of PIP2 

may destabilize endocytic structures (i.e. cargo-deficient CCPs)6,139. Upon maturation, CCPs are then iv) 

subjected to scission from the plasma membrane forming intracellular CCVs via a dynamin-dependent 

mechanism, involving various membrane bending/deforming components (e.g. BAR domain proteins)—

which are similarly subjected to further regulation (i.e. by PIP2 and calcium)71. Lastly, CCVs are v) 

uncoated of clathrin by an auxilin- and Hsc70-based mechanism, followed by membrane traffic and 

delivery of the naked vesicle to target organelles50. Thus, despite its conceptually simple depiction, CME 

is a highly complex process of which progression can be defined by the dynamic, multi-layer regulation 

of its morphologically distinct endocytic stages. 

 

In the previous chapter, I uncover the novel role of PLC-γ1 in regulating CME of EGFR. 

Specifically, I showed that internalization of EGFR requires PLCγ1-derived calcium signals, of which 

perturbations significantly impairs EGF ligand endocytosis. Calcium activates various downstream 

protein effectors including PKC, which I similarly demonstrate to be a potential component of the 

requirement for PLC-γ1 in EGFR internalization. Moreover, I found that the PLCγ1-calcium-PKC signaling 

axis is selectively required for the internalization of EGFR, but not other endocytic cargoes including TfR, 

which I found localized within spatially distinct clathrin-containing structures. The selective control of 

EGFR endocytosis thus, imply the distinct regulation of EGFR-containing CCPs by PLC-γ1—raising the 
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question of whether and how PLCγ1-derived calcium signals may mechanistically regulate CME dynamics 

in facilitating the specific internalization of EGFR. 

 

As described above, CME proceeds through distinct morphological stages of which respective 

regulations may thus, be susceptible to calcium control. Calcium has been implicated in the direct 

regulation of clathrin, endocytic adaptors (e.g. AP2 and Dab2) and other accessory proteins (e.g. Sjn1, 

intersection, eps15, amphiphysin, Dyn2), indicating the potential control of CME dynamics by PLCγ1-

derived calcium signals50,110,205. In this chapter, I determine whether PLCγ1-derived calcium signals 

regulate EGFR endocytosis by regulation of the distinct stages governing its CME. To assess the 

functional contribution of PLCγ1-derived calcium in CME of EGFR, I employ live-cell imaging techniques 

coupled to software tracking and analysis of clathrin structures. Using this strategy, I detected bona-fide 

EGFR-containing CCPs and monitored their endocytic progression under various calcium signaling 

perturbation conditions. Importantly, this method will allow delineation of the stage(s) of CME regulated 

by calcium (i.e. cargo recruitment, clathrin assembly and/or maturation), and hence, identify how 

PLCγ1-derived calcium signals may precisely regulate EGFR endocytosis. I hypothesize that PLCγ1-

derived calcium signals regulate the efficient assembly and maturation of EGFR-containing CCPs, 

through control of resident endocytic proteins sensitive to calcium signals. 

 

 

 

4.1- EGFR-derived calcium signals regulate CCP initiation and assembly   
Having demonstrated the localization of EGFR and TfR within spatially distinct CLSs, I next 

examined how CLSs harboring EGFR or TfR may be distinctly regulated by PLCγ1-derived calcium signals. 

The selective regulation of EGF+ CCPs may reflect in part the distinct regulation by calcium of EGFR 

recruitment to CLSs, or calcium control of subsequent endocytic steps such as nucleation, initiation, 

assembly, maturation or scission subsequent to receptor recruitment therein5,6,79,106,207,404. 

 

 

4.1.1 - PLC-γ1 does not regulate the recruitment of EGFR within CLSs 
In understanding the precise role of calcium signals in regulation of EGFR endocytosis, I first 

sought to determine its functional role in control of receptor recruitment within CLSs. To do so, I treated 
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RPE cells expressing eGFP-CLCa with fluorescent EGF (A555-EGF; Figure 4.1, A, C, and D, and 4.2) and 

Tfn (A555-Tfn, Figure 4.1, B, E, and F, and 4.2), followed by fixation and imaging via TIRF-M; as 

performed in section 3.3. Single frame images were obtained and subjected to automated software 

detection and analysis of CLSs5,7,207. Using this strategy, EGF+ and Tfn+ CLSs (i.e. colocalization of 

fluorescent ligands with eGFP-CLCa) were identified and systematically quantified under PLC-γ1 

perturbing conditions (e.g. XeC, BAPTA-AM and BIM). Strikingly, treatment of cells with XeC, BAPTA-AM 

and BIM, each resulted in an increase in EGF+ CLSs relative to control, indicating that PLCγ1-derived 

calcium signals is not required for the efficient recruitment of EGFR within endocytic structures (Figure 

4.1C). Instead, PLC-γ1 may regulate EGFR endocytosis by control of the subsequent endocytic stages 

following receptor recruitment, of which impairment under the PLCγ1-perturbed conditions can be 

implied from the resulting accumulation of detected EGF+ CLSs on the cell surface. Importantly and 

consistent with ligand-uptake experiments (Figures 3.7 and 3.9), XeC, BAPTA-AM, and BIM treatments 

did not impact Tfn recruitment to CLSs (Figure 4.1E), showing that the effect of PLCγ1-calcium-PKC 

signaling is selective for EGF+ CLSs. As such, regulation of EGFR endocytosis by PLCγ1-derived calcium 

may involve direct control of EGFR clathrin-mediated endocytosis dynamics, independent and 

subsequent to recruitment of receptors within endocytic sites. 

 

To broadly understand whether PLC-γ1 may directly control CME dynamics in regulation of EGFR 

endocytosis, I subjected the obtained TIRF-M single frame images to systematic analysis of detected 

EGF+ CLSs. Specifically, the fluorescence intensities of eGFP-CLCa were quantified which provides 

measurement of clathrin recruitment and assembly, and hence, overall endocytic productivity of 

detected CLSs. Notably, fluorescence intensity of clathrin in EGF+ CLSs were reduced by XeC, BAPTA-AM, 

and BIM treatments relative to control, suggesting the requirement for PLCγ1-derived calcium signals in 

promoting clathrin assembly and maturation of CLSs harboring EGFR (Figure 4.1D). Consistently, these 

treatments were without effect on Tfn+ CLSs, which produced comparable eGFP-CLCa fluorescence 

intensities relative to control (Figure 4.1F). Thus, the PLCγ1-calcium-PKC signaling axis may selectively 

regulate EGFR endocytosis by controlling the process of CCP formation or assembly, independent of 

EGFR recruitment. 

 

4.1.2 - PLC-γ1 regulates the assembly and maturation of EGFR-containing CCPs 
The findings from the previous sections demonstrate a role for PLC-γ1 in controlling the 

endocytic dynamics of CLSs containing EGFR, indicating the requirement for PLCγ1-derived calcium 
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signals in regulation of the distinct endocytic stages. To resolve how PLC-γ1 may regulate the nucleation, 

initiation, assembly, maturation, or scission of CCPs harboring EGFR, I similarly used the previous TIRF-M 

imaging techniques coupled to automated software detection of CLSs. Importantly, assessment of the 

distinct endocytic stages requires temporal analysis of CLSs, of which discrete endocytic progression and 

dynamics may be monitored only by live-cell imaging. Thus, in contrast to previous acquisitions of single 

frame images of fixed cells, the TIRF-M imaging technique was fitted to capture time-lapse images of live 

cells, to unbiasedly detect, track and analyze the endocytic dynamics and progression of CLSs5,79,404. 

 

Using this approach, I examined RPE cells expressing eGFP-CLCa treated (or not) with BAPTA-

AM, and imaged under the presence of either fluorescent EGF (rhodamine-EGF) or Tfn (A647-Tfn) ligand; 

the latter in the presence of unlabeled EGF to trigger calcium signaling (Figure 4.3, A and B). Notably, 

our computational tools allow the detection of clathrin structures harboring specific receptors in two-

color time lapse-image series, based on the presence of a secondary signal within these structures (i.e. 

presence of secondary ligand fluorescence within detected eGFP-CLCa structures)5. As such, this method 

allows the selective analysis of EGF+ or Tfn+ CLSs in these time-lapse image series. Moreover, this 

strategy allows further resolution of each CLS as either a sCLS or a bona fide CCP5,79,404. Briefly, sCLSs are 

quantitatively and systematically distinguished from CCPs by the fact that sCLSs fail to meet a minimum 

clathrin-intensity threshold (reported by eGFP-CLCa) within the early stages of formation, and likely 

represent either stochastic assembly of clathrin at the plasma membrane or early nucleation events that 

fail to proceed to formation of bona fide CCPs5,79,404. In contrast, bona fide CCPs represent CLSs that 

stabilize, assemble, mature, and in some cases, undergo scission from the plasma membrane to produce 

intracellular CCVs; representing productive endocytic structures described in section 1.3.2. 

 

With this analysis strategy, I found that inhibition of PLCγ1-derived calcium signals by BAPTA-AM 

treatment substantially and significantly increased the number of EGF+ sCLSs (which are dim and short-

lived), indicating impairments in clathrin assembly and maturation of EGFR-containing clathrin 

structures (Figure 4.3C)5,79,404. In addition, the increase in EGF+ sCLS density is complemented by a 

reduction in bona fide EGF+ CCPs (longer-lived clathrin structures which grow past an eGFP-CLCa 

threshold intensity), further corroborating the requirement for PLCγ1-derived calcium signals in the 

efficient formation of EGFR-containing CCPs (Figure 4.3D)79. These results therefore suggest that calcium 

signals control the transition of CLSs from an early nucleation stage, to initiation and subsequent 

assembly into bona fide CCPs. 
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That EGFR endocytosis is maintained to some extent despite perturbations of PLCγ1-derived 

calcium signals (Figures 3.7 and 3.9) implies the persistence and formation of bona fide EGFR-containing 

CCPs capable of internalization, which although limited, were indeed detected as shown by findings in 

the previous sections (Figure 4.3D). Following their detection, I then sought to determine whether the 

persisting EGF+ CCPs are to any degree, regulated by PLCγ1-derived calcium signals. To do so, I 

employed time-lapse tracking of CLSs which enable detection of bona fide CCPs; representing CLSs that 

recruit clathrin above a certain threshold and exhibit longer lifetimes on the cell surface relative to 

sCLSs79. Expectedly, detection and tracking of bona fide CCPs in RPE cells reveal heterogeneity amongst 

CCP lifetimes, attesting to the heterogeneic nature of CCP formation described in section 1.3.2. Lifetimes 

of detected CCPs for instance, ranged from 10 to 100 seconds, which were respectively grouped into 

lifetime cohorts to enable unbiased analysis and comparison of CCPs. The mean fluorescence of clathrin 

(eGFP-CLCa) within CCPs of respective lifetime cohorts were then quantified in both control and BAPTA-

AM treated cells, and compared to determine the impact of calcium perturbation on the assembly 

dynamics of bona fide CCPs. Interestingly, BAPTA-AM treatment decreased the size of bona fide EGFR-

containing CCPs consistently within each lifetime cohort, as indicated by the reduction in mean 

fluorescence of eGFP-CLCa within EGF+ CCPs, relative to control (Figure 4.3E). Thus, these results 

indicate that although bona fide EGF+ CCPs form under calcium perturbed conditions, these structures 

nonetheless exhibit deficiencies in clathrin recruitment and assembly, further highlighting the 

requirement for PLCγ1-derived calcium signals in the efficient CME of EGFR. 

 

In line with the selective regulatory role of PLC-γ1 on endocytosis, perturbation of calcium by 

BAPTA-AM treatment did not affect the initiation rate and density of Tfn+ sCLSs or bona fide Tfn+ CCPs, 

in contrast to the effects on EGF+ CLSs (Figure 4.3, F and G). Furthermore, BAPTA-AM treatment also did 

not appreciably alter the size of bona fide TfR-containing CCPs across various lifetime cohorts (Figure 

4.3H), consistent with the lack of regulation of TfR endocytosis by PLCγ1-derived calcium signals (Figures 

3.7 and 3.9). As such, PLCγ1-derived calcium signals selectively regulate CME of EGFR, but not TfR, via 

control of CCP initiation and assembly. 

 

Our strategy of live-cell detection and tracking of CLSs enabled identification of bona fide EGF+ 

and Tfn+ CCPs, which exhibit characteristic gains in eGFP-CLCa fluorescence during early stages of pit 

formation, and subsequent fluorescence decays during vesicle scission and internalization away from 

the TIRF field. Importantly, to determine whether detected CCPs were indeed endocytic structures, I 
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similarly tracked the fluorescence profile of ligands (rhodamine-EGF or A647-Tfn) contained therein. As 

expected, EGF or Tfn detected within CCPs similarly demonstrate a characteristic gain and decay in 

fluorescence, which are largely concomitant with eGFP-CLCa indicating that detected CCPs indeed, give 

rise to productive endocytic vesicles (Figure 4.4, A and B; 4.5, A and B). As well, the concomitant gain 

and decay of clathrin and ligand fluorescence, is largely observed particularly for CCPs having lifetimes 

<80s, which represents the majority of detected structures—further attesting to the endocytic nature of 

detected CCPs (Figure 4.4C; 4.5C). 

 

Collectively, these results indicate that PLCγ1-derived calcium signals are selectively required for 

the efficient CME of EGFR. In particular, I showed that calcium regulates the initiation and assembly of 

bona fide EGFR-containing CCPs following clathrin structure nucleation, of which perturbation by 

BAPTA-AM significantly enhances the frequency of EGF+ sCLSs; while decreasing the density of EGF+ 

CCPs. In addition, BAPTA-AM treatment reduces the size of bona fide EGF+ CCPs relative to control, 

indicating the role of calcium in facilitating the efficient assembly of EGFR-containing clathrin structures. 

Importantly, calcium signals were shown dispensable for the initiation and assembly of CCPs harboring 

TfR, consistent with the selective regulatory role of PLC-γ1 on EGFR clathrin-mediated endocytosis. 

Taken together with the observation that perturbation of calcium signals enhances the abundance of 

EGFR within all CLSs (Figure 4.3C), these results indicate that calcium signals do not impact recruitment 

of EGFR to clathrin structures, but are required for initiation and assembly of bona fide CCPs containing 

EGFR from nascent clathrin structures. 

 

 

 

4.2- PLC-γ1 regulates EGFR-containing CCPs by removal of Sjn1  
Consistently emphasized throughout this thesis is the complex nature of CME, of which distinct 

morphological stages are dynamically regulated by functionally diverse endocytic components. The 

initiation, assembly, maturation, and scission stages of CCPs for instance, are facilitated and regulated 

by specific protein modules described in section 1.3.1 (i.e. pioneer, assembly and scission modules)50. 

Importantly, most, if not all endocytic components including endocytic accessory proteins, are organized 

around the three major CME hubs (clathrin, AP2 and PIP2), of which perturbations prove catastrophic to 

the overall endocytic process12,50,137. Highlighted in section 1.3.5.4, manipulations that impact PIP2 

synthesis and turnover largely influence CCP dynamics, and hence CME, due to its role as a plasma 
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membrane substrate for endocytic proteins. For instance, PIP5K is the major lipid kinase responsible for 

PIP2 synthesis of which overexpression increases the rate of CCP initiation and size relative to control6. 

Consistently, knockdown of PIP5K result in opposing effects, resulting in reduced initiation of CCPs which 

are smaller in size—likely due to reduced PIP2 synthesis6. Interestingly, the reduction in density and size 

of bona fide CCPs in PIP5K knockdown cells, mimic the findings from the previous sections of reduced 

EGF+ CCP initiation and size under calcium perturbed conditions (i.e. BAPTA-AM treatment) (Figure 4.3, 

D and E). The phenotypic similarities in CCP dynamics imposed by both PIP5K knockdown and calcium 

inhibition, thus, suggests the potential role of PLCγ1-derived calcium signals in regulating PIP2 levels—in 

selectively controlling EGFR endocytosis. 

 

Understanding precisely how PLCγ1-derived calcium signals may control plasma membrane PIP2 

levels in regulation of EGFR clathrin-mediated endocytosis, requires systematic profiling of lipid 

regulators, of which elucidation of distinct responses to calcium signals however, is beyond the scope of 

this work. Nonetheless, our findings in the previous chapter demonstrate that PLC-γ1 activation—and 

hence, generation of calcium signals—do not appreciably modify global plasma membrane PIP2 

concentrations (see section 3.2.1), indicating that the potential control of PIP2 by PLCγ1-derived calcium 

signals may occur in a localized manner, such that within CCPs. In addition, that perturbation of calcium 

signals elicits impairments in CCP dynamics comparable to that resulting from reduction in PIP2 levels 

(i.e. PIP5K knockdown), suggests the potential role of PLCγ1-derived calcium in sustaining appropriate 

PIP2 levels required for the efficient assembly and maturation of CCPs. Largely effecting localized PIP2 

turnover within CCPs, the lipid phosphatase Sjn1 therefore emerges as a potential downstream calcium 

effector, of which possible regulation by PLCγ1-derived calcium signals may thus, directly control plasma 

membrane PIP2—and hence, CME. 

 

In contrast to PIP5K, Sjn1 is a CCP-localized lipid phosphatase which negatively regulates CCP 

formation by conversion of PIP2 into PI4P6. Catalyzing PIP2 turnover, overexpression of Sjn1 significantly 

reduces the lifetime of abortive CCP structures, which described in section 1.3.5.2, may largely be due to 

its destabilizing role in CCP assembly6. Conversely, knockdown of Sjn1 expectedly increases the 

proportion of productive CCPs relative to abortive endocytic structures, likely due to the release of 

negative regulation imposed by Sjn1 on CCPs6. Although knowledge regarding Sjn1 control by calcium is 

lacking, it is tempting to hypothesize on the role of PLCγ1-derived calcium signals in promoting EGFR 

clathrin-mediated endocytosis by either inhibition, or removal of Sjn1 from EGFR-containing CCPs; which 
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in turn, relieves these structures of negative regulation thereby promoting their efficient assembly and 

maturation. In the following, I thus uncover whether PLCγ1-derived calcium signals may directly regulate 

Sjn1 activity. 

 

In uncovering whether PLCγ1-derived calcium signals may directly regulate Sjn1, I transfected a 

genetically-encoded fluorescent Sjn1 construct (mCherry-tagged Sjn1; mCh-Sjn1) into eGFP-CLCa 

expressing RPE cells, which were subsequently imaged by TIRF-M (Figure 4.6A and 4.7) followed by 

systematic image analysis as performed in the previous sections. With this strategy, the abundance of 

mCh-Sjn1 within CLSs were quantified under various treatment conditions, stimulated or not (basal) 

with EGF: control (no treatment), BAPTA-AM and BIM (Figure 4.6B). Strikingly, in the no treatment 

condition, EGF stimulation resulted in the significant reduction of mCh-Sjn1 abundance within CLSs, 

relative to basal conditions (Figure 4.6A and quantification in Figure 4.6B). Importantly, the respective 

perturbations of calcium and PKC, by BAPTA-AM and BIM, impaired the reduction of mCh-Sjn1 within 

CLSs elicited by EGF stimulation. Thus, these results suggest the role of PLCγ1-derived calcium signals, in 

regulating the dissociation of Sjn1 from endocytic structures—thereby relieving CCPs of negative 

regulation required for efficient CME (Figure 4.6B). 

 

To further corroborate these findings, I similarly examined the behaviour of endogenous Sjn1 

with anti-Sjn1 antibodies, under identical treatment conditions. Expectedly, I obtained similar results 

indicating that the observed localization and reduction of Sjn1 within CLSs, were indeed due to the 

activation of EGF signals (i.e. PLCγ1-derived calcium signals) and not due to a transfection-based artefact 

(i.e. overexpression of high copy number cDNA constructs) (Figure 4.8)424,425. Interestingly, these results 

also revealed that BAPTA-AM and BIM treatments further increased Sjn1 labeling in CLSs beyond that in 

control, unstimulated cells in some conditions (Figure 4.8), suggesting that the recruitment of 

endogenous Sjn1 may be further modulated by calcium signals. Collectively, these results indicate the 

role of PLCγ1-derived calcium signals in regulating the dissociation of Sjn1 from CCPs, thereby sustaining 

appropriate PIP2 levels required for the efficient assembly of endocytic structures. Although yet to be 

demonstrated, the potential localization of Sjn1 within EGFR-containing CCPs (but not TfR), thus provide 

a mechanism by which PLCγ1-derived calcium signals may selectively regulate EGFR endocytosis; and 

potentially other Sjn1-containing endocytic structures. 
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4.3- PLC-γ1 is required for clathrin-dependent EGFR signaling  
In addition to their predominant role in endocytosis, clathrin structures also function as 

signaling platforms, which regulates distinct signaling pathways on the cell surface207. Described in 

section 1.6.4, PI3K/Akt signaling by EGFR is one such pathway particularly dependent on the fidelity of 

clathrin assemblies, as indicated by the perturbation of EGF-stimulated Gab1 and Akt phosphorylation at 

the plasma membrane, in clathrin-silenced RPE cells207. Furthermore, the role for clathrin structures in 

regulating EGFR signaling is selective, as silencing of clathrin does not impair the phosphorylation of 

EGFR or ERK1/2207. That PLCγ1-derived calcium signals regulate the assembly and formation of EGFR-

containing CCPs raises the question of whether PLC-γ1 may thus, also control PI3K/Akt signaling by 

EGFR. In this section, I will examine the requirement for calcium signals in EGFR signaling, of which 

understanding will further provide insight on the role of PLC-γ1 in the regulation of CCP dynamics, and 

hence, overall CME. 

 

In determining the requirement for PLC-γ1 in the propagation of EGFR signaling, I employed 

siRNA-mediated silencing of PLC-γ1 in RPE cells, and measured the EGF-stimulated phosphorylation of 

Gab1 and Akt by immunoblot analysis. Expectedly, PLC-γ1 silencing inhibited PI3K/Akt signaling as 

reported by the impairment of EGF-stimulated Gab1 and Akt phosphorylation (Figure 4.9A), but not that 

of EGFR and Erk (Figure 4.9B). These results are comparable to the effects of clathrin silencing on 

PI3K/Akt signaling, attesting to the role of PLC-γ1 signals in regulating the assembly of clathrin 

structures207. Moreover, the selective perturbation of EGF-stimulated Gab1 and Akt phosphorylation 

was similarly observed upon inhibition of cytosolic calcium by BAPTA-AM (Figure 4.10), indicating that 

calcium signals generated by PLC-γ1 indeed control the assembly of clathrin required for PI3K/Akt 

signaling by EGFR. Thus, the requirement for PLC-γ1 calcium signals in PI3K/Akt signaling is consistent 

with findings from the previous sections demonstrating its role in regulating the assembly of EGFR-

containing CCPs (Figure 4.3, D and E), of which efficient formation is both required for EGFR endocytosis 

and signaling. 

 

Discussed in section 1.6.2, EGFR is a member of the ErbB (HER) family of receptor tyrosine 

kinases which is known to heterodimerize with other members of this family when co-expressed within 

the same cell—in particular, with HER2 (see section 1.6.2.3). Importantly, EGF stimulation of EGFR/HER2 

heterodimers induces the propagation of PI3K/Akt signaling that is independent of clathrin, as 

demonstrated by the lack of effect of clathrin silencing on the phosphorylation of Gab1 and Akt in EGFR 
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and HER2 expressing cells207. While RPE cells used in our experiments do not detectably express HER2 

levels (thus, largely inducing clathrin-dependent PI3K/Akt signaling from EGFR homodimers), it is 

nevertheless, important to validate whether control of PI3K/Akt signaling by PLC-γ1 is indeed due to its 

regulation of clathrin assembly, and not due to regulation of clathrin-independent signaling 

components207. 

 

To determine whether PLC-γ1 controls PI3K/Akt signaling by regulation of clathrin-independent 

components, RPE cells engineered to stably express HER2 (RPE-HER2) were used, which had been 

reported and confirmed to signal largely from EGFR/HER2 heterodimers207. RPE-HER2 cells were then 

subjected to PLC-γ1 silencing by siRNA, followed by measurement of EGF-stimulated Akt 

phosphorylation via similar immunoblot assays used previously. As expected, siRNA-silencing of PLC-γ1 

did not impact the EGF-stimulated phosphorylation of Akt, likely due to the non-requirement for clathrin 

and regulation of its assemblies by PLC-γ1, in PI3K/Akt signaling by RPE-HER2 cells (Figure 4.9C)207. As 

such, these results collectively suggests that PLC-γ1 does not directly regulate components of the 

PI3K/Akt signaling pathway at the plasma membrane, but rather modulate the assembly of clathrin 

structures necessary for PI3K/Akt signaling in HER2-deficient RPE cells. 

  

 

 

4.4- Summary of Chapter 4 
In this chapter I determined how PLC-γ1 may precisely control CME of EGFR in promoting its 

internalization. CME is a complex process which is defined by distinct endocytic stages, each dynamically 

regulated by a diverse array of endocytic proteins. Prior to this work, it was conceivable that PLC-γ1 

could regulate EGFR endocytosis by control of one of the morphologically distinct stages: nucleation, 

cargo recruitment, initiation, assembly, and scission. Examination of eGFP-CLCa expressing RPE cells 

labeled with fluorescent ligands by TIRF-M imaging revealed that PLCγ1-derived calcium signals are not 

required, and thus, do not regulate receptor recruitment within CLSs, as demonstrated by the increase 

in EGF+ CLSs on the cell surface upon perturbation of the PLCγ1-calcium-PKC signaling axis. The increase 

in cell surface density of EGF+ CLSs nevertheless, indicate impairments in the efficient internalization of 

EGFR (subsequent to EGFR recruitment to clathrin structures), suggesting perturbations in subsequent 

endocytic steps following receptor recruitment, imposed by PLCγ1-derived calcium inhibition. Consistent 

with this, using live-cell imaging coupled to automated detection and tracking of CLSs, I determined a 
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robust increase in the frequency of initiation of EGF+ sCLSs, represented by dim, short-lived CLSs, that 

are likely abortive and fail to internalize into the cell. This finding is corroborated by a concomitant 

decrease in the rate of formation of bona fide EGF+ CCPs that represent productive clathrin structures, 

which are brighter and longer-lived relative to sCLSs. In addition, the bona fide EGF+ CCPs that form 

under calcium perturbed conditions were significantly reduced in size relative to control (untreated 

condition). Importantly, calcium perturbation was without effect on the dynamics of Tfn clathrin-

mediated endocytosis, indicating the selective requirement for PLCγ1-derived calcium signals in 

regulating efficient clathrin assembly, formation and subsequent internalization of EGF+ CCPs (Figure 

4.11). 

 

The effects of calcium perturbation on CCP dynamics mimic the phenotypic effects on CCPs 

observed in PIP5K silenced cells—suggesting a role for PLCγ1-derived calcium signals in the localized 

regulation of enzymes within CCPs that regulate PIP2
6,79. That activation of PLC-γ1 does not elicit broad 

changes in plasma membrane PIP2 concentrations, indicate the potential regulation of PIP2 by PLC-γ1 to 

occur in a localized manner, such that within CCPs. Sjn1 is a phosphatase localized within CCPs which 

catalyzes PIP2 turnover, and as such known to negatively regulate clathrin assembly and endocytosis. 

Removal of Sjn1 from CCPs thus, prevent the dephosphorylation of PIP2 thereby maintaining appropriate 

PIP2 levels necessary for efficient CCP assemblies. Indeed, I found that PLCγ1-derived calcium signals 

promote the broad dissociation of Sjn1 from CLSs, and that this EGF-stimulated loss of Sjn1 from CCPs is 

abrogated under calcium perturbed conditions. 

 

Lastly, I further corroborated the role of PLCγ1-derived calcium signals in direct control of 

clathrin assembly, by examining its role in the clathrin-dependent PI3K/Akt signaling in RPE cells. 

PI3K/Akt signaling by EGFR requires the efficient formation of clathrin structures of which perturbation 

via clathrin silencing, impairs phosphorylation and activation of its signaling components (e.g. Gab1 and 

Akt)207. Importantly, I demonstrated that the effects of clathrin silencing on EGFR signaling is 

recapitulated by silencing of PLC-γ1, likely due to impairments in clathrin assemblies resulting from PLC-

γ1 knockdown. In addition, knockdown of PLC-γ1 was without effect in signaling of RPE-HER2 cells, 

which is known to propagate PI3K/Akt signaling in a clathrin-independent manner. These results indicate 

that PLCγ1-derived calcium signals thus, promote PI3K/Akt signaling in HER2-deficient cells (RPE cells) 

not by direct control of signaling components, but rather by regulation of clathrin assembly consistent 

with its role in enhancing the assembly and formation of bona fide EGF+ CCPs.  
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In summary, PLC-γ1 therefore provides a direct mechanism through which mitogenic signaling 

by RTKs may effect global plasma membrane remodeling. In chapter 3, I demonstrated the requirement 

for PLC-γ1 signals in the regulation of EGFR clathrin-mediated endocytosis. Specifically, this requirement 

largely involves PLCγ1-derived calcium signals which selectively regulates EGFR clathrin-mediated 

endocytosis, but not other endocytic cargoes including TfR; likely due to their localization within distinct 

CCPs. In chapter 4, I uncovered precisely how calcium signals may distinctly regulate EGFR endocytosis, 

predominantly by regulating the assembly and formation of EGF+ CCPs (but not Tfn+ CCPs), at a stage 

subsequent to EGFR recruitment to nucleated clathrin structures. Furthermore, I found that Sjn1 might 

serve as the primary downstream calcium effector, such that Sjn1 dissociation from CCPs by PLC-γ1 

calcium signals directly influences local PIP2 levels promoting the assembly of EGFR-containing CCPs. 

Importantly, despite the selective regulation of EGFR clathrin-mediated endocytosis by PLC-γ1, that Sjn1 

broadly localizes to CCPs indicate the broad regulation of CME of cargoes contained therein, which may 

include other cargo classes apart from EGFR. Thus, through activation of PLC-γ1, mitogenic signaling by 

RTKs may promote clathrin-mediated endocytosis and hence, global remodeling of the plasma 

membrane via regulation of Sjn1 by PLCγ1-derived calcium signals. 

 

Having determined how mitogenic cues may regulate the plasma membrane via CME, I will then 

shift my focus into understanding how metabolic cues such as cellular energy levels may similarly impact 

the endocytic process. Conceptually the opposite of mitogenic signaling from a cell physiological 

perspective, metabolic depression in energy levels similarly induces remodeling of the plasma 

membrane as shown from previous studies in our laboratory360. In addition, remodeling of the plasma 

membrane under metabolic stress is known to be largely regulated by AMPK activation (see section 1.7). 

However, precisely how AMPK may control the plasma membrane, and whether this may occur through 

regulation of CME, is not well-understood, serving as the major questions addressed in the following 

section. 

 

 

 

 

 

 

 



177 
 

4.5- Figures for Chapter 4 
 

 

 

 

Figure 4.1. Cytosolic Ca2+ and PKC regulate CLSs containing EGFR but not those harboring TfR. RPE 

cells stably expressing clathrin light chain fused to eGFP (eGFP-CLCa), treated with various inhibitors: 3 

μM XeC for 30 min, 10 μM BAPTA-AM (BA) for 15 min, 1 μM BIM for 30 min, or left untreated (control), 

and then treated with (A) A555-EGF (5ng/mL for 5 min) or (B) A555-Tfn (10 μg/ml for 3 min). Shown are 

representative micrographs obtained by TIRF-M. Scale bar: 5 μm. Full image panels are shown in Figure 

4.2. (C–F) TIRF-M images were subjected to automated detection of CLSs, followed by quantification of 
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mean A555-conjugated ligand fluorescence intensity therein (C, E). CLSs were sorted into A555-EGF-

enriched or A555-Tfn-enriched cohorts, followed by quantification of the mean eGFP-CLCa within each 

CLS cohort (D, F). For C–F, the overall median of the cellular means (bar) and 25th/75th percentiles 

(boxes) are shown. The number of CLSs and cells analyzed, respectively, for each condition are as 

follows. EGF control: 14,114 and 114; EGF XeC: 11,322 and 98; EGF BAPTA-AM: 15,786 and 104; EGF 

BIM: 3860 and 46, Tfn control: 16,983 and 117; Tfn XeC: 10,838 and 98; Tfn BAPTA-AM: 8868 and 64; 

Tfn BIM: 3718 and 44; from a minimum of three independent experiments in each condition. 
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Figure 4.2. Full-size representative TIRF-M images of RPE GFP-CLC cells treated with A555-EGF or 

A555-Tfn. Shown in Figure 4.1A-B are images of RPE cells stably expressing eGFP-CLCa and treated with 

A555-EGF or A555-Tfn for 5 min, followed by fixation and imaging with TIRF microscopy. Shown here are 

the full-sized images of the representative images shown in Figure 4.1A-B, with a white box showing the 

area enlarged in Figure 4.1A-B, Scale bar: 20 μm. 
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Figure 4.3. Cytosolic Ca2+ selectively controls initiation and assembly of CCPs harboring EGFR. RPE 

cells stably expressing clathrin light chain fused to eGFP (eGFP-CLCa) were pretreated with 10 μM 

BAPTA-AM for 15 min, and then treated with either 20 ng/ml rhodamine-EGF (Rho-EGF) or treated with 

A647-Tfn during time-lapse imaging by TIRF-M. (A, B) Single-frame representative fluorescence 

micrographs. Scale bar: 5 μm. Time-lapse TIRF-M image series of cells treated with Rho-EGF (C–E) or 

A647-Tfn (F–H) were subjected to automated detection, tracking, and analysis of CLSs as described in 

Materials and Methods, allowing identification of sCLSs and bona fide CCPs as EGF+ or Tfn+, as 

appropriate. (C–D, F–G) Median, 25th/75th percentiles (boxes) and Tukey range (whiskers) for the 
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initiation rate of ligand-positive sCLSs (C, F) or ligand-positive CCPs (D, G) are shown. (E, H) Mean eGFP-

CLCa fluorescence intensity (reported as arbitrary units [A.U.]) grouped into CCP lifetime cohorts; error 

bars reflect cell-to-cell variation. The number of total CLS trajectories, CCP trajectories, and cells for each 

condition are (respectively): Rho-EGF treated (control, DMSO): 24,737, 16,621, and 18; Rho-EGF treated 

(BAPTA-AM treated): 33,604, 14,731, and 24; A647-Tfn (control, DMSO) 32,693, 22,008, and 24; A647-

Tfn (BAPTA-AM) 35,287, 20,862, and 25. The breakdown of ligand-positive sCLSs and CCPs is as follows: 

5.0 ± 0.7% (control) and 8.5 ± 0.5% (BAPTA-treated) of sCLSs are EGF+; 13.2 ± 0.9% (control) and 10.9 ± 

0.9% (BAPTA-treated) of CCPs are EGF+; 3.1 ± 0.4% (control) and 4.0 ± 0.7% (BAPTA-treated) of sCLSs are 

Tfn+; 13.6 ± 1.9% (control) and 13.2 ± 1.9% (BAPTA-AM) of CCPs are Tfn+. 
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Figure 4.4. Dynamics of EGF+ sCLSs and CCPs. RPE cells stably expressing clathrin light chain fused to 

eGFP (eGFP-CLCa) were pre-treated with 10 μM BAPTA-AM for 15 min, and then treated with 20 ng/mL 

rhodamine-EGF (Rho-EGF) during time-lapse imaging by TIRF-M. Time-lapse image series were subjected 

to automated detection, tracking, and analysis of CCPs as described in Materials and Methods, allowing 

identification of EGF+ sCLSs and CCPs. Shown are (A) the mean Rho-EGF fluorescence intensities within 
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CCPs grouped into CCP lifetime cohorts; error bars reflect cell-to-cell variation and dotted lines indicated 

the disappearance of clathrin from the TIRF field and (B) representative CCP trajectories depicting 

micrographs obtained by TIRF-M centered on the detected object and the quantification of the 

fluorescence intensity of eGFP-CLCa and Rho-EGF in these structures. (C) Shown is a histogram depicting 

the frequency of EGF+ CCPs of indicated lifetimes. 
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Figure 4.5. Dynamics of Tfn+ sCLSs and CCPs. RPE cells stably expressing clathrin light chain fused to 

eGFP (eGFP-CLCa) were pre-treated with 10 μM BAPTA-AM for 15 min, and then treated with 100 ng/mL 

A647-Tfn during time-lapse imaging by TIRF-M. Time-lapse image series were subjected to automated 

detection, tracking, and analysis of CCPs as described in Materials and Methods, allowing identification 
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of Tfn+ sCLSs and CCPs. Shown are (A) the mean A647-Tfn fluorescence intensity grouped into CCP 

lifetime cohorts; error bars reflect cell-to-cell variation and dotted lines indicated the disappearance of 

clathrin from the TIRF field and (B) representative CCP trajectories depicting micrographs obtained by 

TIRF-M centered on the detected object and the quantification of the fluorescence intensity of eGFP-

CLCa and A647-Tfn. (C) Shown is a histogram depicting the frequency of Tfn+ CCPs of indicated lifetimes. 
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Figure 4.6. mCherry-Sjn1 is depleted from CLSs upon EGF stimulation in a Ca2+- and PKC-dependent 

manner. RPE cells stably expressing GFP-CLCa were transfected with mCherry-tagged Sjn1 (mCh-Sjn1, 

170-kDa isoform), and then treated with 10 μM BAPTA-AM for 15 min, 1 μM BIM for 30 min, or left 

untreated (control), followed in some samples by stimulation with 5 ng/ml EGF, as indicated, then by 
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immediate fixation. (A) Shown are representative micrographs obtained by TIRF-M. Scale bars: 10 μm. 

Full-image panels, including corresponding epifluorescence images, are shown in Figure 4.7. (B) TIRF-M 

images were subjected to automated detection of CLSs, followed by quantification of the mean mCh-

Sjn1 fluorescence intensity therein (normalized to total mCh-Sjn1 expression determined from 

epifluorescence images). Shown in B are median (bar) and 25th/75th percentiles (boxes) of mCh-Sjn1 

fluorescence intensity within CLSs in each condition. The number of CLSs and cells analyzed, 

respectively, for each condition are as follows: basal, control (no drug): 43,047 and 50; basal, BAPTA-

AM: 38,919 and 44; basal, BIM: 35,556 and 46; EGF, control (no drug): 55,482 and 55; EGF, BAPTA-AM: 

28,644 and 43; EGF, BIM: 29,637 and 38; from three independent experiments. 

 

  

  



188 
 

 

 

Figure 4.7. Full-size representative TIRF images of RPE eGFP-CLCa cells transfected with mCherry-

Synaptojanin 1. Shown in Figure 4.6A are TIRF-M images of RPE cells stably expressing eGFP-CLCa and 

transfected with mCherry-Synaptojanin 1 (mCh-Sjn1, 170 kDa isoform). Shown here are the full-sized 

images of the representative TIRF-M images shown in Figure 4.6A, as well as the corresponding image 

frames obtained by widefield epifluorescence microscopy, scale, 20 μm. 



189 
 

 

 

Figure 4.8. Endogenous synaptojanin 1 is depleted from CCPs upon EGF stimulation in a cytosolic Ca2+-

dependent manner. RPE cells stably expressing clathrin light chain fused to Tag-RFP-T (RFP-clathrin) 

were treated with 10 μM BAPTA-AM for 15 min, 1 μM BIM for 30 min or left untreated (control), 

followed in some samples by stimulation with 5 ng/mL EGF, as indicated, then by immediate fixation and 
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staining with anti-synaptojanin 1 (Sjn1) antibodies. (A) Shown are representative fluorescence 

micrographs obtained by TIRF-M, scale 10 μm. Circles indicate CCPs positive for endogenous Sjn1, 

determined manually. (B) TIRF-M images were subjected to automated detection of CCPs, followed by 

quantification of mean Sjn1 fluorescence intensity therein. Shown in are median (bar) and 25th/75th 

percentiles (boxes) of Sjn1 fluorescence intensity within CCPs in each condition. The number of CCPs 

analyzed and cells, respectively, for each condition are as follows: basal, control (no drug): 20547, 68; 

basal, BAPTA-AM: 9839, 31; basal, BIM: 8843, 31; EGF, control (no drug): 19812, 65, EGF, BAPTA-AM: 

7009, 31; EGF, BIM: 7817, 30; from 3 independent experiments. *, p < 0.05, relative to the control, basal 

(non-EGF-stimulated) condition. 
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Figure 4.9. PLC-γ1 is required for clathrin-dependent EGFR signaling. RPE cells or RPE cells stably 

expressing HER2 (RPE-HER2 cells) were subjected to siRNA silencing of PLC-γ1 and treated with 5 ng/ml 

EGF for 5 min as indicated, followed by Western blotting of whole-cell lysates with antibodies to detect 

phosphorylated proteins. Shown are representative immunoblots and the mean ± SE signal intensity 

(from n > 3 independent experiments; *, p < 0.05) for (A) pAkt and pGab1 in RPE cells (not expressing 

HER2), (B) pEGFR and pErk in RPE cells (not expressing HER2) (These experiments on RPE cells were 
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performed by Stephen Bautista (PhD. Candidate); Ryerson University, Toronto, ON, Canada), and (C) pAkt 

in RPE-HER2 cells (These experiments on HER2 cells were performed by John Abousawan (PhD. 

Candidate); Ryerson University, Toronto, ON, Canada). 
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Figure 4.10. Perturbation of intracellular Ca2+ impairs EGF-stimulated Akt phosphorylation. RPE cells 

were treated with the cytosolic Ca2+ chelator BAPTA-AM (10 μM BAPTA-AM for 15 min) and then 

stimulated with EGF (5 ng/mL for 5 min), followed by Western blotting of whole-cell lysates with 

antibodies to detect phosphorylated proteins. Shown are representative immunoblots for the indicated 

antibodies. BAPTA-AM treatment impairs EGF-stimulated Akt phosphorylation, but not that of Erk. 
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Figure 4.11. PLCγ1-derived calcium signals selectively regulate the efficient formation, assembly and 

subsequent internalization of EGFR-containing CCPs. Shown is the schematic diagram summarizing the 

findings described in chapter 4. PLCγ1-derived calcium signals were found to control the assembly and 

internalization of EGFR-containing clathrin structures, but not EGFR recruitment therein. The 

requirement for calcium signals in CME is selective for EGFR as the formation and assembly of TfR-

containing clathrin structures were largely unaffected (not shown) by perturbation of calcium signals. 

PLCγ1-derived calcium signals may control the dynamics of EGFR clathrin-mediated endocytosis by 

regulating endocytic proteins including Sjn1, which becomes dissociated from clathrin structures upon 

mobilization of calcium signals; induced by EGF stimulation. 
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Chapter 5. Understanding the role of metabolic signals in 

control of CME 
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Nutrient availability represents one of the dynamic environmental parameters which largely 

determines cellular phenotypes and behaviours via control of cellular metabolism and other cell 

functions358. Nutrients such as glucose, proteins and lipids for instance, are taken up and converted by 

metabolic cellular processes into energy rich ATP molecules—functioning as the primary energy 

currency of the cell. As the main source of cellular fuel, ATP is responsible for driving fundamental 

energy-demanding processes (via energy released from ATP hydrolysis) including several pathways 

occurring at the plasma membrane363. The Na+/K+ ATPase ion exchange pumps for example, are plasma 

membrane proteins—which by hydrolysis of ATP—maintains a physiological ion gradient and membrane 

potential difference across the plasma membrane necessary for cell survival and proliferation361,362. 

Other examples include RTKs and integrins, which upon activation on the plasma membrane similarly 

promotes ATP hydrolysis by inducing many ATP-consuming processes that contribute to cell growth, 

proliferation, differentiation, motility and migration59–61. As well, proteins involved in mediating energy 

uptake are similarly found on the plasma membrane including transporters for glucose, lipids, and 

amino acids42,43. As a predominant site for both energy consumption and uptake, the regulation of the 

plasma membrane is therefore intimately coupled to fluctuations in intracellular ATP concentrations 

(and hence, nutrient availability), of which perturbations have been demonstrated to specifically effect 

changes in the surfaceome profile360. 

 

Perturbations in intracellular ATP concentrations can result from metabolic stress induced by 

nutrient starvation, hypoxia, ischemia, and exercise365–367. Specifically, these physiological stimuli largely 

result in the depletion of cellular ATP, thereby resulting in depressed energy states. In coping with 

metabolic stress, cells often employ a series of adaptive response strategies which functions in restoring 

cellular energy balance and homeostasis359,363. These strategies include the i) stimulation of catabolic 

processes (e.g. glycolysis) promoting ATP regeneration, and as well as the ii) inhibition of anabolic 

processes (e.g. glycogenolysis) in reducing ATP consumption. Likewise, reductions in cellular energy 

concomitantly induces iii) global remodeling of the plasma membrane largely involving the 

downregulation, and hence, inactivation of ATP-consuming surface proteins and processes; of which 

some were mentioned previously359,363. Importantly, these adaptive responses are the direct effects of 

AMPK activation, which serves as the primary cellular metabolic sensor activated by AMP binding—

reflecting reductions in intracellular ATP levels359,363. Indeed, AMPK regulates metabolic pathways 

(catabolic and anabolic) by direct phosphorylation of several regulatory components discussed in more 

detail in section 1.7.1. However, the precise mechanism by which AMPK may directly regulate and elicit 
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global remodeling of the plasma membrane remain poorly understood, which nevertheless, serve as the 

major question to be investigated in this chapter. 

 

Previous results from our laboratory indicated the global remodeling of the plasma membrane 

upon activation of AMPK by its pharmacological agonist A-769662 (here abbreviated as A7)360. Through 

semi-quantitative mass spectrometry analysis, AMPK activation broadly reduced cell surface levels of 

many proteins including Na+/K+ pumps and motogenic proteins such as β1-integrins360. Precisely how 

AMPK induces surface protein downregulation, and hence, plasma membrane remodeling however, is 

not well-understood—although the involvement and mechanistic control of CME may be hypothesized. 

In addition, AMPK activation reduced surface levels of Arf6-GAPs (i.e. ArfGAP3 and ARAP) known to 

regulate the activation of the small GTPase, Arf6, on the plasma membrane360. Importantly, Arf6 was 

proposed to enhance CME via stimulation of local PIP2 production and direct recruitment of AP2, 

indicating the potential regulation of CME by AMPK, through control of Arf6 GTP-binding379. In addition, 

β1-integrins are CME cargoes known to internalize in an Arf6-dependent manner, of which AMPK-

mediated surface depletion further implies regulation of CME by AMPK, via control of Arf6 GTP-

binding391,393. Through control of Arf6 GTP-binding, AMPK may thus regulate CME dynamics, thereby 

serving as a potential mechanism by which metabolic signals may directly effect changes in the cell 

surfaceome. 

 

In this chapter, I elucidate the biological mechanism by which AMPK may induce global 

remodeling of the plasma membrane. I hypothesize that by control of CME, AMPK may broadly effect 

plasma membrane reorganization, which I investigated via TIRF-M imaging coupled to systematic 

analysis of CLSs used in the previous chapters5,8,207. In addition, I determined the requirement for Arf6 in 

the regulation of CME by AMPK, by probing the contributions of different Arf6 nucleotide states (e.g. 

Arf6-GTP or Arf6-GDP) on the endocytic process. I hypothesize that AMPK regulates the nucleotide state 

of Arf6, which in turn results in regulation of CME. Lastly, I determined the implications of AMPK 

activation on the internalization of CME cargoes, specifically of β1-integrin. In doing so, I uncovered the 

extent by which AMPK may induce broad regulation of the plasma membrane through Arf6-dependent 

control of CME. Overall, I hypothesize that AMPK robustly remodels the plasma membrane by control of 

CME via Arf6 regulation—resulting in the downregulation of surface proteins via CME. 
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5.1- Activation of AMPK elicits global reduction in CCP size  
Previous findings from our laboratory indicate the robust reorganization of the plasma 

membrane protein content (cell surfaceome) upon pharmacological activation of AMPK by A7 in RPE 

cells360. A7 is a chemical compound demonstrated to activate AMPK by direct binding, inducing 

conformational changes necessary for promoting Thr-172 phosphorylation; and hence, AMPK 

activation426,427. Although the exact binding site of A7 on AMPK has not been elucidated, several studies 

have shown that treatment of cells with A7 induces the specific activation of AMPK, as commonly 

reported by the biochemical measurement of phosphorylation of its known downstream effector, ACC—

of which increase by A7 can be detected as early as 10 minutes in RPE cells360,426,427. In the following 

studies, activation of AMPK, and hence, onset of metabolic stress, will therefore be recapitulated via A7-

induced activation of AMPK in RPE cells. 

 

That AMPK activation induces broad regulation of the plasma membrane in RPE cells suggests its 

potential control of CME—regarded as the predominant regulator of the mammalian plasma membrane 

complement of membrane proteins. To determine whether AMPK regulates the plasma membrane via 

control of CME, I first sought to determine the broad effects of AMPK activation on CME structure and 

dynamics. To do so, I used RPE cells expressing eGFP-CLCa treated with A7 for various times (e.g. 0, 5, 

10, 15, 30, and 60 minutes). The cells were then fixed and imaged via TIRF-M coupled to systematic 

detection and analysis of CLSs. Interestingly, acquisition and analysis of single frame images reveal a 

robust and significant reduction in eGFP-CLCa fluorescence intensity within detected CLSs (>10,000 CLSs 

per conditions) in almost all A7 treated conditions, detectable as early as 5 minutes following treatment; 

relative to control (0 minute) (Figure 5.1, A and B). The AMPK-induced reduction in CCP size was 

maintained for up to 30 minutes, upon which eGFP-CLCa fluorescence intensity began to slightly recover 

to what is seen in basal cells (not treated with A7). This finding therefore provides a preliminary 

indication of the role of AMPK in inducing broad plasma membrane remodeling by influencing the 

dynamics of clathrin structure assembly—and hence, overall CME. 

 

While useful in initially determining the effects of AMPK on CME, single frame image detection 

and analysis nonetheless, remain limited to the broad identification of CLSs, which may or may not 

represent bona fide endocytic CCP structures1. Thus, to better understand the role of AMPK in 

regulation of CME dynamics, I employed live-cell TIRF-M imaging of eGFP-CLCa expressing RPE cells 

treated (or not; control) with A7 (10 minutes), to acquire time-lapse images for systematic detection, 
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tracking, and analysis of bona fide CCP structures; as implemented in chapters 3 and 4. Interestingly, 

although A7 did not modify the total number of detected CLSs, A7 nevertheless significantly reduced the 

initiation density of bona fide CCPs (Figure 5.1C)—suggesting a reduction in efficiency of CCP assembly 

and formation imposed by A7 treatment. In addition, CCPs detected in A7 conditions exhibited 

significant reductions in eGFP-CLCa fluorescence intensities across various lifetime cohorts relative to 

control (Figure 5.1D), consistent with the A7-induced reductions in CLS size previously observed (Figure 

5.1B). Importantly, while A7 appears to impair CCP assembly and formation, A7 treatment surprisingly 

increased CCP lifetimes which were longer-lived relative to control, suggesting increased efficiency of 

formation of longer-lived productive CCP once these structures initiate (Figure 5.1E). Taken together, A7 

treatment—and hence AMPK activation—impairs the earliest stages of clathrin assembly and formation 

of bona fide CCPs. Those CCPs that do form under A7-treated conditions, are smaller in size, but 

nonetheless exhibit longer lifetimes suggestive of an enhancement in formation of productive CCPs. This 

is compatible with the role of AMPK in inducing global remodeling of the plasma membrane proteome 

via control of CME360. 

 

 

 

5.2- AMPK may regulate CME via control of Arf6 activity 
That A7 treatment effects regulation of CCP size and lifetime indicates the potential role of 

AMPK in the direct control of CCP dynamics and overall CME. Precisely how AMPK my directly regulate 

CCP assembly and formation however, is not well-understood. I hypothesize a role for Arf6 in AMPK-

dependent control of CME. As described in section 1.7.2, Arf6 is a small GTPase protein which upon 

translocation and activation on the plasma membrane, may enhance CME via stimulation of PIP2 

production and recruitment of AP and clathrin to the cell surface379,383. Although the direct control of 

Arf6 by AMPK has not been documented in literature, it has been shown that AMPK activation directly 

causes the depletion of Arf6 regulators (e.g. ArfGAP3 and ARAP) from the plasma membrane, thereby 

influencing Arf6 nucleotide cycling and activity360. Thus, to determine whether Arf6 activation may serve 

as the mechanism by which AMPK may regulate CME, in this section I will investigate the potential 

control of Arf6 by AMPK, and as well as the requirement for Arf6 in the regulation of CCP dynamics. 
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5.2.1 - AMPK may regulate Arf6 by promoting GTP hydrolysis 
Arf6 is a small GTPase which cycles between an inactive Arf6-GDP to an active Arf6-GTP 

conformation, of which the latter recruits various effector proteins described in section 1.7.2. As such, 

to first determine the potential regulation of Arf6 by AMPK, we assessed the effects of AMPK activation 

on the nucleotide state of Arf6 via FRET-FLIM microscopy. FRET-FLIM (Fӧrster resonance energy transfer 

by fluorescence lifetime imaging) is a microscopic technique which allows identification of molecular 

interactions and protein binding in vivo, based on a fluorescent donor-acceptor system428,429. 

Specifically, to assess the role of AMPK in regulating Arf6 activation, we transfected RPE cells with a 

genetically-encoded fluorescent Arf6 construct (CyPET-tagged Arf6; Arf6-CyPET), along with a truncated 

construct of the downstream Arf6 effector, GGA3 (Golgi-localized gamma-ear containing Arf-binding 

protein 3), conjugated to fluorescent YPET (YPET-GGA3). Importantly, GGA3 is an established binding 

partner of Arf6, which is recruited and bound only by the active GTP-loaded Arf6 configuration388. The 

nucleotide state and hence, activation of Arf6, may thus be implicated from measurement of interaction 

between Arf6-CyPET and YPET-GGA3, detected and quantified via FRET-FLIM microscopy described in 

the following section (Figure 5.2A). 

 

Fluorophores are characterized by distinct ‘fluorescence lifetimes’ that describes the duration 

between photon excitation and subsequent fluorescence emission—which depends on the distinct 

molecular compositions and dynamic nano-environments of fluorophores428,429. For example, the 

excitation (414nm) and fluorescence emission (475nm) of unbound Arf6-CyPET exhibits a 2 ms 

fluorescence lifetime, as measured by FRET-FLIM in RPE cells (Figure 5.2B). Expectedly, co-expression of 

YPET-GGA3 within the same cells reduced the fluorescence lifetime of Arf6-CyPET to 1.8 ms, likely due 

to basal interactions between Arf6 and GGA3 (Figure 5.2B). Specifically, Arf6-CyPET (donor) binding to 

YPET-GGA3 (acceptor) juxtaposes the corresponding fluorophores, resulting in fluorescent quenching of 

CyPET—thereby reducing its fluorescent lifetime; further elaborated in [429–431]. Interestingly, A7 

treatment rescues the reduction in Arf6-CyPET fluorescent lifetime to 1.9 ms (Figure 5.2B), suggesting 

the role of A7 in reducing Arf6 interaction with GGA3; and hence, potential enhancement of Arf6 GTP 

hydrolysis upon A7 treatment. Based on these findings, activation of AMPK may thus result in regulation 

of Arf6, specifically by enhancing GTP hydrolysis—rendering Arf6 inactive, unable to recruit its various 

downstream effectors including GGA3. 
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The A7-induced increase in Arf6-CyPET fluorescent lifetime is indicative of reduced binding 

between Arf6 and GGA3, potentially resulting from an increase in Arf6 GTP hydrolysis. To further resolve 

whether the increase in Arf6-CyPET fluorescent lifetime was indeed, due to the reduction in Arf6-GTP, I 

used the SecinH3 Arf-GEF inhibitor and similarly measured interaction between Arf6-CyPET and YPET-

GGA3 via FRET-FLIM. SecinH3 is a well-established chemical inhibitor of Arf-GEFs that binds to the 

conserved Sec7 domain—impairing GEF activity432,433. Arf6-GEFs such as cytohesin/ARNO are amongst 

the inhibitory targets of SecinH3, which prevents GTP loading thereby increasing GDP-bound Arf6432. 

Interestingly, SecinH3 treatment of RPE cells co-expressing Arf6-CyPET and YPET-GGA3, increases the 

fluorescent lifetime of Arf6-CyPET to a degree similar to that elicited by A7, indicating the effects of 

SecinH3 in reducing Arf6 GTP loading (Figure 5.2B). These results thus indicate that A7, and hence 

AMPK, reduces Arf6 interaction with GGA3 likely by causing Arf6 inactivation via enhanced GAP activity 

and/or reduced GEF activity. This in turn suggests that AMPK may control CME as a result of reduced 

levels of GTP-bound Arf6, consistent with reduced efficiency in CCP dynamics imposed by A7 treatment 

previously demonstrated (Figure 5.1). 

 

 

5.2.2 - Arf6 interacts and localizes within CCPs in a GTP-dependent manner 
Arf6 is a known regulator of CME, of which regulation by AMPK, may therefore serve as the 

mechanistic link between AMPK activation and regulation of CCP dynamics (Figure 5.1)379. Having 

determined that AMPK activation may regulate Arf6 activity, I then sought to determine the role of Arf6 

in regulating CME dynamics. Described in section 1.7.2, the activation of Arf6 occurs concomitant to its 

translocation to the plasma membrane, where it functions in promoting both local production of PIP2 

and direct recruitment of AP2 and clathrin—suggesting its localization within CCPs surface379,383. 

Although poorly understood, the potential regulation of CME dynamics by Arf6 may therefore involve its 

direct interactions and control of various endocytic components required for CCP assembly and 

formation—which may be hypothesized due to its localization within endocytic structures. Thus, to test 

this hypothesis, I investigated whether Arf6 does indeed, localize within clathrin structures, and 

determined the impact of differential nucleotide states (i.e. GTP/GDP binding) on its spatial 

organization. 

 

To determine the localization of Arf6 within clathrin structures and how GTP/GDP binding may 

impact its spatial distribution, I employed TIRF-M imaging of fixed RPE cells stably expressing CLCa fused 
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to the fluorescent Tag-RFP-T (RFP-CLCa), transfected with various genetically-encoded recombinant Arf6 

proteins. Specifically, the Arf6 constructs used were fused to fluorescent eGFP, and exhibited various 

degrees of GTPase activity, listed in the following: i) Wild-type Arf6 (eGFP-Arf6WT); ii) GTPase-deficient 

Arf6 mutant that is GTP-locked and constitutively active (eGFP-Arf6Q67L); and a iii) Fast-cycling Arf6 

mutant that is GDP-locked and constitutively inactive (eGFP-Arf6T44N)394. Single frame images of these 

cells were acquired and subsequently subjected to automated detection and analysis of CLSs, in addition 

to quantitative measurement of fluorescent eGFP-Arf6 contained therein—representing Arf6 

recruitment5,8,207. Strikingly, this strategy reveals the significant enrichment of GTP-locked Arf6 (eGFP-

Arf6Q67L) within CLSs relative to control (eGFP-Arf6WT) (Figure 5.3), consistent with the enhanced GTP-

dependent interaction between Arf6 and its downstream effectors including components of the 

endocytic machinery; as described in section 1.7.2. In contrast, GDP-locked Arf6 (eGFP-Arf6T44N) 

exhibited reduced CLS localization compared to control, further corroborating the requirement for GTP 

loading in translocation of Arf6 within clathrin structures (Figure 5.3). As such, these results indicate that 

Arf6 does indeed localize within clathrin structures on the plasma membrane in a GTP-dependent 

manner, promoting its interaction with various endocytic components—therefore potentially regulating 

CME. 

 

That A7 treatment enhances the proportion of the GDP-bound state of Arf6 (Figure 5.2) 

indicates the potential role of AMPK in inhibiting Arf6 translocation within clathrin structures. Thought 

to enhance CME, dissociation of Arf6 from clathrin structures by AMPK activation, may therefore be 

hypothesized to reduce efficiency of CCP assembly and formation; serving as a mechanism by which 

AMPK may regulate CME dynamics, as previously observed (Figure 5.1). Thus, to determine the role of 

AMPK in regulating the spatial localization of Arf6, I implemented the identical TIRF-M imaging strategy 

used above (Figure 5.3), using RFP-CLCa expressing RPE cells, transfected with either of the recombinant 

eGFP-tagged Arf6 proteins. In addition, the RPE cells were treated (or not; control) with A7 and 

subsequently fixed, imaged and analyzed as previously performed—to determine the effects of AMPK 

activation on Arf6 localization. Strikingly, treatment with A7 induces a significant reduction in 

recruitment of wild-type Arf6 (eGFP-Arf6WT) within CLSs relative to the non-treated, control condition 

(Figure 5.3), corroborating the reduction in GTP loading of Arf6, imposed by AMPK activation (Figure 

5.2B). Correspondingly, A7 was without effect on the localization of both GDP- and GTP-locked Arf6 

mutants within CLSs, strongly suggesting the regulation of Arf6 by AMPK predominantly via control of its 
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nucleotide state (Figure 5.3). Thus, these findings indicate the role of AMPK in inhibiting Arf6 localization 

within clathrin structures, via regulated control of Arf6 GTP/GDP binding. 

 

 

5.2.3 - Regulation of Arf6 controls clathrin assembly and function 
I showed that the activation of AMPK reduces the formation of bona fide CCPs, in addition to 

the inactivation and dissociation of Arf6 from clathrin structures. As described, Arf6-GTP directly 

localizes within CLSs where it may enhance CME by inducing local PIP2 production and recruitment of 

endocytic proteins (e.g. AP2, clathrin, FCHO, CALM and actin related components)379. Thus, the AMPK-

induced inactivation and inhibition of Arf6 translocation within CCPs, may serve as a mechanism by 

which AMPK may robustly regulate CME. To test this hypothesis, I sought to directly determine the 

effect of Arf6 inactivation on CCP dynamics in eGFP-CLCa expressing RPE cells. Specifically, enhanced 

GDP binding, and hence, inactivation of Arf6 in RPE cells, was induced via chemical inhibition of Arf6-

GEFs by SecinH3. Using the similar live-cell TIRF-M imaging strategy implemented in section 5.2.1, time-

lapse images of cells were acquired and subsequently subjected to automated detection, tracking and 

analysis of bona fide CCPs. Strikingly, SecinH3 treatment phenocopies the effects of A7-induced 

activation of AMPK on the dynamics of CCP assembly and formation (Figure 5.4). In particular, SecinH3 

treatment did not modify the total number of detected CLSs, but significantly reduced the initiation 

density of bona fide CCPs to a similar degree elicited by A7 (Figure 5.4B). As with A7, SecinH3 treatment 

also reduced the size of bona fide CCPs across various lifetime cohorts as indicated by the reduction in 

eGFP-CLCa fluorescence intensity of detected CCPs (Figure 5.4C). Lastly, SecinH3 also increased the 

lifetimes of bona fide CCPs, which although smaller in size, nonetheless exhibited a higher mean lifetime 

relative to the non-treated, control condition (Figure 5.4D). Taken together, the similar phenotypic 

changes in CCP dynamics elicited by both SecinH3 and A7 treatment, is consistent with the hypothesis 

that AMPK may indeed act through control of Arf6 to regulate CME. 

 

The regulation of CCP dynamics upon activation of AMPK by A7 results in reduced CCP density 

and size, while increasing CCP lifetimes. Although control of CME by AMPK is not well-understood, our 

findings indicate that AMPK may act through Arf6 to elicit broad regulation of CCPs. As a molecular 

switch, Arf6 toggles between an active GTP- and an inactive GDP-bound state, of which the former was 

demonstrated to localize within clathrin structures where it may interact with endocytic components379. 

The localization of Arf6-GTP within clathrin structures likely enhances the assembly and formation of 
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CCPs as previously discussed, of which inactivation and dissociation may therefore impair the efficient 

formation of bona fide CCPs. AMPK was demonstrated to reduce Arf6-GTP by enhancing the levels of 

Arf6 bound to GDP, which concomitantly reduces Arf6 localization within CCPs. That AMPK activation 

elicits inactivation and depletion of Arf6 from CCPs, in parallel with reductions in CCP density and size, 

indicates that control of CME by Arf6 may serve as the mechanism through which AMPK may broadly 

regulate CME, and hence induce broad regulation of the plasma membrane.  

 

 

 

5.3- AMPK selectively regulates CME of surface cargoes  
Activation of AMPK by A7 was originally shown from our previous studies to induce global 

remodeling of the plasma membrane, causing the depletion of several proteins from the cell surface360. 

Importantly, that A7 treatment was also demonstrated to effect regulation of CME dynamics, imply the 

potential role of AMPK in enhancing plasma membrane endocytosis in promoting downregulation of 

surface proteins. However, our current findings suggest otherwise as AMPK activation was 

demonstrated to reduce CCP initiation and assembly—indicating the potential role of AMPK in impairing 

and limiting the endocytic process. Although reducing the initiation density and size of bona fide CCPs, 

AMPK nevertheless effects longer CCP lifetimes, which on the contrary, suggests the role of AMPK in 

potentially enhancing endocytic productivity and internalization of bona fide CCPs. Thus, to understand 

and resolve how AMPK control of CME might regulate cargo endocytosis—and hence, broad 

reorganization of the plasma membrane—in this section, I will determine the effects of AMPK activation 

on the internalization of various CME cargoes including TfR and EGFR, with specific focus on β1-integrin. 

 

 

5.3.1 - AMPK selectively enhances the endocytosis of β1-integrin containing CCPs 
Amongst the surveyed proteins on the plasma membrane, β1-integrin was one identified by 

mass spectrometry analysis to be largely depleted from the cell surface upon A7-induced activation of 

AMPK360. The depletion of β1-integrin from the plasma membrane suggests the potential enhancement 

of its endocytosis, which described in section 1.7.3.1, may predominantly occur through an Arf6-

dependent CME pathway. Thus, the previously demonstrated control of Arf6 by AMPK may be 

hypothesized to enhance CME, leading to the increased endocytosis and depletion of β1-integrin from 



205 
 

the cell surface. To precisely determine the role of AMPK activation on β1-integrin CME, we first sought 

to validate the previous mass spectrometry findings via microscopic visualization and quantification of 

the AMPK-induced reduction of surface β1-integrin. To do so, I labeled cell surface β1-integrin of intact 

RPE cells with fluorescent anti-β1-integrin antibodies, which were treated (or not; control) with A7 for a 

short timescale (e.g. 5 minutes; to eliminate the potential contributions of recycling pathways)434. The 

cells were subsequently fixed and imaged via immunofluorescence microscopy, to acquire single frame 

images of the cell surface for manual analysis by ImageJ software as per [111]. With ImageJ, cells were 

manually outlined of which enclosed areas were quantified for mean pixel intensity of fluorescence—

providing measurement of β1-integrin labelling and hence, surface expression levels. Indeed, A7 

treatment significantly reduced surface β1-integrin, as reported by the reduction in mean fluorescence 

intensity of β1-integrin labelling, relative to control (Figure 5.5A). These findings are consistent with the 

previous mass spectrometry analysis, indicating that the A7-induced depletion of β1-integrin, may 

indeed be due to its enhanced endocytosis elicited by AMPK control of CME. 

 

That AMPK may directly enhance β1-integrin endocytosis via control of CME, raises the question 

of whether AMPK may similarly regulate internalization of other CME cargoes—in eliciting global 

remodeling of the plasma membrane. Thus, to understand the scope of CME regulation by AMPK, we 

quantitatively measured the internalization of the established CME cargoes, TfR and EGFR, at various 

time points (e.g. 0, 2, 5, and 10 minutes) in RPE cells treated (or not, control) with A7—via biochemical 

ligand internalization assay used in section 3.1. Interestingly, this strategy reveals the lack of effect of A7 

treatment on the internalization of both TfR and EGFR relative to control, indicating the selective role of 

AMPK in enhancing the endocytosis of a subset of CME cargoes such as β1-integrin (Figure 5.5B). 

Collectively, these results nonetheless indicate that although robustly reducing CCP initiation and CCP 

size, AMPK may selectively maintain (e.g. TfR and EGFR) or enhance (e.g. β1-integrin) CME of plasma 

membrane proteins, of which precise mechanisms nevertheless, remain to be elucidated. 

 

 

5.3.2 - AMPK enhances β1-integrin recruitment to CCPs and may selectively 

regulate integrin-containing CCPs 
Treatment of RPE cells with A7 was shown to globally reduce CCP initiation and CCP size, which 

indicates a role for AMPK in broadly regulating CME. The respective maintenance and enhancement of 



206 
 

endocytosis of TfR and EGFR, and β1-integrin upon A7 treatment however, may suggest the selective 

role of AMPK in differentially regulating the assembly dynamics of distinct cargo-containing CCPs. 

Specifically, that surface β1-integrin was robustly depleted by A7 treatment, implies the possible lack of 

effect of AMPK in regulating β1-integrin containing CCPs. Thus, to determine whether AMPK may 

distinctly regulate β1-integrin containing CCPs, I transfected a genetically-encoded recombinant β1-

integrin protein fused with a fluorescent mCherry tag (mCh-β1-integrin), into eGFP-CLCa expressing RPE 

cells. The cells were treated (or not; control) with A7 for 15 minutes and imaged via live-cell TIRF-M, to 

subsequently obtain time-lapse images for automated software detection, tracking and analysis of bona 

fide CCPs. With this strategy, CCPs with (integrin+ CCPs) or without (integrin- CCPs) β1-integrin were also 

identified based on signal detection of mCh-β1-integrin fluorescence contained therein207. Expectedly, 

A7 treatment was shown to reduce the overall initiation density of bona fide CCP structures, 

demonstrated in section 5.1 (Figure 5.1). Strikingly, although robustly reducing the number of bona fide 

CCPs, A7 treatment was without effect on the initiation density of integrin+ CCPs, of which levels were 

comparable to the control condition (Figure 5.6A). Consistently, A7 treatment significantly reduced the 

density of integrin- CCPs; comparable to the broad reduction in CCP initiation (Figure 5.6A). Thus, that 

A7 treatment reduces overall CCP initiation, but not the formation of β1-integrin containing CCPs—

indicates the selective role of AMPK in regulation of distinct cargo-containing CCPs. 

 

The sustained rate of formation of integrin+ CCPs under A7 treatment, may imply their 

unimpaired assembly dynamics, in contrast to the perturbations in CCP assembly broadly imposed by 

AMPK on CCPs (Figure 5.1 and 5.6A). Thus, to determine the effects of AMPK activation on the assembly 

and formation of β1-integrin containing CCPs, I subjected the previously acquired time-lapse images to 

systematic quantification of eGFP-CLCa fluorescence intensity of bona fide CCPs; implemented in section 

4.1.2. As expected, integrin+ and integrin- CCPs did not appreciably differ in size (and hence, in assembly 

dynamics) in the non-treated, control condition, as indicated by their comparable mean eGFP-CLCa 

fluorescence across various CCP lifetime cohorts (Figure 5.6B). In contrast, A7 treatment significantly 

reduced the mean fluorescence intensity of eGFP-CLCa within integrin- CCPs, relative to integrin+ CCPs 

across various lifetime cohorts, indicating the impairment of CCP assembly and size by AMPK, of integrin 

deficient clathrin structures (Figure 5.6B). Importantly, the mean eGFP-CLCa fluorescence intensity of 

integrin+ CCPs were largely unaffected by A7 treatment, which were therefore, larger in size relative to 

integrin- CCPs (Figure 5.6B). Taken together, these results indicate that the assembly and formation of 

CCPs containing β1-integrin, are more resistant to negative regulation of CCP assembly by AMPK than 
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β1-integrin deficient CCPs—consistent with the lack of effect of A7 treatment on the initiation density of 

integrin+ CCPs. 

 

Collectively, our results demonstrate the role of AMPK in negatively regulating CCPs by broadly 

reducing initiation rates, and impairing efficient clathrin assembly. Nonetheless, AMPK does not appear 

to affect the assembly dynamics of β1-integrin containing CCPs, therefore sustaining β1-integrin 

internalization despite broad modifications in CME by AMPK activation. That AMPK does not elicit 

changes in the rate of formation and assembly of integrin+ CCPs however, raises the question of how A7 

treatment may enhance β1-integrin endocytosis (and hence surface depletion) to an extent—greater 

than that observed in non-treated, control conditions (Figure 5.5A). Previously described, the 

internalization rate of cargoes may be enhanced by increasing cargo recruitment within endocytic 

structures (see section 4.1), which may provide a mechanism by which AMPK may upregulate β1-

integrin endocytosis and surface depletion, without affecting the initiation rate and density of bona fide 

integrin+ CCPs. Thus, to determine whether AMPK enhances the recruitment of β1-integrin within CCPs, 

I similarly subjected the previously obtained time-lapse images of eGFP-CLCa expressing RPE cells 

transfected with mCh-β1-integrin, to automated software detection and analysis of integrin+ CCPs. 

Specifically, I measured the fluorescence intensity of mCh-β1-integrin within bona fide integrin+ CCPs in 

both A7 and control treatment, to quantify the amount of β1-integrin recruitment within endocytic 

structures. Strikingly, A7 treatment significantly enhances the mean mCh-β1-integrin fluorescence 

intensity of integrin+ CCPs, relative to control across various lifetime cohorts (Figure 5.6C). This finding 

therefore indicates that although unable to enhance the rate of initiation and assembly of integrin+ 

CCPs, AMPK nevertheless may enhance β1-integrin endocytosis by increasing the rate of receptor 

recruitment within endocytic structures—of which precise mechanism however, remains to be 

elucidated. 

 

 

 

5.4- Summary of Chapter 5 
Previous findings from our laboratory showed the robust depletion of specific surface proteins 

from the plasma membrane upon pharmacological activation of AMPK by A7; as measured by mass 

spectrometry360. AMPK is a phylogenetically conserved metabolic sensor, activated at the onset of 

metabolic stress. Metabolic stress induced by various physiological stimuli including hypoxia, ischemia, 
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nutrient starvation and exercise, reduces cellular energy resulting in the depletion of intracellular 

ATP365–367. Specifically, the reduction in ATP and concomitant increase in AMP levels, directly activates 

AMPK which restores metabolic homeostasis and optimal cellular energy states—through activation of 

various adaptive response pathways359,363. Adaptive response pathways induced by AMPK largely 

facilitates the downregulation of energy consuming anabolic processes, and the upregulation of energy 

producing catabolic pathways which synergistically functions in increasing cellular energy levels359,363. 

Importantly, the robust reorganization of the plasma membrane upon AMPK activation, may similarly be 

regarded as a component of its energy-conserving repertoire, which inhibits several ATP-consuming 

proteins and pathways at the cell surface. The biological mechanism by which AMPK may elicit plasma 

membrane remodeling however, is not well studied—which nevertheless—was found in this chapter to 

likely involve the AMPK-mediated control of CME. 

 

As a major regulator of the plasma membrane, in this chapter I investigated how AMPK 

activation by A7 may regulate the process of CME, in inducing global remodeling of the cell surfaceome. 

Specifically, I demonstrated that activation of AMPK robustly impairs the initiation rates of CCPs and 

their corresponding assembly and size, as detected and quantified by TIRF-M imaging coupled to 

automated software analysis. While these perturbations in CCP dynamics may indicate the role of AMPK 

in negatively regulating CME, CCPs which form under A7 treated conditions nevertheless, exhibited 

longer lifetimes relative to control—suggesting the potential enhancement of the efficiency of CCPs that 

do form to yield productive vesicles upon AMPK activation, despite a reduction in the overall rate of CCP 

initiation. As such, the regulation of CME appears to be intimately coupled to the activation of AMPK, 

thus serving as a potential mechanism by which AMPK may induce global reorganization of the plasma 

membrane. 

 

How AMPK activation may mechanistically regulate CME dynamics is not well-understood, 

although several lines of evidence including that from our laboratory, suggests the potential 

involvement of Arf6. Arf6 is a small GTPase which is activated upon translocation to the plasma 

membrane, known to enhance CME via local PIP2 production and AP2 and clathrin recruitment379,383. Our 

laboratory has recently shown that regulators of Arf6 are depleted from the plasma membrane upon A7 

treatment, suggesting the potential control of Arf6 by AMPK activity. Indeed, FRET-FLIM imaging 

revealed a reduction in GTP-bound Arf6, and hence, inactivation of Arf6 upon A7 treatment, indicating 

the negative regulation of Arf6 by AMPK. As a small GTPase, the biological function of Arf6 is contingent 
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on its ability to cycle between GDP- and GTP-bound states, of which the latter was hypothesized to 

interact/associate with components of the endocytic machinery—likely to a greater extent relative to its 

inactive GDP form. Consistent with this hypothesis, Arf6-GTP was shown to largely localize within 

clathrin structures wherein it may enhance CCP assembly, in contrast to Arf6-GDP of which enrichment 

within clathrin structures was not appreciably detected. The pharmacological inhibition of Arf6 

activation by SecinH3 was also demonstrated to impair the rates of CCP initiation and assembly, 

indicating the requirement for Arf6-GTP in the efficient progression of CME. That SecinH3 phenocopies 

the effects of A7 on CCP dynamics, thus indicate Arf6 inactivation as a likely mechanism by which AMPK 

may regulate CME. Specifically, by inactivating Arf6, AMPK may inhibit Arf6 CCP localization thereby 

reducing the rate of initiation and assembly of bona fide CCPs—ultimately resulting in broad regulation 

of the plasma membrane. 

 

As demonstrated, A7 treatment significantly impairs the rate of initiation and assembly of bona 

fide CCPs, which nevertheless exhibit longer lifetimes relative to control—suggesting the potential role 

of AMPK in either inhibiting or enhancing CME; or both. Thus, to resolve how regulation of CME by 

AMPK may affect the endocytic process, we measured the internalization of established CME cargoes 

under A7 treatment, including TfR, EGFR and β1-integrin. Interestingly, the internalization rates of TfR 

and EGFR were unaffected by A7 treatment, suggesting that AMPK may maintain CME despite robustly 

impairing CCP dynamics; of which mechanism, albeit remains to be elucidated. In contrast, AMPK 

activation significantly enhanced β1-integrin endocytosis, consistent with the robust surface depletion 

of β1-integrin by A7 treatment, previously demonstrated via mass spectrometry360. Furthermore, the 

initiation density and size of β1-integrin containing CCPs, were largely unaffected by AMPK activation, 

which however increased the recruitment and concentration of β1-integrin contained therein—thereby 

enhancing β1-integrin CME regardless of broad perturbations in CCP dynamics. Taken together, 

although AMPK robustly impairs CCP dynamics, AMPK may nonetheless differentially regulate distinct 

cargo-containing CCPs, of which overall regulatory output may result in enhanced cargo endocytosis and 

downregulation from the cell surface. 

 

In summary, the activation of AMPK and its subsequent control of CME thus, provide a 

mechanism through which metabolic signals may induce global reorganization of the plasma membrane 

(Figure 5.7). It has been demonstrated that the pharmacological activation of AMPK by A7 causes the 

depletion of surface proteins, which in this chapter was demonstrated may be due to the AMPK-



210 
 

mediated regulation of CME. It was shown that by inactivating Arf6, AMPK robustly impairs the rate of 

initiation and assembly of bona fide CCPs, which nevertheless may be limited to certain CCP subsets as 

β1-integrin containing CCPs were largely unaffected. Furthermore, despite the resulting impairments in 

CCP dynamics, endocytosis of CME cargoes was largely unaffected (e.g. TfR and EGFR) by AMPK 

activation, and in certain cases was enhanced as exemplified by the increased endocytosis and 

recruitment of β1-integrin within CCPs. While the precise mechanisms by which AMPK may differentially 

regulate (e.g. maintain, enhance or diminish) CME of distinct cargoes remain to be elucidated, our 

findings nevertheless demonstrate the role of AMPK in broadly regulating plasma membrane 

endocytosis—consistent with previous findings on its role in inducing global remodeling of the cell 

surfaceome. 
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5.5- Figures for Chapter 5 
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Figure 5.1. A7 treatment regulates the rate of initiation and assembly of CCPs. (A-B) RPE cells stably 

expressing clathrin light chain fused to eGFP (eGFP-CLCa) were pretreated with 100 μM A7 for various 

time points (e.g. 0, 5, 10, 15, 30 and 60 min), and then subjected to fixation and imaging by TIRF-M. (A) 

Shown are representative single frame fluorescence micrographs. Scale bar: 5 μm. (B) The fluorescence 

intensity of eGFP-CLCa within detected clathrin structures were computationally quantified (reported as 

arbitrary units [A.U.]) as described in Materials and Methods; from a minimum of three independent 

experiments in each condition. *, p < 0.05 vs DMSO control, k (cells) > 30, n (CLSs) > 10,000 per 

condition. (C-E) RPE cells stably expressing clathrin light chain fused to eGFP (eGFP-CLCa) were 

pretreated with 100 μM A7 for 15 min and simultaneously subjected to time-lapse imaging via TIRF-M. 

(C) Time-lapse TIRF-M image series of cells were subjected to automated detection, tracking, and 

analysis of CLSs as described in Materials and Methods, allowing identification of sCLSs and bona fide 

CCPs. Median, 25th/75th percentiles (boxes) and Tukey range (whiskers) for the initiation rate of CLSs 

(left panel) and initiation density of CCPs (right panel) are shown. (D) Mean eGFP-CLCa fluorescence 

intensity traces (reported as arbitrary units [A.U.]) in lifetime cohorts of CCPs detected in (C), from RPE 

cells treated (right panel) or not (left panel) with A7. (E) Lifetime distributions of all detected bona fide 

CCPs in (C), from RPE cells treated (red line) or not (blue line) with A7. (C-E) From a minimum of three 

independent experiments in each condition. *, p < 0.05 vs DMSO control, k (cells) > 30, n (CLSs) > 10,000 

per condition. 
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Figure 5.2. AMPK activation regulates Arf6 GTP/GDP binding. Wild-type RPE cells were transfected with 

a genetically-encoded fluorescent Arf6 construct (CyPET-tagged Arf6; Arf6-CyPET), along with a 

truncated construct of the downstream Arf6 effector, GGA3 (Golgi-localized gamma-ear containing Arf-

binding protein 3), conjugated to fluorescent YPET (YPET-GGA3). Interaction between CyPET-Arf6 

(donor) and YPET-GGA3 (acceptor) was measured via FRET-FLIM microscopy as per methods described 

in [429–431]. (A) Shows a schematic diagram of the FRET-FLIM experimental design, for assay of Arf6 

interaction with GGA3. (B) Shown are the fluorescence lifetimes (ms) of CyPET under various conditions, 

representing the degree of Arf6 and GGA3 interaction as measured via FRET-FLIM. Derived from one 

experiment in each condition. p < 0.05 vs DMSO control, k (cells) > 30. These experiments were 

performed by Farnaz Fekri (PhD. Candidate); Ryerson University, Toronto, ON, Canada. 
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Figure 5.3. Arf6 associates with clathrin-coated pits in a GTP-dependent manner. RPE cells stably 

expressing CLCa fused to the fluorescent Tag-RFP-T (RFP-CLCa) were transfected with genetically-

encoded recombinant Arf6 proteins fused to fluorescent eGFP: i) Wild-type Arf6 (eGFP-Arf6WT); ii) 

GTPase-deficient Arf6 mutant that is GTP-locked and constitutively active (eGFP-Arf6Q67L); and a iii) Fast-

cycling Arf6 mutant that is GDP-locked and constitutively inactive (eGFP-Arf6T44N). These cells were 

pretreated with 100 μM A7 for 15 min, and then subjected to fixation and imaging by TIRF-M. The 

fluorescence intensity of eGFP-Arf6 (reported as arbitrary units [A.U.]) within detected clathrin 

structures were computationally quantified as described in Materials and Methods; from a minimum of 

three independent experiments in each condition. *, p < 0.05 vs DMSO control, k (cells) > 30, n (CLSs) > 

10,000 per condition. 
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Figure 5.4. Arf6 regulates CME dynamics in a GTP-dependent manner. RPE cells stably expressing 

clathrin light chain fused to eGFP (eGFP-CLCa) were pretreated with 20 μM SecinH3 for 10 min and 

simultaneously subjected to time-lapse imaging via TIRF-M. (A) Shown are single-frame representative 
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fluorescence micrographs at the 10 minute timepoint. Scale bar: 5 μm. (B) Time-lapse TIRF-M image 

series of cells were subjected to automated detection, tracking, and analysis of CLSs as described in 

Materials and Methods, allowing identification of sCLSs and bona fide CCPs. Median, 25th/75th 

percentiles (boxes) and Tukey range (whiskers) for the initiation rate of CLSs (left panel) and initiation 

density of CCPs (right panel) are shown. (C) Mean eGFP-CLCa fluorescence intensity (reported as 

arbitrary units [A.U.]) traces in lifetime cohorts of CCPs detected in (B), from RPE cells treated (right 

panel) or not (left panel) with SecinH3. (D) Lifetime distributions of all detected bona fide CCPs in (B), 

from RPE cells treated (red line) or not (blue line) with A7. From a minimum of three independent 

experiments in each condition. *, p < 0.05 vs DMSO control, k (cells) > 30, n (CLSs) > 10,000 per 

condition. 
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Figure 5.5. AMPK activation selectively regulates the endocytosis of CME cargoes. (A) Wild-type RPE 

cells were treated (or not; DMSO control) with 100 μM A7 for 5 min. Intact cells were then immuno-

labeled with an antibody specific for an exofacial epitope on β1-integrin. The cells were subsequently 

fixed and imaged via immunofluorescence microscopy, to acquire single frame images of the cell surface 

for manual analysis by ImageJ software as per [111]. With ImageJ, cells were manually outlined of which 

enclosed areas were quantified for mean pixel intensity of fluorescence—providing measurement of β1-

integrin; shown are the means ± SE of cell surface β1-integrin fluorescence intensity in each condition, 

for n > 3 independent experiments, each experiment > 20 cells per condition; *, p < 0.05. (B-C) Wild-type 

RPE cells were treated (or not; DMSO control) with 100 μM A7 for various time points (e.g. 0, 2, 5, and 

10 min), followed by measurement of Tfn (B) or EGF (C) internalization as described in Materials and 

Methods. Shown are the means ± SE for n > 3 independent experiments. These experiments were 

performed by Sadia Rahmani (MSc. Candidate); Ryerson University, Toronto, ON, Canada. 
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Figure 5.6. AMPK activation differentially regulates integrin+ and integrin- clathrin structures. (A-C) 

RPE cells stably expressing clathrin light chain fused to eGFP (eGFP-CLCa) were transfected with a 
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genetically-encoded recombinant β1-integrin protein fused with a fluorescent mCherry tag (mCh-β1-

integrin). The cells were treated (or not; DMSO control) with 100 μM A7 for 15 minutes and subjected to 

time-lapse imaging via TIRF-M. Time-lapse TIRF-M image series of cells were subjected to automated 

detection, tracking, and analysis of CLSs as described in Materials and Methods, allowing identification 

of bona fide CCPs as integrin+ or integrin-, as appropriate. (A) Median, 25th/75th percentiles (boxes) 

and Tukey range (whiskers) for the initiation density of all CCPs (left panel), integrin+ CCPs (middle 

panel), and integrin- CCPs (right panel) are shown. (B) Shown are the mean eGFP-CLCa fluorescence 

intensity in lifetime cohorts of integrin+ and integrin- CCPs detected in (A), from RPE cells treated (right 

panel) or not (left panel) with A7. Shown in (C) are the mean mCh-β1-integrin fluorescence intensity in 

lifetime cohorts within detected integrin+ CCPs, from RPE cells treated (right panel) or not (left panel) 

with A7. (A-C) From a minimum of three independent experiments in each condition, k (cells) > 30, n 

(CLSs) > 10,000 per condition. 
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Figure 5.7. AMPK activation induces the modulation of CME dynamics. Shown is the schematic diagram 

summarizing the findings described in chapter 5. (A) Pharmacological activation of AMPK by A7 induces 

the broad regulation of CME via control of the small GTPase Arf6. AMPK was shown to inhibit GTP 

binding of Arf6 resulting in its dissociation from clathrin structures. The dissociation of Arf6 occurs 

concomitant to modulation of CME by AMPK, resulting in reductions in the rate of initiation and 

assembly of CCPs, which demonstrated longer lifetimes on the plasma membrane. (B) The control of 
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CME dynamics by AMPK did not impact the internalization rates of surface receptors including TfR and 

EGFR, but enhanced β1-integrin endocytosis. Consistently, AMPK activation did not modulate the 

formation and assembly of β1-integrin containing CCPs (shown above) which exhibited enhanced β1-

integrin recruitment. Precisely how TfR and EGFR recruitment and subsequent CME dynamics are 

regulated by AMPK remains poorly understood, representing an important area for future research. 
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Chapter 6. General discussion 
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The plasma membrane is a major environment-interfacing organelle through which cells sense, 

respond and adapt to their dynamic local surroundings. The plasma membrane is host to functionally 

diverse protein components (e.g. intrinsically and peripherally associated proteins) collectively termed 

as the cell surfaceome, which functions in directing fundamental processes in cellular metabolism, 

migration, growth and proliferation31. Importantly, the cell surfaceome continually undergoes 

remodeling via protein addition and removal, in response to changing environmental parameters; 

facilitating the necessary cellular adaptations and behaviours important for cell survival and whole body 

homeostasis10. Endocytosis is the cellular process serving as the major mechanism through which cells 

acutely remodels the surfaceome, by invaginating and internalizing regions of the plasma membrane 

into intracellular vesicles—effectively and selectively capturing and removing proteins from the cell 

surface51. While several modes of endocytosis exist, CME is the predominant and best characterized 

endocytic route in mammalian cells, largely involved in plasma remodeling which selectively 

concentrates surface proteins into budding clathrin-containing vesicles10,58. As a major regulator of the 

mammalian plasma membrane, CME functions as a versatile cellular tool involved in diverse biological 

processes mediating cellular physiology and homeostasis—of which fundamental and regulatory 

understanding is therefore of great importance50,358. 

 

Diverse cellular cues including mitogenic (e.g. growth factors) and metabolic (e.g. cellular energy 

levels) signals induce an array of functionally diverse cellular processes (e.g. cellular growth, 

proliferation, migration and differentiation), which often require some extent of plasma membrane 

remodeling59–61. As the major regulator of the mammalian plasma membrane, CME therefore serves a 

crucial role in facilitating mitogenic- and metabolic-induced cellular processes. Precisely how CME may 

be directly regulated by mitogenic and metabolic signals in effecting global reorganization of the plasma 

membrane however, had remained relatively unexplored which thus, served as the major question I 

investigated in this work. Specifically, I found that i) mitogenic signaling by RTKs directly regulates CME 

via stimulation of PLCγ1-derived calcium signals, which effects regulation of calcium sensitive endocytic 

components such as Sjn1. As well, I found that by regulation of the small GTPase Arf6, ii) metabolic 

signaling by AMPK directly regulates CME, in a manner consistent with previous findings demonstrating 

the AMPK-induced remodeling of the plasma membrane360. Collectively, these findings therefore 

provide direct mechanisms by which mitogenic and metabolic signals may exert control over CME, in 

eliciting global reorganization of the plasma membrane—further discussed in the following sections.    
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6.1- Mitogenic signals directly regulate CME 
In chapters 3 and 4, I uncovered how mitogenic signaling may directly regulate CME by 

investigating the role of PLCγ1-derived calcium signals—activated by EGFR—in regulating the endocytic 

process. That clathrin-mediated endocytosis of EGFR occurs concomitant with PLC-γ1 activation, I 

specifically studied the requirement for PLCγ1-derived calcium signals in EGFR internalization. Using 

multiple independent approaches including genetic silencing of PLC-γ1 (via siRNA), pharmacological 

antagonism of IP3R (via XeC) and chelation of cytosolic calcium (via BAPTA-AM), I identified that PLCγ1-

derived calcium signaling is required for the selective clathrin-mediated endocytosis of EGFR but not of 

other receptors such as TfR. While it is possible that each of these approaches has off-target effects, the 

strikingly similar phenotype of each perturbation on the selective impairment of EGFR clathrin-mediated 

endocytosis strongly indicates that the effect of each is specific to perturbation of PLCγ1-derived calcium 

signaling. Consistent with the distinct control of the clathrin-mediated endocytosis of EGFR (but not that 

of TfR) by these calcium signals, we found that EGFR and TfR reside largely in distinct clathrin structures 

at the cell surface—highlighting the selective role of calcium signals in regulating distinct subsets of 

cargo-containing CCPs. Indeed, perturbation of intracellular calcium selectively impaired the earliest 

stages of initiation and assembly of CCPs harboring EGFR, without affecting receptor recruitment 

therein. Notably, calcium signaling controlled the recruitment of certain endocytic proteins including 

Sjn1 and clathrin to CCPs. Lastly, the role of PLC-γ1 in regulating EGFR clathrin-mediated endocytosis, 

was further corroborated by the impairment in clathrin-dependent PI3K/Akt signaling of EGFR upon 

perturbation of PLC-γ1 (via siRNA) and calcium (via BAPTA-AM), demonstrating that PLCγ1-derived 

calcium signals do indeed regulate the assembly of CCPs containing EGFR—essential for both EGFR 

endocytosis and signaling. 

 

 

6.1.1 - Regulation of CCPs and clathrin-mediated endocytosis by intracellular 

calcium 
Described in section 1.5, the role of calcium in regulating CME has been appreciated for some 

time in pre-synaptic neurons and other excitable cell systems202. Specifically, membrane depolarization 

in neurons induces the opening of calcium channels on the plasma membrane triggering calcium influx, 

which significantly increases cytosolic calcium concentrations. This increase in intracellular calcium 

during depolarization stimulates robust calcium-dependent exocytosis of synaptic vesicles, which is 

coupled to enhanced, compensatory CME202,435. The enhancement of CME by calcium signals in neurons 
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is thought to occur, in part, via the CaN-dependent dephosphorylation of Sjn1, Dyn1, amphiphysin, 

Eps15 and endophilin—activating these endocytic components to initiate CME96,204. 

 

Notably, neurons express unique isoforms of endocytic proteins such as Dyn1 and AP180, 

making it unclear if calcium signals could also regulate CME in non-neuronal systems96,204. Here we 

reveal that calcium signals also control CME in non-neuronal cell lines, and that these signals are 

selectively required for the endocytosis of EGFR. Moreover, CaN and Dyn1 were dispensable for the 

internalization of EGFR (Figures 3.5 and 3.9A), suggesting that calcium-dependent control of clathrin-

mediated endocytosis in RPE cells does not rely on acute dephosphorylation of endocytic proteins such 

as Dyn1 by CaN; a phenomenon that regulates the clathrin-mediated endocytosis of TRAIL/death 

receptor304,400,410. Indeed, recent work by Reis and colleagues corroborate our findings which similarly 

observed the lack of effect of the siRNA-mediated knockdown of Dyn1 on CCP dynamics and TfR 

endocytosis in RPE cells397. Nonetheless, they demonstrate Dyn1 as a regulator of the rapid, 

compensatory CME in RPE cells397—consistent with the role of Dyn1 in enhancing CME in neurons—

which albeit does not appear involved in the enhancement of EGFR endocytosis elicited by PLCγ1-

derived calcium signals. Given that the control of endocytosis by calcium in RPE cells is at least partly 

distinct from that thought to occur in neurons independent of CaN and/or Dyn1, how may calcium 

signals control clathrin-mediated endocytosis of EGFR in non-neuronal cells? 

 

The perturbation of PLCγ1-derived calcium signals does not prevent the nucleation of EGFR-

containing clathrin structures, as observed by the increase in EGF+ sCLSs upon intracellular calcium 

inhibition (Figure 4.3C), which nevertheless impacts the subsequent initiation and assembly of bona fide 

CCPs harboring EGFR (Figure 4.3, D and E). Both sCLSs and CCPs represent nucleation of clathrin 

structures5,79,404. Interestingly, mutation of the cargo-binding motifs of AP2 reduces the initiation rate of 

both sCLSs and bona fide CCPs, measured by similar methods as per [79], indicating that cargo 

recruitment to clathrin structures contributes to clathrin-structure nucleation, which precedes the 

requirement for calcium signals78,107. Indeed, perturbation of calcium signals does not impair the total 

recruitment of EGFR to CLSs (Figure 4.1C), of which a large fraction are sCLSs that do not give rise to 

bona fide CCPs5. This suggests that calcium signals do not control EGFR activation or recruitment to 

nascent clathrin nucleations. Instead, calcium signals control the subsequent initiation of bona fide CCPs 

harboring EGFR from nascent nucleations of clathrin structures (Figure 4.3D). Calcium signals may thus 

broadly control the assembly or function of many proteins within CCPs, or more selectively control a 
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small number of endocytic proteins. While broad examination of all endocytic accessory proteins 

recruited to CCPs is beyond the scope of this study, I provide evidence that calcium and PKC signals 

control the assembly of at least one such endocytic accessory protein, Sjn1. 

 

I demonstrated that Sjn1 recruitment to CCPs is regulated by calcium signals and PKC (Figures 

4.6, 4.7 and 4.8). Sjn1 has two isoforms, a neuronal-enriched 145 kDa isoform and a ubiquitous 170 kDa 

isoform139. Both Sjn1-145 and -170 have NPF and PRD domains that interact with Eps15 and endophilin, 

while Sjn1-170 also interacts with AP2 and clathrin101. While both isoforms are recruited to CCPs, Sjn1-

145 is largely recruited near the end of the lifetime of a CCP, while Sjn1-170 is recruited along with 

clathrin and AP2 and is present throughout the lifetime of CCPs6,101. Sjn1 has 5-phosphatase and Sac1 

domains important for the conversion of PIP2 to PI4P and PI, a process critical in uncoating of clathrin-

coated vesicles once internalized6,102,139. Furthermore, due to recruitment at early stages of clathrin 

structure formation, Sjn1 also negatively regulates the stabilization of nascent clathrin structure in a 

manner that requires the 5-phosphatase domain6. Hence, the turnover of PIP2 by Sjn1 within nascent 

CCPs impairs CCP formation. As such, the EGF-stimulated reduction in Sjn1 recruitment to CCPs may 

increase CCP initiation and efficiency of CCP internalization, thus promoting EGFR endocytosis. Notably, 

it appears that EGF stimulation elicits a broad depletion of Sjn1 from the majority of visible CCPs 

(Figures 4.6A and 4.8), suggesting that depletion of Sjn1 is not restricted to EGF+ clathrin structures. As 

Sjn1 silencing impacted CCP dynamics but not TfR internalization as demonstrated in [6], we conclude 

that clathrin structures harboring EGFR are more sensitive to the regulation of Sjn1 recruitment than 

those harboring TfR. 

 

While elucidation of the precise mechanism by which calcium signals may control Sjn1 lie 

beyond the scope of this study, it may nevertheless be hypothesized to occur via direct regulation of 

Sjn1 or by broader re-programming of CCP assembly. Consistent with the former, previous studies have 

shown that the receptor tyrosine kinase EphB, upon ligand activation, induces the phosphorylation of 

Sjn1 at a tyrosine site within its NPF domain436. As previously described, the NPF domain of Sjn1 binds to 

several endocytic components including eps15, endophilin, AP2 and clathrin, of which interactions with 

Sjn1 were inhibited upon phosphorylation of the NPF domain—which in turn, increased endocytosis in 

neurons139,436. Although yet to be tested, PLCγ1-derived calcium signals may therefore cause dissociation 

of Sjn1 from CCPs in non-neuronal cells, by inducing phosphorylation of Sjn1, impairing its interactions 

with endocytic proteins. Interestingly, the phosphorylation and inactivation of Sjn1 can be induced by 
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the cyclin dependent kinase 5 (CDK5)437, which although mostly enriched in neurons, is nonetheless 

expressed in RPE cells and other non-neuronal cells438,439. Importantly, activation of CDK5 was 

demonstrated to require both calcium and PKC signals in neuronal cells, thus indicating the potential 

role of CDK5 activation as a mechanism by which the PLCγ1-calcium-PKC signaling axis may induce 

depletion of Sjn1 from CCPs, in non-neuronal systems440. Notably, PKC may also directly phosphorylate 

and inactivate Sjn1 in RPE cells, as demonstrated to occur in nerve terminals96. 

 

In addition to the role of calcium in selectively regulating CME via Sjn1, calcium and PKC may 

also more broadly control CCP assembly and clathrin-mediated endocytosis by control of other 

endocytic target molecules. Specifically, calcium may control endocytosis by direct binding to clathrin 

light chain which enhances clathrin assembly in vitro110,441,442, or by regulation of annexin 2 and 6, which 

control AP2 recruitment to the cell surface443,444. The control of endocytosis by calcium may also occur in 

yeast, as the N-BAR domain protein Rvs167 is regulated by calmodulin, impacting release of vesicles 

from the plasma membrane445; this mechanism may have parallels in mammalian cells. Furthermore, 

our findings that calcium signals control the assembly and size of certain CCPs is consistent with the 

glucose-induced enhancement of endocytosis in INS-1 cells203. While clathrin assembly or clathrin-

mediated endocytosis was not directly examined, the glucose-induced calcium signals in INS-1 cells was 

shown to enhance endocytosis and control the size of endocytic vesicles. In addition, although we show 

here that PKC is required for regulation of clathrin-mediated endocytosis of EGFR, a previous study 

concluded that PKC regulated EGFR recycling but not internalization224. This study examined the effect of 

treatment of cells with phorbol 12-myristate 13-acetate (PMA; which results in broad activation of PKC), 

which did not enhance nor impair EGFR internalization224. Our observations indicate however, that EGF-

induced calcium signals are sufficient to activate specific isoforms of PKC, and that these PKC isoforms 

are required for EGFR internalization even in the absence of PMA treatment. 

 

Given the complexity and heterogeneity of CCPs, including their lifetime and composition, 

dissecting the mechanism by which calcium and PKC signals control CCP assembly, maturation and 

scission from the cell surface is beyond the scope of this study, and represents an important area of 

investigation for future research. Nevertheless, I establish that PLCγ1-derived calcium and PKC signals 

control the clathrin-mediated endocytosis of EGFR, as a result of regulation of the initial endocytic 

stages in initiation and assembly of bona fide EGFR+ CCPs.  
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Interestingly, Sigismund and colleagues demonstrated that PLCγ1-derived calcium signals 

control non-clathrin endocytosis of EGFR446, which occurs in some cells upon stimulation with high doses 

of EGF (>20-50 ng/mL)409. Nonetheless, our work establishes that PLC-γ1 and calcium, controls clathrin-

mediated endocytosis of EGFR as i) EGF internalization is very largely clathrin-dependent in RPE cells4, 

even at high EGF doses (100ng/mL) (Figure 3.4); ii) direct observation of clathrin structures and CCP 

dynamics resolves the question of whether calcium signals control CCP initiation and assembly (Figures 

4.1 and 4.3); and iii) calcium signals are shown to control the recruitment of specific proteins (e.g. Sjn1) 

into CCPs (Figures 4.6, 4.7 and 4.8). Taken together, these studies suggest that calcium signals may 

represent a broad, common regulator of EGFR internalization through multiple endocytic pathways. 

 

 

6.1.2 - Distinct regulation of clathrin-mediated endocytosis of EGFR versus TfR 
Several lines of evidence support the internalization of EGFR and TfR through largely distinct 

CCPs. Silencing of AP2 subunit components74 or sequestration of AP2 by overexpression of AAK175 

results in near-complete impairment of TfR endocytosis, with minimal effect on clathrin-mediated 

endocytosis of EGFR. However, others have reported complete inhibition of both TfR and EGFR 

endocytosis upon AP2 silencing447,448, consistent with the fact that AP2 is found in virtually all CCPs449. 

Taken together, these studies suggest that AP2 may be required for internalization of both TfR and 

EGFR, but that the endocytosis of each receptor may use AP2 in a functionally distinct manner under 

some contexts. Furthermore, phosphatidic acid controls CCP dynamics but impacts only the clathrin-

mediated endocytosis of EGFR, and not that of TfR106. 

 

Here, we employed labeling of TfR and EGFR using fluorescently conjugated ligands, coupled to 

automated and unbiased image analysis to resolve that these two receptors are localized largely within 

distinct CCPs (Figure 3.11). We find that CCPs harboring either significant levels of EGFR or TfR (but not 

both) are detected approximately three times as frequently as CCPs that harbour both receptors. 

Importantly, this relationship was not altered by increasing the levels of fluorescently labeled EGF used 

for stimulation in this experiment (Figure 3.11C). Thus, incomplete labeling of TfR or EGFR by labeling 

with their respective fluorescent ligands does not readily explain the observed enrichment of EGFR and 

TfR into largely distinct CCPs. Instead, these observations suggest that EGFR and TfR, and not just their 

ligands, are recruited to largely separate sets of CCPs. 
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Most CCPs that are positive for TfR contain multiple copies of this receptor, including when 

labeled using an exofacial synthetic ligand that is comparable in size to fluorescent Tfn (and thus also 

much larger than fluorescent EGF)84,423. Thus, it is very unlikely that our observation of fluorescent EGF 

and Tfn enrichment within distinct CCPs is due to steric constraints limiting the inclusion of multiple 

ligands into the same clathrin structure. Indeed, examination of the EGF and Tfn intensity distribution in 

CCPs (Figure 3.11B) reveals that a range of ligand fluorescence intensities within CCPs exists for each 

receptor ligand, indicating that many CCPs have more than one of their respective ligands (EGF or Tfn). 

 

The recruitment of EGFR and TfR to largely distinct CCPs is consistent with some previous 

studies. These two ligands were observed in largely distinct CCPs with methods similar to those we 

employed here relying on fluorescently conjugated Tfn and EGF coupled to TIRF-M423. While CCPs 

harboring both EGFR and TfR can indeed be detected by electron microscopy450, labeling of EGFR and 

TfR using antibodies specific for each receptor and immunoelectron microscopy revealed that these 

receptors were far more frequently detected within distinct CCPs than in the same CCPs423. And 

consistently, while CCPs were not being examined directly, fluorescent EGF and Tfn were shown to 

exhibit reduced overlap in the initial stages of internalization451. These studies support our conclusion, 

based on systematic and unbiased analysis of CCPs, that EGFR and TfR are largely found in distinct CCPs. 

 

The recruitment of EGFR and TfR to largely distinct CCPs may occur as a result of stochastic 

recruitment of receptors to preformed early clathrin structures, that are intrinsically capable of 

interaction with and subsequent internalization of diverse cargo receptors. Alternatively, the selective 

incorporation of EGFR into CCPs that have unique properties compared with CCPs harboring TfR 

suggests that a deterministic cargo-selection mechanism may gate the early stages of clathrin-structure 

nucleation, initiation, and assembly. Consistent with this interpretation, EGF stimulation of AP2 silenced 

cells resulted in the formation of CCPs that contained EGF, EGFR, and clathrin but not TfR452. If the 

stochastic segregation of receptors into largely distinct CCPs predominates, then this phenomenon may 

be subject to cell context-specific parameters, such as receptor expression levels. 

 

Regardless of which aforementioned cargo-recruiting mechanisms predominate, EGFR and TfR 

reside largely within distinct clathrin structures in RPE cells. This cargo segregation is likely not restricted 

to RPE cells, as similar findings were observed in HeLa cells423. Notably, the incorporation of cargo within 

specific CCPs alters the properties of those CCPs, as shown for LDLR453 and certain GPCRs103.  These 
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studies suggest that the recruitment of each receptor to particular clathrin structures may be coupled to 

unique engagement of endocytic accessory proteins that impact CCP formation, assembly, maturation 

and scission. As such, CCPs harboring EGFR are dependent on contributions from PLCγ1-derived calcium 

signals for CCP initiation and assembly, and eventual productive formation of intracellular vesicles. In 

contrast, CCPs harboring TfR are not regulated by PLCγ1-derived calcium signals. 

 

 

6.1.3 - Regulation of EGF-stimulated Akt phosphorylation by PLCγ1-derived signals 
We recently uncovered that clathrin structures, but not receptor endocytosis, are required for 

EGFR signaling leading to Gab1 and Akt phosphorylation3,4,8. Perturbations of clathrin selectively 

impaired EGF-stimulated phosphorylation of Gab1 and Akt, but were without effect on phosphorylation 

of EGFR or of other signaling pathways such as MAPK4. Importantly, perturbations of Dyn2, which 

allowed formation of CCPs and recruitment of EGFR therein, but not receptor internalization into 

vesicles, did not impair EGF-stimulated Akt phosphorylation4. We proposed that in addition to forming 

endocytic portals, a subset of clathrin structures also function as signaling microdomains, required for 

the enrichment of specific receptor signals. Consistent with this, we observed the enrichment of 

phosphorylated Gab1 within CCPs upon stimulation with ligands of EGFR or Met4,8. 

 

Here we find that PLC-γ1 and intracellular calcium are required for EGF-stimulated activation of 

clathrin-dependent signals (phosphorylation of Gab1 and Akt) but not clathrin-independent signals 

(phosphorylation of EGFR and MAPK). Given that PLC-γ1 and intracellular calcium control the assembly 

of CCPs harboring EGFR, we propose that these signals are also required to prime clathrin structures to 

function as signaling microdomains required for Akt activation. 

 

The requirement for PLC-γ1 for EGF-stimulated Akt phosphorylation may reflect the 

requirement for PLC-γ1 and calcium in the initiation and assembly of EGFR+ clathrin structures, which 

are required for signaling leading to Akt activation, or other mechanism(s). We observed that EGF-

stimulated Akt phosphorylation in RPE cells engineered to stably express HER2 (which signal largely from 

EGFR/HER2 heterodimers) does not require PLC-γ1 for EGF-stimulated Akt phosphorylation (Figure 

4.9C). Because clathrin is dispensable for EGF-stimulated Akt phosphorylation in RPE-HER2 cells4, the 

requirement for PLC-γ1 for activation of Akt by EGFR may be limited to cellular contexts in which EGFR 

signaling is clathrin-dependent. This result strengthens our conclusion that PLC-γ1 and calcium-
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dependent signals regulate clathrin-mediated endocytosis of EGFR, as well as clathrin-dependent EGFR 

signaling. The largely unaltered EGF-stimulated Akt phosphorylation observed in PLCγ1-/- MEF cell 

lines454 may thus reflect a different cellular context (e.g. HER2 co-expression) in which EGF-stimulated 

Akt phosphorylation occurs in a clathrin-independent manner, or another long-term adaptation to PLC-

γ1 genetic knockout. 

 

We thus conclude that the regulation of signaling and endocytosis of EGFR is reciprocal, as the 

regulation of CCP initiation and assembly by EGF-stimulated PLCγ1-derived calcium signals in turn 

control EGF-stimulated Akt signaling. Elucidating the mechanisms by which clathrin structures may 

integrate a number of intracellular cues, which in turn regulate signaling by EGFR and other cell surface 

receptors, should be the subject of future research in the function and regulation of CCPs. 

 

In summary, we reveal an unprecedented dimension by which functionally distinct subsets of 

CCPs can be differentially regulated by diffusible signals (e.g. calcium) (Figure 4.11). The specific and 

distinct regulation of subsets of CCPs by cellular signals provides the basis for how the versatile assembly 

of CCPs can be modulated, to accomplish distinct regulation of the diverse proteins of the cell 

surfaceome. As such, this study uncovers the cellular mechanism by which mitogenic signaling may elicit 

modifications of the plasma membrane—required for facilitating functionally diverse cellular 

processes59–61. By triggering PLCγ1-derived calcium signals, mitogenic signals directly regulate CME via 

control of Sjn1—of which broad, yet selective distribution amongst clathrin structures impart calcium 

signals the ability in eliciting broad regulation of CME, and hence, remodeling of the surfaceome 

landscape. 

 

 

 

6.2- Metabolic signals directly regulate CME 
In chapter 5, I investigated how activation of AMPK may induce direct regulation of CME in 

effecting global remodeling of the cell surface. Previous findings from our laboratory have demonstrated 

the depletion of specific surface proteins from the plasma membrane upon activation of AMPK360, which 

I proposed may be due to the AMPK-mediated enhancement of CME. By pharmacological activation of 

AMPK by A7, I observed the direct regulation of CME via TIRF-M coupled to automated software 

detection and analysis of clathrin structures. Specifically, with this strategy I observed the AMPK-
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induced reduction in the initiation density of bona fide CCPs, which was without effect on the total 

number of clathrin structures (which includes both sCLCs and CCPs)5,79. In addition, CCPs which form 

under A7 treated conditions exhibited reduced clathrin recruitment and assembly which nonetheless, 

had higher mean lifetimes. Using multiple independent approaches including FRET-FLIM microscopy, 

transient transfection strategies, and pharmacological antagonism by SecinH3, I identified Arf6 as a 

protein regulated by AMPK—through which AMPK may elicit control of CME. Interestingly, the direct 

regulation of CME upon AMPK activation did not impact the rate of internalization of CME cargoes 

including TfR and EGFR. However, β1-integrin internalization was enhanced by A7 treatment which upon 

closer examination may likely be due to the enhanced recruitment of β1-integrin within CCPs. 

Importantly, AMPK activation was without effect on β1-integrin containing CCPs which did not exhibit 

deficiencies in initiation rates and assembly, highlighting the selective role of AMPK in regulating CME of 

surface proteins—and hence, reorganization of the plasma membrane. 

 

 

6.2.1 - AMPK activation directly regulates CME 
The thematic focus on AMPK as a metabolic signal which may directly regulate CME, was 

inspired by previous findings from our laboratory demonstrating the robust reorganization of the plasma 

membrane upon AMPK activation. Specifically, acute pharmacological activation of AMPK by A7 (for 90 

minutes) resulted in the acute depletion of ~600 GO (Gene Ontology) annotated proteins from the cell 

surface, of which ~80 were transmembrane proteins360. The study however, did not delineate the 

cellular mechanism by which AMPK activation may induce plasma membrane remodeling. This work was 

guided by the hypothesis that the altered surfaceome was due in part to the regulation of CME by 

AMPK. While knowledge regarding AMPK control of CME is still lacking, previous studies have shown 

that the activation of AMPK by the onset of metabolic stress (e.g. reduced cellular ATP levels) enhances 

the permanence of glucose transporters (e.g. GLUT1)361, and as well as the clearance of Na+/K+ ATPase 

pumps from the plasma membrane455—of which mechanisms to some extent likely involves regulation 

of endocytosis456,457. In addition, recent work by Rangaraju and colleagues highlighted CME as one of the 

largest consumers of ATP within presynaptic neurons, of which regulation by AMPK during metabolic 

stress may thus be expected in restoring cellular homeostasis458. 

 

Here, we demonstrate that the activation of AMPK does indeed effect regulation of CME 

evinced by broad modifications in CCP dynamics upon A7 treatment (Figure 5.1). Specifically, activation 



233 
 

of AMPK by A7 induces a substantial reduction in clathrin recruitment and assembly—and hence size—

of clathrin structures (Figure 5.1A), of which density on the plasma membrane nonetheless remained 

relatively unimpaired (Figure 5.1C). Concomitant to the resulting impairments in assembly of clathrin 

structures, AMPK activation reduced the initiation density (and size) of bona fide CCPs (Figure 5.1, C and 

D), which taken together, may imply AMPK as a negative regulator of CME. This preliminary 

interpretation however, is incompatible with our previous findings demonstrating the acute and robust 

depletion of surface proteins from the plasma membrane upon A7-induced activation of AMPK360. 

Indeed, live-cell TIRF-M imaging and automated analysis of clathrin structures reveal CCPs that form 

under A7 treatment, to exhibit longer mean lifetimes on the plasma membrane relative to control (non-

treated condition) (Figure 5.1E), which highlighted in section 1.3.2—is indicative of enhanced endocytic 

productivity78. Thus, despite globally altering CCP assembly dynamics, AMPK activation nevertheless 

enhances the mean lifetime and hence, productivity of CCPs—indicating the role of AMPK in augmenting 

certain aspects of CME. 

 

These findings bring into focus the question of why AMPK might induce alteration of CCP 

assembly, while simultaneously enhancing CCP productivity. As the master sensor and regulator of 

cellular metabolism, the biological programs induced by AMPK can be hypothesized to function in 

collectively restoring metabolic homeostasis363—which this work revealed, also includes the direct 

regulation of CME. Recent findings by Rangaraju and colleagues demonstrates CME as one of the largest 

consumers of cellular ATP in presynaptic neurons, which readily depletes ATP if not simultaneously 

replenished (via compensatory glycolytic pathways)458. While yet to be investigated, the efficient 

progression of CME in non-neuronal systems (including in RPE cells) may thus represent a large energy 

burden, of which energy requirements likely cannot be sustained by cells under metabolic stress458. 

Described in section 1.3.2, the efficient formation and internalization of CCPs require regulatory input 

from several ATP-consuming processes such as the dynamic assembly/disassembly of the clathrin coat 

(via auxilin-HSC70 complex), and the dynamin-mediated fission of CCVs (via hydrolysis of GTP derived 

from ATP); amongst several others51. As such, CME presents an excellent regulatory juncture of which 

alteration by AMPK (i.e. reducing clathrin recruitment and CCP size) during reduced energy states, may 

reflect a mechanism by which cellular ATP levels may be conserved50,58. 

 

CME is a process essential for life of which complete ablation is often embryonic lethal in multi-

cellular organisms such as Drosophila melanogaster, Caenorhabditis elegans, and Mus musculus50. Thus, 



234 
 

cells must actively prioritize CME progression despite physiological perturbations; such that imposed by 

metabolic stress. The observed reduction in assembly and size of CCPs, which nevertheless exhibit 

enhanced endocytic productivity (i.e. longer lifetimes), may therefore reflect an adaptive mechanism by 

which cells may maintain CME despite reductions in cellular energy—facilitated by AMPK. Firstly, by 

limiting clathrin structure assembly and size, and forming fewer CCPs, energy consumed by CME may 

effectively be reduced in preserving intracellular ATP levels during metabolic stress. Secondly, consistent 

with the essential requirement for CME, the CCPs which form—although smaller and limited—exhibit 

longer mean lifetimes on the plasma membrane which may enhance (or reflect enhancement of) cargo 

recruitment and internalization, consequently sustaining the capacity and progression of CME84,103,104,459. 

While precise mechanisms by which AMPK may effect smaller CCPs with longer lifetimes remain to be 

elucidated (this may involve Arf6 as described in the following section), previous studies may indicate 

AMPK to function as a regulatory break which may inhibit distinct regulatory mechanisms in CCP 

assembly. Kadlecova and colleagues for instance, similarly demonstrated the reduction in size of 

productive CCPs, in RPE cells expressing recombinant AP2 with impaired PIP2 binding79—highlighting the 

potential role of AMPK in eliciting modulation of clathrin structure assembly by removal of endocytic 

regulatory mechanisms. In addition, the enhancement of CCP lifetimes has been demonstrated in 

epithelial BSC1 cells depleted of endocytic components including Hip1R, Eps15 or intersectin, which 

further indicates the role of AMPK in reducing the regulation of CCP assembly137. Taken together, AMPK 

activation directly regulates CME by reducing the density and size of bona fide CCPs, yet the CCPs that 

do form nonetheless exhibit longer lifetimes and may be more productive—that collectively, may reflect 

an adaptive response mechanism through which cells may sustain CME despite perturbations in cellular 

energy states. 

 

 

6.2.2 - AMPK may regulate CME via control of Arf6 activity 
Described in section 1.7.1.2, AMPK is a master kinase which modulates several downstream 

effectors in inducing processes regulating cellular energy homeostasis359,363. As such, the regulation of 

CME by AMPK observed in this study, may potentially be derived from control of many such proteins by 

AMPK. While broad examination and systematic profiling of individual AMPK targets is beyond the scope 

of this study, we provide evidence that AMPK directly controls at least one such downstream effector 

through which AMPK may regulate CME—the small GTPase Arf6. Previous findings from our laboratory 

demonstrated the depletion of several surface proteins from the plasma membrane upon activation of 
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AMPK360. Amongst the downregulated proteins include regulators of Arf6 including ArfGAP3 and ARAP, 

of which the former also contains a predicted AMPK phosphorylation site—thereby suggesting the 

potential regulation of Arf6 by AMPK360. Importantly, previous studies have described the role of Arf6 in 

augmenting CME by facilitating PIP2 production, and AP2 and clathrin recruitment—indicating Arf6 as a 

potential AMPK target which may effect regulation of CME379,383. 

 

Here we show that Arf6 is indeed regulated by AMPK activation (Figure 5.2). Using FRET-FLIM 

microscopy, we determined that AMPK induces the inactivation of Arf6 by promoting its GDP-bound 

state. Described in section 1.7.2.1, Arf6 is a molecular switch of which interactions with downstream 

effectors—and hence role in augmenting CME—is predicated on its ability to bind GTP, inducing 

activation376. Although preliminary (n=1), our FRET-FLIM results are therefore consistent with the 

observed reduction in CCP density and assembly elicited by AMPK activation (Figure 5.1), which may be 

hypothesized to result from the inactivation and loss of endocytic enhancements by Arf6. Through 

transient transfection of fluorescent Arf6 recombinant proteins, I also observed the physiological 

localization of Arf6 within clathrin structures—corroborating the role of Arf6-GTP in enhancing CME 

(Figure 5.3)379,383. Consistently, AMPK activation by A7 treatment induces the dissociation of Arf6 from 

clathrin structures, which together with the FRET-FLIM results, may be presumed likely due to its 

inactivation by AMPK (Figures 5.2 and 5.3). Collectively, these findings indicate that AMPK activation 

directly regulates Arf6 by enhancing the fraction of Arf6 in its GDP-bound state, preventing its 

localization and enhancement of clathrin structure assembly—therefore serving as a potential 

mechanism by which AMPK may effect regulation of CME as described in section 6.2.1. 

 

The exact mechanism by which AMPK may directly influence Arf6 nucleotide cycling and 

inactivation however, was not investigated in this study, which albeit may be hypothesized to occur 

through control of ArfGAP3. Specifically, our previous findings demonstrate AMPK activation to reduce 

plasma membrane expression of ArfGAP3, of which primary function involves inactivation of Arf6 by 

promoting GTP hydrolysis360,372,460. Described in section 1.7.2.2, ArfGAP3 inactivates Arf6 via direct 

binding, which may thus imply the transit and colocalization of ArfGAP3 within Arf6-containing clathrin 

structures376. While yet to be tested, the AMPK induced surface depletion of ArfGAP3 and concomitant 

inactivation of Arf6, may thus suggest the potential translocation of ArfGAP3 within clathrin structures—

within which it i) may encounter and inactivate Arf6, and similarly ii) be internalized and removed from 

the plasma membrane (consistent with the AMPK-induced surface depletion of ArfGAP3). How exactly 
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AMPK might induce translocation of ArfGAP3 within Arf6-containing clathrin structures remains to be 

elucidated, which nonetheless may be hypothesized to occur via direct phosphorylation of a predicted 

AMPK phosphorylation site on ArfGAP3360. This proposed mechanistic control of ArfGAP3 by AMPK may 

therefore result in Arf6 inactivation, and hence, direct regulation of CME previously observed (Figure 

5.1). Indeed, the hypothesized role of ArfGAP3 in regulating CME via Arf6 inactivation is supported from 

findings by Dembla and colleagues, who demonstrated the significant inhibition of endocytosis in 

neuronal synapses overexpressing ArfGAP3461. Taken together, these findings highlight ArfGAP3 as a 

potential target through which AMPK may elicit inactivation of Arf6, and alteration of CME dynamics. 

 

In contrast to ArfGAP3, the activity of Arf6 may similarly be regulated by the action of Arf6-GEFs 

including the cytohesin/ARNO, EFA6 and IQSEC/BRAG Arf-GEF families, which promote GTP loading and 

activation of Arf6380. The inactivation of Arf6 elicited by AMPK may therefore be similarly derived from 

the potential AMPK-mediated control and inhibition of Arf6-GEFs. While control of Arf6-GEFs by AMPK 

has yet to be demonstrated, previous studies have shown the direct phosphorylation of GBF1 and 

FBXO8 by AMPK, which although functioning as GEFs for Arf isoforms other than Arf6—nevertheless 

indicates the potential regulation of Arf6-GEFs by AMPK385,386. Indeed, I demonstrated that the pan-

inhibition of Arf6-GEFs by SecinH3 phenocopies (Figure 5.4) the effects elicited by A7 treatment on CME 

dynamics (Figure 5.1). The inhibition of Arf6-GEFs by AMPK may thus, similarly provide a mechanism by 

which AMPK may induce inactivation of Arf6 in regulating CME, which albeit, remains to be 

experimentally demonstrated. Collectively, these results nonetheless demonstrate that AMPK activation 

regulates Arf6 by promoting its GDP-bound state, which may occur via i) activation of Arf6-GAPs and/or 

ii) inactivation of Arf6-GEFs. 

 

The inactivation (via enhancement of Arf6-GDP) and dissociation of Arf6 from CCPs may reflect, 

in part, the mechanism by which AMPK may induce regulation of CME—reducing the number and size of 

bona fide CCPs (Figure 5.1). This mechanism however, does not readily explain the enhancement of 

lifetimes exhibited by CCPs which do form under A7 treatment. Work by Paleotti and colleagues 

revealed that Arf6-GTP directly binds and strongly promotes the recruitment of AP2 to the plasma 

membrane in vivo; even in the absence of phosphoinositides in vitro379. Described in section 1.3.4, AP2 is 

a central hub of CME which binds and recruits endocytic accessory proteins including Hip1R, Eps15 and 

intersectin—amongst several others12. Importantly, the depletion of Hip1R, Eps15 or intersectin in BSC1 

cells, was demonstrated by Mettlen and colleagues to effect longer lifetimes of productive CCPs137. As 
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such, the stabilization of Arf6-GDP by AMPK may be hypothesized to not only induce dissociation of Arf6 

from clathrin structures, but to also indirectly prevent recruitment of AP2 and its downstream endocytic 

effectors—thus, potentially increasing the lifetimes of productive CCPs137. In addition, Poupart and 

colleagues also demonstrated the direct binding of clathrin with Arf6-GTP, of which inactivation into 

Arf6-GDP may therefore slow the maturation rate of CCPs, hence, increasing CCP lifetimes379,383. 

Nevertheless, while we demonstrate Arf6 as a direct effector of AMPK capable of modulating CME, given 

the broad array of proteins phosphorylated by AMPK, other mechanisms may likely be involved of which 

contribution to CME regulation, albeit remains to be elucidated. 

 

 

6.2.3 - AMPK activation may differentially regulate CME of surface cargoes 
Described in section 1.3.2, the internalization of CME cargoes may be regulated by unique sets 

of proteins, which distinctly impacts the formation and assembly of CCPs within which they reside. 

Indeed, microscopic visualization of CCP structures reveal structurally diverse endocytic assemblies 

which morphologically differ in size and lifetimes, reflecting in part differences in their cargo protein 

constituents1. The internalization of CME cargoes including EGFR, TfR and LDLR for example, are 

functionally regulated by phosphatidic acid106 and calcium signals (see chapter 6), AP2 and TTP423,447,448, 

and Dab2 and ARH80, respectively. That AMPK activation globally regulates CCP assembly dynamics 

(Figure 5.1) therefore raises the question of whether AMPK might distinctly control (i.e. broadly or 

selectively, or both) the internalization of CME cargoes. 

 

Using biochemical ligand internalization assays, we reveal that AMPK activation does not impact 

the clathrin-mediated endocytosis of EGFR and TfR, of which internalization rates were unchanged by A7 

treatment in RPE cells (Figure 5.5, B and C). In contrast, the significant depletion of β1-integrin from the 

plasma membrane was observed via immunofluorescence microscopy upon acute (5 minutes) activation 

of AMPK by A7 (Figure 5.5A)—indicating the AMPK induced enhancement of β1-integrin CME; 

consistent with the A7-induced downregulation of cell surface β1-integrin described in [360]. These 

findings thus, indicate that despite broadly controlling CCP assembly dynamics, AMPK may nonetheless 

selectively regulate the internalization of distinct CME cargoes. 

 

The enhancement of β1-integrin CME, but not that of EGFR or TfR, indicates the distinct 

regulation of β1-integrin containing CCPs by AMPK activation. Previously demonstrated, AMPK 
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activation reduces the number and size of bona fide CCPs (Figure 5.1), which interestingly was not 

observed for integrin+ CCPs of which initiation density and corresponding size were largely unimpaired, 

relative to integrin- CCPs (Figure 5.6A). These findings suggest that despite broadly regulating CME, 

AMPK may nonetheless—through poorly understood mechanisms—selectively control the assembly 

dynamics of distinct cargo-containing CCPs. Consistently, AMPK had been demonstrated to distinctly 

regulate CME of several surface proteins including the GLUT4 glucose transporter and the Na+/K+ 

ATPase pump. Specifically, AMPK activation was found to inhibit clathrin-mediated endocytosis of 

GLUT1 by triggering the degradation (via phosphorylation) of its endocytic regulator TXNIP (Thioredoxin-

interacting protein)—which consequently enhances GLUT1 expression on the plasma membrane462. In 

contrast, endocytosis of the Na+/K+ ATPase pump was enhanced upon phosphorylation by PKCζ, which 

was shown directly phosphorylated and activated by AMPK455,463. Taken together, AMPK may therefore 

broadly and selectively regulate CME through phosphorylation and regulation of functionally diverse 

endocytic effectors, which may distinctly control the internalization properties of CME cargoes; including 

β1-integrin. 

 

The effect of A7 treatment on the initiation density and assembly dynamics of integrin+ CCPs, 

raises the question of how β1-integrin endocytosis may similarly be enhanced under these conditions 

(Figure 5.6, A and B). We observed that A7 treatment significantly increases the β1-integrin content of 

integrin+ CCPs relative to control (Figure 5.6C)—suggesting that AMPK activation may increase β1-

integrin endocytosis by enhancing its recruitment within clathrin structures. Given the complexity and 

heterogeneity of mechanisms governing distinct cargo CME, dissecting precisely how AMPK activation 

may enhance β1-integrin recruitment within clathrin structures is beyond the scope of this study, and 

represents an important area of investigation for future research. Nevertheless, it has been 

demonstrated that siRNA-mediated knockdown of Arf6 significantly reduces surface integrin levels in 

HeLa cells, suggesting the possible control of β1-integrin recruitment and endocytosis, by the AMPK-

mediated inactivation of Arf6 (Figure 5.2)391. Furthermore, the enhanced recruitment of β1-integrin to 

CCPs upon AMPK activation may be hypothesized to involve, to some extent, control of the endocytic 

adaptor Dab2 which recruits and localizes with β1-integrin—within clathrin structures387,434,464. 

Interestingly, Dab2 is known to enhance the size of clathrin structures453, of which inclusion within 

integrin+ CCPs may be proposed to negate the modulation of CCP assembly broadly imposed by AMPK 

(Figure 5.1); consistent with the unablated assembly and size of integrin+ CCPs (Figure 5.6, A and B). Yet 

to be experimentally validated, the sustained endocytosis of EGFR and TfR (Figure 5.5, B and C) may 
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thus similarly reflect, in part, an enhancement in receptor recruitment within clathrin structures, of 

which net output may effect in unperturbed rates of internalization. 

 

From a physiological context, the robust downregulation of β1-integrin upon AMPK activation 

represents a mechanism by which AMPK may maintain and restore cellular energy levels. β1-integrin is a 

transmembrane protein that mechanistically anchors the cellular cytoskeleton with the extracellular 

matrix, which promotes energy-demanding processes including cell adhesion, motility, migration, 

growth and proliferation387. The robust downregulation of β1-integrin from the cell surface, thus enable 

cells in reducing energy expenditure during metabolic stress, emphasized in [360,465]. The selective 

endocytic regulation of surface proteins (e.g. maintain, enhance or diminish)—together with the broad 

modulation of CME—therefore comprises some of the cellular programs elicited by AMPK, which 

collectively, functions in maintaining and restoring metabolic homeostasis under conditions of metabolic 

insufficiency. 

 

In summary, we reveal the direct regulation of CME by AMPK—thereby providing a biological 

mechanism by which AMPK activation may induce broad regulation of the plasma membrane, as 

previously reported (Figure 5.7)360. The control of CME by AMPK provides a mechanistic basis for how 

metabolic signals including those derived from metabolic stress, may induce remodeling of the 

surfaceome in mediating functionally diverse processes necessary for cellular adaptation and survival59–

61. Through control of Arf6—and likely several other downstream effectors—AMPK may induce both 

broad and selective regulation of CME dynamics, in distinctly controlling the internalization and 

expression of surface proteins, and hence, remodeling of the surfaceome landscape. 

 

 

 

6.3- Conclusion 
This thesis investigated the distinct mechanisms by which diverse cellular cues including 

mitogenic and metabolic signals may regulate CME. This focus is largely motivated by the diverse 

physiological responses mediated by mitogenic (e.g. growth factors) and metabolic signals (e.g. cellular 

energy levels) including cellular growth, proliferation, migration and differentiation. These cellular 

processes, to some extent, involve both local and global cell surfaceome remodeling events59–61—raising 

the question of whether and how mitogenic and metabolic signals may directly regulate the plasma 
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membrane. CME is a cellular tool which regulates surface proteins, serving as the predominant regulator 

of the plasma membrane in mammalian cells; and hence, a likely mechanism through which mitogenic 

and metabolic signals may induce plasma membrane remodeling. However, the mechanisms by which 

mitogenic and metabolic signals may directly regulate CME remain relatively unexplored; serving as the 

major topic investigated in my research. 

 

The work presented in this thesis describes the mechanisms by which mitogenic and metabolic 

signals may regulate CME. Mitogenic signaling by EGFR triggers the mobilization of PLCγ1-derived 

calcium signals, which I demonstrated to directly control CME dynamics. Specifically, I found that PLCγ1-

derived calcium signals are required for EGFR clathrin-mediated endocytosis—likely via calcium control 

of PKC and Sjn1. Consistently, I demonstrated that inhibition of the PLCγ1-calcium-PKC signaling axis 

impairs the rate of formation and assembly of clathrin structures containing EGFR, supporting the direct 

requirement for calcium signals in EGFR clathrin-mediated endocytosis. Importantly, although explicit in 

examining EGFR clathrin-mediated endocytosis, I hypothesize that the internalization of other surface 

proteins may similarly be regulated by PLCγ1-derived calcium signals, due to its broad control of Sjn1—

which was demonstrated present within other subsets of clathrin structures not harboring EGFR. Thus, 

this work provides i) a novel mechanism by which EGFR signaling—and hence, mitogenic signals—can 

directly regulate CME dynamics, in eliciting broad remodeling of the plasma membrane. To my 

knowledge, my work also ii) provides the first description of how intracellular calcium increases may 

regulate CME outside of a neuronal context, as calcium signals was demonstrated to directly control the 

dynamics of formation and assembly of clathrin structures in non-neuronal, RPE cells. 

 

Previous findings from our laboratory demonstrated the robust remodeling of cell surface as 

measured via mass spectrometry analysis, upon activation of the predominant metabolic sensor, 

AMPK360. My work expounds on these findings by elucidating the biological mechanism by which AMPK, 

and hence metabolic signals, may remodel the plasma membrane. The work presented in this thesis 

demonstrates the direct regulation of CME upon AMPK activation. I show that AMPK regulates the small 

GTPase protein, Arf6, which importantly, has been hypothesized to enhance CME by facilitating local 

PIP2 production and recruitment of endocytic components (e.g. AP2 and clathrin)379,382,383. Specifically, I 

demonstrate that AMPK causes the inactivation of Arf6, resulting in its dissociation from clathrin 

structures. Consistently, AMPK activation concomitantly reduces the rate of initiation density and 

assembly of CCPs—which I hypothesize due to the AMPK-induced inactivation of Arf6. Nonetheless, 
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CCPs which form under AMPK activated conditions demonstrate enhanced productivities evinced by 

both longer CCP lifetimes, and the maintenance (e.g. TfR and EGFR) and in some cases, enhancement 

(e.g. β1-integrin) of cargo CME. As such, I hypothesize that although reducing the number and size of 

CCPs, AMPK nonetheless causes the formation of more efficient clathrin structures—which from a 

metabolic perspective—sustains CME with lower energy input. Thus, my work i) provides the first 

description of the direct regulation of CME by AMPK, and ii) adds a component to the metabolic 

repertoire by which AMPK maintains metabolic and cellular homeostasis. 

 

My work elucidated the distinct mechanisms by which mitogenic and metabolic signals may 

directly regulate CME—in inducing control of the cell surface. Inevitably, several biological and 

mechanistic details remain to be investigated due to limitations in our study, which are highlighted and 

described in the following section (Section 6.4-Future directions). Nevertheless, this study presents 

important implications for research in human health and disease. Disease states including diabetes, 

cancer and neurological disorders have been demonstrated to exhibit modulation of CME to some 

extent10,50,342. The pathogenesis of Alzheimer’s disease for instance, is marked by endocytic mutations 

resulting in surface accumulation and hallmark deposition of the β-amyloid protein10. Similarly, several 

cancer types have been found to exhibit reduced expression of endocytic proteins including PLC-γ1, 

Dab2, Numb, and HIP1R—likely impairing EGFR endocytosis, supporting oncogenic 

transformation50,159,466. Thus, the novel mechanistic regulations of CME elucidated in my work, 

contributes to advancing our understanding of CME, presenting novel therapeutic targets in treatment 

of human diseases. 

 

 

 

6.4- Future directions 
The findings presented above reveal novel mechanisms through which cellular cues including 

mitogenic and metabolic signals may directly regulate CME—in eliciting global regulation of the plasma 

membrane. Nevertheless, limitations in our studies leave several open questions which discussed in the 

following sections, represent important areas for future research. 

 

 



242 
 

6.4.1 - Mitogenic signals 
In chapters 3 and 4, I demonstrated that mitogenic signaling by EGFR directly controls CME via 

PLCγ1-derived calcium signals, which I found selectively required for internalization of EGFR but not TfR 

(Figure 3.6). Specifically, I demonstrated that calcium signals may enhance EGFR endocytosis by 

regulating endocytic resident proteins including Sjn1. Sjn1 is a negative regulator of clathrin structure 

assembly, which our work, and previous studies have shown to localize within CCPs (Figure 4.6) 

throughout distinct endocytic stages5. Importantly, I demonstrated that PLCγ1-derived calcium signals 

induce the dissociation of Sjn1 from clathrin structures, which I hypothesize to enhance the assembly, 

growth, and hence, internalization of CCPs (including those containing EGFR) due to the removal of 

negative regulation imposed by Sjn1 (Figures 4.6 and 4.8). Sjn1 was also found localized within the 

majority of clathrin structures, which imparts to calcium, and hence mitogenic signaling, the ability to 

broadly control CME. Nevertheless, the requirement for PLCγ1-derived calcium signals in CME is 

selective, as inhibition of calcium was without effect on the formation and internalization of TfR-

containing clathrin structures; which may be hypothesized due to minimal recruitment of Sjn1 within 

TfR-containing CCPs. While our findings provide a mechanistic basis for how mitogenic signals may 

regulate CME, several questions remain regarding i) precisely how calcium signals my directly control 

Sjn1, and whether the ii) enhancement in EGFR clathrin-mediated endocytosis is indeed the result of 

Sjn1 dissociation from EGFR-containing CCPs; which together with iii) understanding of whether 

mitogenic signaling by other RTKs induces similar regulation of CME, represents important areas for 

further research discussed in the following sections. 

 

6.4.1.1 - Calcium signals may directly control Sjn1 via activation of CDK5 

While the precise mechanism by which PLCγ1-derived calcium signals may cause dissociation of 

Sjn1 from CCPs was not in investigated in this work, the involvement of CDK5 may nonetheless be 

hypothesized as described in section 6.1.1. CDK5 is a protein kinase which although mostly enriched in 

neurons, is also expressed in other cell types including RPE cells438,439. The function of CDK5 has been 

extensively studied in neuronal systems which includes regulation of the cytoskeleton, axon guidance, 

membrane transport and synaptic function467. In addition, CDK5 has been shown by Lee and colleagues 

to directly phosphorylate Sjn1, causing its inactivation and inhibition of interaction with endocytic 

components including endophilin—which in synaptosomes was demonstrated to antagonize 

endocytosis437. Importantly, several studies have documented the regulation of CDK5 by PKC including 

work by Zhen and colleagues, which demonstrated the requirement for PLC-β generated calcium signals 



243 
 

and PKC, in the activation of CDK5 in PC-12 cells440. PLCγ1-derived calcium signals activate PKC in RPE 

cells, which I hypothesize to induce activation of CDK5—proposed to directly phosphorylate and induce 

dissociation of Sjn1 from clathrin structures. 

 

To test the requirement for CDK5 in the EGF-stimulated dissociation of Sjn1 from CCPs, the 

potent CDK5 inhibitor Roscovitine may be used, which directly blocks the ATP binding site of CDK5 

preventing its phosphorylation and activation468. Using the same biochemical ligand internalization 

assays described in section 3.1, one can measure the internalization rates of EGFR in Roscovitine treated 

(and non-treated) cells, to initially determine the role of CDK5 in EGFR clathrin-mediated endocytosis. 

Similarly, siRNA-mediated knockdown of CDK5 may be implemented to resolve the effects of 

Roscovitine on EGFR internalization. Importantly, these assays should be supplemented with 

measurement of TfR internalization under similar treatments, to determine Roscovitine specificity in 

uncovering whether CDK5 activation may indeed, serve as a mechanism through which PLCγ1-derived 

calcium signals may regulate Sjn1—in selectively controlling the assembly dynamics of CCP subsets 

(including those containing EGFR). Overall, I hypothesize that inhibition CDK5 will selectively impair 

EGFR clathrin-mediated endocytosis (but not TfR) due to the control of Sjn1 by CDK5437. Furthermore, if 

CDK5 is indeed downstream of the PLCγ1-calcium-PKC signaling axis, inhibition of CDK5 can therefore be 

hypothesized to phenocopy the effects of XeC, BAPTA-AM and BIM treatment on EGFR internalization. 

 

Though yet to be clarified, several mechanisms have been described by which CDK5 may 

become activated. Reviewed in [467], phosphorylation of CDK5 on Tyr15 was shown to stimulate and 

increase CDK5 kinase activity—which is further augmented upon phosphorylation of its Ser159 site. The 

activation of CDK5 under EGF stimulation, can therefore be measured via immunoblot analysis, using 

commercially available anti-phospho-Tyr15 and anti-phospho-Thr160 antibodies, as per [469,470]. In 

addition, some studies have also measured the phosphorylation of downstream CDK5 targets including 

DARPP-32 (also known as PPP1R1B; Protein phosphatase 1 regulatory subunit 1B), to indirectly measure 

CDK5 activation440; and as such may similarly be implemented. I hypothesize that EGF stimulation will 

increase the phosphorylation, and hence activation of CDK5, to be reported by an increase in pTyr15 

and/or pSer159 signals detected by immunoblotting. Furthermore, I hypothesize that the EGF-induced 

activation of CDK5 requires PLCγ1-derived calcium signals and PKC as per [440], of which individual 

pharmacological inhibitions (i.e. by XeC, BAPTA-AM and BIM treatment) are expected to prevent CDK5 

phosphorylation by EGF stimulation. Overall, I hypothesize that through the PLCγ1-calcium-PKC signaling 
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axis, EGF stimulation may directly induce activation of CDK5, which in turn is proposed to phosphorylate 

Sjn1. 

 

The impact of the PLCγ1-calcium-PKC signaling axis on the phosphorylation, and hence, 

regulation of Sjn1 was not investigated in the results described in chapters 3 and 4. The observed 

dissociation of Sjn1 from clathrin structures may nonetheless, be proposed as a result of its direct 

phosphorylation by CDK5437. Specifically, Lee and colleagues identified Ser1144 as a potential CDK5 

phosphorylation site present within the NPF domain of Sjn1, which albeit, was discovered via in vitro 

autoradiography assays437. To interrogate the potential phosphorylation of Sjn1 by CDK5 in RPE cells, 

FRET-FLIM analysis of CyPET/YPET-hybrid fusion proteins (i.e. Sjn1-CyPET and YPET-CDK5) may be 

implemented as described in section 5.2.1. With this strategy, the interaction between CDK5 and Sjn1 

may be measured which is hypothesized to increase upon EGF stimulation, reflecting the direct 

interaction and likely phosphorylation of Sjn1 by CDK5; which should conversely be inhibited by 

Roscovitine treatment. Similarly, to determine whether the interaction and phosphorylation of Sjn1 by 

CDK5 indeed requires the upstream PLCγ1-calcium-PKC signaling axis, pharmacological inhibitors of the 

pathway (e.g. XeC, BAPTA-AM and BIM) should similarly be used, which I propose will inhibit the 

interaction between CDK5 and Sjn1, to be reported by FRET-FLIM analysis. Overall, I hypothesize that 

the PLCγ1-calcium-PKC signaling axis will induce phosphorylation and activation of CDK5, which in turn is 

proposed to phosphorylate Sjn1 via direct interaction—resulting in Sjn1 inactivation and hence, 

dissociation from clathrin structures. 

  

Lastly, to directly determine whether CDK5 activation serves as the mechanism through which 

PLCγ1-calcium-PKC signaling may induce depletion of Sjn1 from clathrin structures, TIRF-M imaging 

coupled to automated software analysis may be implemented as described in section 4.2. This strategy 

will allow quantification of Sjn1 colocalization within clathrin structures, which our present work (Figure 

4.6) and previous studies have demonstrated5. Furthermore, our current findings indicate that EGF-

stimulation induces the robust depletion of Sjn1 from clathrin structures which requires PLCγ1-calcium-

PKC signaling. If CDK5 is indeed the downstream effector through which the PLCγ1-calcium-PKC signaling 

axis may regulate Sjn1, inhibition of CDK5 with Roscovitine can therefore be hypothesized to prevent 

the EGF-stimulated depletion of Sjn1 from clathrin structures—to a similar extent observed under XeC, 

BAPTA-AM and BIM treatments. 
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The proposed experiments described above will determine: i) the requirement for CDK5 in EGFR 

(and TfR) clathrin-mediated endocytosis, ii) the activation of CDK5 by EGF stimulation, iii) the direct 

interaction and potential phosphorylation of Sjn1 by CDK5 in RPE cells, and iv) the functional role of 

CDK5 activation in the EGF-induced depletion of Sjn1 from clathrin structures. Although previous studies 

support the potential role of CDK5 in regulating Sjn1 in RPE cells, it is possible for other mechanisms to 

be involved (e.g. CaMKII)440 given the diversity of downstream calcium and PKC targets, of which 

potential regulatory roles in CME represents an important area for future research. 

 

6.4.1.2 - Sjn1 may distinctly localize within EGFR-containing CCPs but not TfR 

Our current findings demonstrate the selective requirement for PLCγ1-derived calcium signals in 

the internalization of EGFR (Figure 3.1). Consistently, I found that the PLCγ1-calcium-PKC signaling axis, 

is required for the efficient initiation and assembly of EGFR+ CCPs, which become impaired upon 

pharmacological inhibition by XeC, BAPTA-AM and BIM (Figures 4.2 and 4.3). Sjn1 is a resident protein 

and a negative regulator of clathrin assemblies, which through PLCγ1-derived calcium signals is broadly 

depleted from clathrin structures upon EGF stimulation (Figures 4.6 and 4.8). As a negative regulator of 

clathrin assembly, the depletion of Sjn1 from clathrin structures therefore likely enhances the assembly 

(and hence, internalization) of CCPs, of which some may include subsets harboring EGFR. The 

enhancement of EGFR clathrin-mediated endocytosis elicited by PLCγ1-derived calcium signals, may 

thus, in part, reflect the dissociation of Sjn1 from EGFR+ clathrin structures, which nevertheless was not 

investigated in our current work—representing an area for further investigation. 

 

To determine the effect of the EGF-induced depletion of Sjn1 on the distinct formation and 

internalization of EGFR+ clathrin structures, similar TIRF-M imaging and analysis strategies described in 

section 4.2 may be employed. Specifically, the localization of Sjn1 within EGFR+ clathrin structures may 

be determined via triple color TIRF-M imaging of fixed RPE cells with fluorescent clathrin (e.g. eGFP-CLCa 

expressing RPE cells)1, Sjn1 (e.g. mCherry-tagged Sjn1 transfection)1 and EGFR (e.g. immuno-labeling of 

EGFR ectodomain by far-red Alexa Fluor 647)7, of which single frame images may be subsequently 

subjected to automated software analysis, to detect and quantify Sjn1 content of EGFR+ clathrin 

structures. I hypothesize that with this strategy, Sjn1 will be preferentially enriched within EGFR+ 

clathrin structures, consistent with the broad localization of Sjn1 described in our current study (Figure 

4.8). Furthermore, I hypothesize that EGF stimulation will reduce the Sjn1 content of EGFR+ clathrin 

structures relative to basal, non-stimulated conditions. Our current work indicates the requirement for 
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PLCγ1-derived calcium signals in the EGF-induced dissociation of Sjn1 from clathrin structures (Figure 

4.8). Thus, I further hypothesize that the depletion of Sjn1 from EGFR+ clathrin structures require the 

PLCγ1-calcium-PKC signaling axis; investigated via pharmacological inhibition (i.e. by XeC, BAPTA-AM and 

BIM treatment). 

 

Using the above strategy, the assembly and size of EGFR+ clathrin structures may similarly be 

quantified, and correlated to Sjn1 content detected therein—to demonstrate the functional role of Sjn1 

on the formation of EGFR+ clathrin structures. I hypothesize that the detection of Sjn1 negatively 

correlates with the size of EGFR+ clathrin structures, due to the antagonistic role of Sjn1 on clathrin 

assembly101. In addition, it is important to perform parallel experiments investigating Sjn1 localization 

within TfR-containing clathrin structures under similar treatment conditions—which I hypothesize to 

exhibit reduced Sjn1 content relative to subsets containing EGFR—to resolve whether Sjn1 dissociation, 

indeed forms the mechanistic basis by which PLCγ1-derived calcium signals may selectively regulate 

EGFR clathrin-mediated endocytosis. Overall, the experiments proposed in this section will establish the 

functional role of Sjn1, in the selective enhancement of assembly and internalization of EGFR+ clathrin 

structures elicited by EGF stimulation. 

 

6.4.1.3 -  Mitogenic signaling by other RTKs may elicit similar regulation of CME 

The mitogenic control of the plasma membrane via CME has been one of the key themes 

investigated in this thesis. Work presented in chapters 3 and 4 focused on mitogenic signaling by EGFR, 

which to date is the best characterized member of the RTK family11. We discovered that through 

activation of PLC-γ1, EGFR triggers intracellular calcium increases which we demonstrated to directly 

control its internalization via clathrin-mediated endocytosis—and likely other subsets of clathrin 

structures—via Sjn1. Our findings provide a novel mechanism by which mitogenic signals may control 

CME, and hence, induce remodeling of the cell surfaceome. Importantly, this discovery raises the 

question of whether CME may also be regulated by other RTK members (e.g. VEGFR, PDGFR and FGFR) 

given that most have been documented to similarly activate PLC-γ111,13,266. Thus, although the present 

study was limited to examination of EGFR, the regulation of CME by other RTKs may similarly be 

hypothesized, of which collective roles in regulating the plasma membrane, represents an important 

area for future research. 
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While beyond the scope of this study, the regulation of CME by other RTK members may 

nevertheless be investigated using similar experimental strategies implemented in chapters 3 and 4. 

Biochemical internalization assays used in chapter 3 for instance, may be performed with other 

commercially available RTK ligands, to uncover the functional requirement for PLCγ1-derived calcium 

signals in the internalization of RTKs other than EGFR in RPE cells. In addition, the spatial organization of 

other RTK members may similarly be examined via TIRF-M imaging of fluorescently-conjugated cognate 

ligands as per chapter 4, which may be hypothesized to localize within distinct clathrin structures—

reflecting in part, differences in the internalization requirements of distinct cargo receptors74,105,106,423. 

With this strategy, the formation and assemblies of specific RTK-harboring clathrin structures may be 

investigated under identical conditions presented in chapter 4, to determine whether RTK members 

other than EGFR may regulate CME via PLCγ1-derived calcium signals. Lastly, the involvement of Sjn1 

may also be probed using the strategies highlighted in section 4.2, in resolving whether other RTKs may 

broadly regulate CME similar to that elicited by EGFR. Overall, I hypothesize that the control of CME via 

PLCγ1-derived calcium signals may not be exclusive to EGFR signaling, as PLC-γ1 is a common 

downstream target of several other RTKS—which in turn, may be hypothesized to effect regulation of 

CME and hence, induce remodeling of the plasma membrane. 

 

 

6.4.2 - Metabolic signals  
In chapter 5, we demonstrated that metabolic signaling by AMPK directly controls CME, of 

which pharmacological activation by A7 effects broad reductions in the rate of assembly and density of 

CCPs; which nevertheless exhibited enhanced productivities (i.e. longer CCP lifetimes) (Figure 5.1). 

Specifically, we found that AMPK may elicit direct regulation of CME through control of the small GTPase 

Arf6, which localizes to the plasma membrane where it is known to induce local PIP2 production and 

promote recruitment of endocytic components including AP2 and clathrin379,382,383. Indeed, I found that 

Arf6 localizes within clathrin structures specifically in its active, GTP-bound form, which strikingly, was 

inhibited by AMPK evinced by the broad depletion of Arf6 from clathrin structures following A7 

treatment (Figure 5.3). Consistently, we demonstrated that AMPK inactivates Arf6 by promoting its 

GDP-bound form, which may provide a mechanistic basis for its A7-induced dissociation from clathrin 

structures (Figure 5.2). The dissociation of Arf6 from clathrin structures may be hypothesized to 

downregulate clathrin assembly, providing a mechanism by which AMPK may elicit modulation of CME 

dynamics observed in this study (Figure 5.1). Interestingly, the alteration of CME by AMPK was without 
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effect on the internalization rates of CME cargoes such as TfR and EGFR; which in contrast, increased β1-

integrin internalization (Figure 5.5). The enhanced internalization of β1-integrin may be explained by the 

lack of effect of A7 treatment on the density and size of integrin+ CCPs, which nonetheless exhibited 

enhanced β1-integrin content (Figure 5.6)—potentially enhancing β1-integrin clathrin-mediated 

endocytosis. 

 

While our findings indicate Arf6 as the potential intermediate through which AMPK may directly 

regulate CME, several open questions remain to be addressed to precisely uncover how control of Arf6 

may effect regulation of CME dynamics; and how AMPK activation may induce broad regulation of the 

plasma membrane through this mechanism. Further discussed in the following sections, these research 

questions will address: i) the functional requirement for Arf6 in the assembly dynamics of CCPs; ii) the 

interaction of Arf6 with endocytic components and the effects of GTP/GDP binding on this process; iii) 

the specific control of ArfGAP3 by AMPK and its role in the AMPK-induced inactivation of Arf6; and 

lastly, iv) the implication of CME control by AMPK on the formation and assembly dynamics of other CCP 

subsets containing distinct cargoes—including TfR and EGFR. 

 

6.4.2.1 - Understanding the functional role of Arf6 in the AMPK-induced regulation of CME 

Our findings demonstrate that pharmacological activation of AMPK by A7 significantly decreases 

the formation and assembly of CCPs (Figure 5.1). Several mechanisms described in previous studies 

indicate the potential role of Arf6 in enhancing CME379,382,383—which together with the surface depletion 

of its direct regulator ArfGAP3 elicited by A7 treatment360—provide preliminary evidence suggesting 

Arf6 as a likely intermediate through which AMPK may directly regulate CME. Consistently, inhibition of 

Arf6 by inhibition of Arf6-GEFs via SecinH3 treatment phenocopies the alteration of CME dynamics 

observed under A7 treatment (Figure 5.4)—indicating that AMPK may indeed act through Arf6 in 

regulating CME. Furthermore, we demonstrate that AMPK activation induces the inactivation of Arf6 

(Figure 5.2), preventing its localization within clathrin structures (Figure 5.3). Nonetheless, the exact 

functional requirement for Arf6 on CCP formation and assembly was not directly investigated in this 

work, of which elucidation will further establish Arf6 as the direct AMPK effector regulating CME. 

 

To elucidate the functional requirement of Arf6 on CME dynamics, several approaches which 

involve direct perturbation of Arf6 may be implemented. For instance, the recently identified 

pharmacological inhibitor of Arf6, NAV-2729, may be used which prevents activation of Arf6 by binding 
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and competing for the Arf6-GEF binding site471. The use of NAV-2729 was demonstrated to inhibit 

downstream activation of Arf6 targets as described in [471]. As well, direct inhibition of Arf6 may also be 

performed in a separate experiment via siRNA-mediated knockdown. Using these Arf6 perturbation 

strategies, together with live-cell TIRF-M imaging and automated software analysis of eGFP-CLCa 

expressing RPE cells (as per section 5.1), the role of Arf6 in the formation and assembly of CCPs may be 

demonstrated. I hypothesize that the inhibition of Arf6 (via NAV-2729 or siRNA) will phenocopy the 

effects of A7 and SecinH3 treatment on CME, causing broad reductions in the rate of assembly and 

density of CCPs—of which elucidation will further our understanding of the role of Arf6 as an 

intermediate through which AMPK may induce regulation of CME dynamics. 

 

6.4.2.2 - Arf6 may enhance CME via interaction with various components of the endocytic machinery 

Our findings indicate that Arf6 localizes within clathrin structures predominantly in its active, 

GTP-bound form (Figure 5.3). Although poorly understood, the potential regulation of CME by Arf6 may 

therefore involve its direct interaction and control of various endocytic components required for CCP 

assembly and formation. Consistently, Poupart and colleagues demonstrated the direct interaction of 

Arf6 with AP2 and clathrin, indicating its direct engagement of the clathrin machinery which likely 

includes other endocytic components383. Thus, to further define the functional role of Arf6 in regulation 

of CME, it is important to investigate its potential interactions with endocytic components. Specifically, 

the use of the well-established BioID (Proximity-dependent biotinylation) screening strategy may be 

recommended, to investigate the proximal interactions between Arf6 and components of CME. 

 

BioID is a unique method used for screening protein-protein interactions, which is not limited to 

detection of direct protein binding, but may also include identification of proximal protein associations 

in living cells472,473. Specifically, the protein of interest (bait) is fused to a prokaryotic biotin ligase (BirA*) 

which upon expression in cells, promiscuously biotinylates the amine groups of neighbouring proteins 

(candidates) within a 10nm spatial radius upon addition of excess biotin—including directly bound and 

proximally associated proteins472,473. The candidates may then be purified using a biotin-streptavidin 

system, and subsequently analyzed and characterized by mass spectrometry cells472,473. In uncovering 

the interactions of Arf6 with endocytic components, a genetically-encoded wild-type Arf6 fused to BirA* 

(Arf6WT-BirA*) may be used and transfected into RPE cells, which may subsequently be processed for 

screening biotinylated candidates as per [474]. With this strategy, the interaction partners of Arf6 may 

be revealed which I hypothesize to include several components of the endocytic machinery including 
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AP2 and clathrin, as previously demonstrated383. As well, the identification of biotinylated CCP-localized 

endocytic proteins will thus, indicate that Arf6 does indeed localize with CCPs where it may associate 

and regulate components of the endocytic machinery—thereby regulating CME. 

 

As a molecular switch, it is also important to investigate how nucleotide binding states 

(GTP/GDP) might regulate the interaction of Arf6 with endocytic components. To do so, the previous 

BioID strategy may be implemented using various genetically-encoded recombinant Arf6 proteins; 

described in section 5.2.2.  Specifically, a GTPase-deficient Arf6 mutant that is GTP-locked and 

constitutively active (Arf6Q67L) may be used, in addition to a fast-cycling Arf6 mutant that is GDP-locked 

and constitutively inactive (Arf6T44N)394. Both recombinant Arf6 proteins can similarly be fused to BirA* 

(e.g. Arf6Q67L -BirA* and Arf6T44N-BirA*) and transfected into RPE cells, and subsequently screened for 

candidate biotinylation as per [474]. With this strategy, I hypothesize that Arf6Q67L will robustly increase 

the biotinylation of AP2 and clathrin in addition to other endocytic components, due to the localization 

of Arf6-GTP within clathrin structures. Furthermore, I hypothesize that Arf6T44N will not appreciably 

increase the biotinylation of endocytic components, consistent with its observed depletion from clathrin 

structures demonstrated in this study (Figure 5.3). Overall, I hypothesize that Arf6 interacts with 

endocytic components and localizes within clathrin structures predominantly in its active, Arf6-GTP 

form. As such, the AMPK-induced dissociation of Arf6 from clathrin structures may be hypothesized due 

to Arf6 inactivation and subsequent disengagement from components of the endocytic machinery. 

 

The experiments proposed in this section—together with the findings to be generated from 

section 6.4.2.1—will further establish the role of Arf6 as a direct regulator of CME. Collectively, these 

results will indicate whether Arf6, and its depletion from clathrin structures, indeed form the 

mechanistic basis by which AMPK may induce broad regulation of CME. 

 

6.4.2.3 - AMPK may act through ArfGAP3 in inducing Arf6 inactivation 

Previous studies from our laboratory indicated the robust depletion of surface proteins upon 

activation of AMPK by A7, which included the specific Arf6 regulator ArfGAP3360. ArfGAP3 directly 

inhibits Arf6 activity by enhancing GTP hydrolysis, thereby promoting its GDP-bound configuration. 

While the precise mechanism by which AMPK may induce direct regulation of Arf6 was not explored in 

this work, the A7-induced depletion of ArfGAP3 from the plasma membrane360, may be hypothesized to 

reflect the consequential regulation of Arf6 induced by AMPK. The direct regulation of ArfGAP3 by 
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AMPK, and its specific role in the AMPK-induced inactivation of Arf6 however, was similarly not 

investigated in our current study, representing an important area for future research—of which 

elucidation will further characterize how AMPK may broadly regulate CME via Arf6. 

 

To initially understand the functional requirement for ArfGAP3 in the AMPK-induced regulation 

of CME (via Arf6), the direct inhibition of ArfGAP3 via siRNA-mediated knockdown may be implemented. 

If ArfGAP3 is indeed the intermediate through which AMPK acts in inactivating Arf6 to regulate CME, 

knockdown of ArfGAP3 is therefore expected to prevent the alteration of CME elicited by AMPK 

activation. To test this possibility, siRNA-mediated knockdown of ArfGAP3 may be performed in RPE 

cells expressing eGFP-CLCa. These cells may then be subjected to live-cell TIRF-M imaging coupled to 

automated software detection and analysis of bona fide CCPs, in both A7 treated and non-treated 

(control) conditions. I hypothesize that in ArfGAP3 knockdown cells, the density and assembly rate of 

CCPs will not be affected by A7 treatment, due to the inability of AMPK to induce inactivation of Arf6 as 

previously observed (Figure 5.2). Using this strategy, the role of ArfGAP3 as a potential regulator of Arf6 

during AMPK activation may therefore be resolved—providing a mechanism by which AMPK may induce 

inactivation of Arf6 in regulating CME. 

 

The direct control of ArfGAP3 by AMPK was not investigated in our current work and similarly 

has not been demonstrated in the literature; of which elucidation is imperative in establishing the role 

of ArfGAP3 in regulating Arf6 during AMPK activation. Nevertheless, a consensus AMPK phosphorylation 

site can be identified in ArfGAP3 via online sequence analysis tools386,475, suggesting its direct control by 

AMPK. Since phospho-specific ArfGAP3 antibodies have yet to be developed, to determine whether 

ArfGAP3 is directly phosphorylated by AMPK, the use of Phos-TagTM western blotting can be 

recommended. Briefly, Phos-TagTM is a compound containing two metallic ions (i.e. Manganese or Zinc) 

which may be complexed to polyacrylamide on SDS-PAGE gels476,477. Phos-TagTM directly binds 

phosphate groups on proteins independent of amino acid sequence476, therefore reducing the mobility 

of phosphoproteins during SDS/PAGE relative to the corresponding dephosphoprotein478. As such, Phos-

TagTM western blotting may separate proteins based on their phosphorylation status, of which 

implementation may identify the phosphorylation of ArfGAP3 upon AMPK activation by A7 treatment. 

Using this strategy, I hypothesize that A7 treatment will increase the amount of phospho-ArfGAP3 

relative to control (non-treated), due to the direct phosphorylation of ArfGAP3 by AMPK. 
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While useful in elucidating the phosphorylation state and hence, regulation of ArfGAP3 by AMPK 

activation, Phos-TagTM analysis does not resolve whether ArfGAP3 may directly be phosphorylated by 

AMPK. As such, mutagenesis of ArfGAP3 on the predicted AMPK phosphorylation site may be 

implemented, of which phosphorylation status under A7 treatment may similarly be determined via 

Phos-TagTM analysis. Using this strategy, I predict that mutation of the predicted AMPK phosphorylation 

site on ArfGAP3 will prevent the phosphorylation of ArfGAP3 by A7 treatment. To further corroborate 

the proposed role of AMPK in directly phosphorylating ArfGAP3, FRET-FLIM microscopic analysis may 

similarly be used as per section 5.2.1. Using CyPET/YPET-hybrid fusion proteins (i.e. AMPK-CyPET and 

YPET-ArfGAP3), the interaction between AMPK and ArfGAP3 may be measured which can be 

hypothesized to increase upon A7 treatment, reflecting the interaction and phosphorylation of ArfGAP3 

by AMPK. Overall, I hypothesize that AMPK interacts and phosphorylates ArfGAP3, resulting in its 

activation and inhibition of Arf6—of which elucidation is discussed in the following. 

 

The activation of ArfGAP3 by AMPK may represent the mechanism by which AMPK may induce 

inactivation of Arf6, observed in our current study (Figure 5.2). Described in section 6.2.2, the depletion 

of ArfGAP3 from the plasma membrane upon A7 treatment360 may reflect its direct regulation by AMPK, 

causing its translocation within Arf6-containing clathrin structures—wherein it i) may bind and 

inactivate Arf6, and similarly ii) be internalized and removed from the plasma membrane. It is therefore 

important to investigate how AMPK may regulate the spatial organization of ArfGAP3, to resolve its role 

in regulating Arf6. To do so, similar TIRF-M imaging and analysis strategies described in section 4.2 may 

be employed. Specifically, the localization of ArfGAP3 within Arf6-containing clathrin structures may be 

determined via triple color TIRF-M imaging of fixed RPE cells with fluorescent clathrin (e.g. RFP-CLCa 

expressing RPE cells)1, Arf6 (e.g. eGFP-tagged Arf6WT transfection)394 and ArfGAP3 (e.g. immuno-labeling 

of ArfGAP3 by far-red Alexa Fluor 647), of which single frame images may be subsequently subjected to 

automated software analysis, to detect and quantify ArfGAP3 colocalization within Arf6-containing 

clathrin structures. I hypothesize that with this strategy, AMPK activation upon A7 treatment will induce 

the subsequent activation and localization of ArfGAP3 within Arf6-containing structures, mediated by 

the direct binding of activated ArfGAP3 with Arf6. 

 

Overall, I hypothesize that AMPK directly phosphorylates and regulates ArfGAP3, causing its 

activation and translocation within Arf6-containing clathrin structures. The translocation of ArfGAP3 

within these clathrin subsets may therefore be proposed to result in direct Arf6 inactivation and 
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dissociation from clathrin structures. The dissociation of Arf6 from clathrin structures by ArfGAP3, may 

thus, form the mechanistic basis through which AMPK may induce direct regulation of CME. 

 

6.4.2.4 - AMPK may regulate the formation and assembly of other cargo-containing CCP subsets 

CME is the predominant regulator of the plasma membrane in mammalian cells which governs 

the expression levels of surface proteins49. Our current work demonstrates that through Arf6, AMPK 

may directly control CME dynamics, therefore suggesting its concomitant role in regulating surface 

protein endocytosis. Indeed, I demonstrated that AMPK activation directly influences the endocytosis of 

CME cargoes including TfR and EGFR, and β1-integrin, of which internalization rates were respectively 

maintained and enhanced upon acute A7 treatment (Figure 5.5). Our studies indicate that the 

enhancement in β1-integrin internalization may be attributed to i) the lack of effect of AMPK activation 

on the rate of formation and assembly of integrin+ CCPs (Figure 5.6, A and B), and the ii) enhancement 

of β1-integrin recruitment within integrin+ CCPs (Figure 5.6C). Thus, although broadly inducing 

alteration of CME, AMPK may enhance β1-integrin endocytosis through these mechanistic strategies, of 

which precise molecular details nevertheless, remain to be characterized. Importantly, although not 

investigated in our study, the maintenance of TfR and EGFR endocytosis under A7 treatment may 

similarly reflect, in part, the lack of effect of AMPK activation on TfR+ and EGFR+ CCPs, and the 

respective enhancements in TfR and EGFR recruitment therein. As such, investigation of CCP subsets 

harboring TfR and EGFR, and their corresponding regulation by AMPK activation is recommended, in 

order to further define the effects of CME control by AMPK—on the broad regulation and remodeling of 

the plasma membrane. 

 

To understand how AMPK activation may distinctly regulate the CME dynamics of TfR and EGFR, 

similar imaging strategies used to investigate β1-integrin CME may be implemented; as per section 5.3. 

Specifically, eGFP-CLCa expressing RPE cells labeled with fluorescent TfR (A647-Tfn) or EGFR 

(rhodamine-EGF) ligands may be visualized by live-cell TIRF-M imaging, to acquire time-lapse images for 

automated software detection and analysis of clathrin structures5,207. Using this strategy, CCPs with TfR 

(TfR+ CCPs) or EGFR (EGFR+ CCPs) may be identified based on signal detection of the respective 

fluorescent ligands contained therein207. Importantly, to determine the effects of AMPK activation on 

TfR and EGFR CME dynamics, detected TfR+ and EGFR+ CCPs may be subsequently subjected to 

systematic quantification of eGFP-CLCa fluorescence intensity following A7 treatment; as per section 

5.3.1. As well, the same strategy may be applied to measure the effects of AMPK activation on the 
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respective recruitment of TfR and EGFR within TfR+ and EGFR+ CCPs, via systematic quantification of 

ligand fluorescence intensities contained therein; as per section 5.3.2. Due to the lack of effect of AMPK 

activation on the internalization rates of TfR and EGFR (Figure 5.5, B and C), the following possibilities 

can be hypothesized: i) AMPK activation will not affect the assembly and receptor recruitment of TfR+ 

and EGFR+ CCPs (maintaining basal rates of receptor endocytosis); ii) AMPK activation will reduce the 

density and size of TfR+ and EGFR+ CCPs, while enhancing receptor recruitment therein (maintaining 

basal rates of receptor endocytosis). Overall, these results will provide indication as to how AMPK may 

broadly, yet selectively regulate cargo endocytosis, in effecting global remodeling of the plasma 

membrane as reported in [360]. 

 

 

 

6.5- Additional contributions 
During the course of my graduate studies, I focused on elucidating the mechanisms by which 

mitogenic and metabolic signals may directly regulate CME. Specifically, I investigated how metabolic 

signaling by EGFR may directly impact the clathrin-mediated endocytic process, as presented in chapters 

3 and 4 of this thesis. This work resulted in a first-author publication in the peer-reviewed journal, 

Molecular Biology of the Cell in 2017: 

 

Delos Santos RC, Bautista S, Lucarelli S, et al. Selective regulation of clathrin-mediated epidermal growth 

 factor receptor signaling and endocytosis by phospholipase C and calcium. Mol Biol Cell. 

 2017;28(21):2802-2818. doi:10.1091/mbc.E16-12-0871. 

 

In addition, I investigated how metabolic signaling by AMPK may similarly regulate CME, of which 

findings are presented in chapter 5 of this thesis. While extensive work has been done in addressing how 

AMPK may induce CME regulation, several experiments still require completion which include some of 

the recommendations presented in section 6.4.2. As such, this work is currently in preparation of which 

completion and submission is projected for April 2019. 

 

I have also engaged in a several collaborative projects throughout my graduate studies, of which 

some have been published in peer-reviewed journals. These publications are described in the following, 

with the extent of my contribution highlighted. 
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i) Fekri F, Delos Santos RC, Karshafian R, Antonescu CN. Ultrasound microbubble treatment enhances 

 clathrin-mediated endocytosis and fluid-phase uptake through distinct mechanisms. PLoS One. 

 2016;11(6):1-22. doi:10.1371/journal.pone.0156754. 

 

This project investigated the effects of USMB treatment (Ultrasound in combination with 

microbubbles) on the clathrin-mediated endocytosis of RPE cells. Briefly, microbubbles are gas bubbles 

that are less than 5 µm in diameter, consisting of a gas core encapsulated by a lipid layer. Due to their 

small size, microbubbles may be integrated within the extracellular environment where they may come 

in close proximity to the cell surface. Importantly, ultra-sonic stimulation of microbubbles via high-

energy ultrasound pulses induces microbubble bursting (USMB treatment), which in turn induces sheer 

stress on the plasma membrane of nearby cells. Sheer stress induced by USMB leads to transient pore 

formation or disruption of the plasma membrane, which was demonstrated to enhance material uptake. 

In addition, USMB treatment was hypothesized to enhance endocytosis via CME, which indeed was 

demonstrated in this work, evinced by the USMB-induced enhancement in TfR internalization. To 

supplement this finding, I contributed my TIRF-M imaging expertise in elucidating the functional 

regulation of CME upon USMB treatment. Specifically, I investigated how USMB treatment may affect 

the initiation density and assembly of clathrin structures. To do so, I used TIRF-M imaging coupled to 

automated software analysis to visualize and analyze clathrin structures in fixed eGFP-CLCa expressing 

RPE cells labeled with A555-Tfn (fluorescent TfR ligand). Consistently, I found a significant enhancement 

in the assembly of clathrin structures following USMB treatment, as reported by an increase in mean 

intensity of eGFP-CLCa fluorescence detected therein. In addition, I found that USMB did not increase 

the recruitment of TfR within clathrin structures suggesting that the observed USMB-induced 

enhancement of TfR CME, may be due to the role of USMB in broadly reprogramming CME dynamics. 

This finding contributed a figure to the published work, as shown in the following:  
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Figure 3. USMB treatment alters the properties of clathrin-coated pits.  

Reproduced with permission from [9].  

 

 

ii) Delos Santos RC, Garay C, Antonescu CN. Charming neighborhoods on the cell surface: Plasma 

 membrane microdomains regulate receptor tyrosine kinase signaling. Cell Signal. 

 2015;27(10):1963-1976. doi:10.1016/j.cellsig.2015.07.004. 

 

This work is a review article detailing unique plasma membrane microdomains (PMµD) on the 

cell surface, with specific focus on how each may modulate the signaling properties of RTKs contained 

therein. Emphasized in this work, PMµDs are discrete areas on the plasma membrane defined by unique 

lipid/protein profiles which include lipid rafts, clathrin-coated structures, tetraspanin-enriched and 

actin-dependent microdomains. This review elaborated on how the localization of RTKs within distinct 

PMµDs may modulate their signaling output—attributed to the enrichment of unique resident proteins 

contained therein, which may distinctly influence RTK signaling. In this work, I was mainly responsible 

for discussions regarding lipid-ordered microdomains and lipid rafts. As well, I discussed how RTK 

signaling may be distinctly modulated by these microdomains; in addition to providing insight for 

discussions found in other sections. 
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iii) Lucarelli S*, Delos Santos RC*, Antonescu CN. Measurement of Epidermal Growth Factor Receptor-

 Derived Signals Within Plasma Membrane Clathrin Structures. Methods Mol Biol. 

 2017;1652:191-225. doi:10.1007/978-1-4939-7219-7_15. *Equal contribution to this work 

 

This publication is a methods chapter in the book titled, “ErbB Receptor Signaling” by Wang and 

colleagues, which reviewed the current methods and protocols for studying EGFR. Specifically, our 

written chapter provided experimental strategies to microscopically visualize and systematically analyze 

EGFR on the plasma membrane. My main contribution to this work was in describing the fluorescent 

labeling, microscopic visualization, and analysis of EGFR and its subsequent recruitment to clathrin 

structures on the plasma membrane (shown below). In addition, I contributed to the development of a 

figure (shown below) and provided discussion (i.e. EGFR biology and plasma membrane microdomains) 

and content for other sections throughout this work. The figures generated from my contributions are 

shown in the following: 

 

 

Figure 2. EGFR signaling within plasma membrane microdomains. 

Reproduced with permission from [7]. 
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Figure 3. Rhodamine-EGF is rapidly recruited to clathrin-coated pits (CCPs).  

Reproduced with permission from [7]. 
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