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 ABSTRACT  
 

CHARACTERIZING NOVEL FUNCTIONS OF THE SHCD PHOSPHOTYROSINE 

ADAPTOR PROTEIN IN RECEPTOR TYROSINE KINASE SIGNALING 

  

Hayley Rose Lau        Advisor:  

University of Guelph, 2021       Dr. Nina Jones 

 

Cell signaling involves a highly orchestrated cascade of molecular events that convert external 

stimuli into a biological response. Protein-protein interactions form the foundation for all 

intracellular signaling networks and are largely regulated by posttranslational modifications such 

as phosphorylation. Central to these pathways are surface receptor tyrosine kinases (RTKs), 

including the prototypical epidermal growth factor receptor (EGFR) and Trk neurotrophin 

receptors, which are phosphorylated and activated upon ligand binding. Once activated, RTKs 

recruit intracellular signaling molecules, including Shc (Src homology and collagen) adaptors, to 

the developing signaling complex. The Shc family (ShcA, B, C, D) of phosphotyrosine adaptor 

proteins consists of four structurally similar paralogs. ShcD is the fourth and most recently 

discovered member and shares the greatest homology with the well-characterized ShcA. ShcD 

contributes to melanoma and glioma metastasis and has been recently implicated in breast cancer 

signaling. ShcD also uniquely promotes ligand-independent EGFR hyperphosphorylation; 

however, the biological consequences of this phenomenon remain elusive, and warrant further 

investigation.  

 

Using a combination of biochemical approaches and cell-based assays, we show that the event 

of ShcD-induced EGFR hyperphosphorylation correlates with enhanced cell invasion and 

repressed PI3K/Akt signaling in metastatic breast cancer cells. Targeted disruption of EGFR-ShcD 
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complexes reduces receptor phosphorylation and cell invasion, suggesting the interaction between 

EGFR and ShcD may contribute to breast cancer metastasis. We also demonstrate that ShcD 

uniquely regulates Ras/MAPK pathways distal to neural specific Trk RTKs by suppressing Erk 

phosphorylation. Notably, we observe enhanced pErk levels in the brains of ShcD knockout mice, 

indicating that this mechanism may have physiological relevance. Lastly, we describe another 

ShcD-mediated event of EGFR hyperubiquitination. ShcD disrupts normal EGFR internalization 

and trafficking, and here we demonstrate that this may be attributed to novel associations between 

ShcD and the Cbl ubiquitin ligase. Collectively, this work further demonstrates the ability of ShcD 

to uniquely regulate RTK dynamics and repress Ras/MAPK and PI3K/Akt signaling outcomes. 

Our findings also reveal a novel role for ShcD in breast cancer cell signaling which will help 

uncover deregulated signaling pathways in metastasis that may be targeted in the development of 

new therapeutics.  
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1. CHAPTER 1: 

INTRODUCTION 
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1.1 OVERVIEW OF CELL SIGNALING 

 

Cell signaling is a fundamental system of communication within and between cells to 

control basic biochemical events and coordinate cellular change. Signaling networks involve a 

multitude of components that function to transduce and amplify signals within a cell to regulate 

processes such as proliferation, migration, and differentiation. Classical cell signaling involves a 

membrane-bound receptor that once activated by external stimuli, can recruit intracellular 

transducers to form a signaling complex (Iqbal et al., 2010; Lemmon and Schlessinger, 2010). 

Signals are further propagated as information through a network of intracellular molecules that can 

include enzymatic proteins that modify moieties on target proteins, non-enzymatic scaffold 

proteins that connect pathways between receptors and downstream elements, as well as effector 

proteins that produce the intended cell change (Iqbal et al., 2010; Lemmon and Schlessinger, 

2010). Cellular alterations can be initiated by changes in gene expression, changes in metabolism 

or rearrangements of the actin cytoskeleton, each of which contribute to the induction of a 

biological response. Cell signaling occurs through multifaceted, non-linear events since cells can 

receive instructions through various means of extra- and intra-cellular input to activate distinct 

signaling pathways and elicit specific outcomes.    

 

Phosphotyrosine-based cell circuitry, which is examined throughout this thesis, is typically 

initiated through the activation of surface receptor tyrosine kinases (RTKs) which triggers an 

intracellular cascade ultimately resulting in cell change (Lemmon and Schlessinger, 2010). RTK 

signaling is highly controlled and indispensable for normal development; however, dysregulated 

signaling causes malignant changes often leading to the development and progression of diseases 

such as cancer. Throughout this thesis, we examine how a phosphotyrosine adaptor protein known 

as ShcD mediates RTK-mediated signaling pathways in several contexts.  

 

1.1.1 RECEPTOR TYROSINE KINASE SIGNALING 

 

RTKs represent a large class of single-pass transmembrane receptors essential for 

instructing basic cellular functions through regulation of signals involved in cell growth, 

differentiation, and metabolism (Lemmon and Schlessinger, 2010; Paul, 2004). Typically, RTK 
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activation is initiated by binding of ligands, which can include growth factors, hormones, and 

cytokines, to its extracellular domain (Lemmon and Schlessinger, 2010). Ligand binding typically 

induces dimerization of two monomeric receptors, allowing for juxtaposition of the intracellular 

tyrosine kinase domains (Lemmon and Schlessinger, 2010). This in turn triggers trans-

autophosphorylation of tyrosine residues located in noncatalytic regions on the cytoplasmic tail of 

each receptor which once phosphorylated serve as docking sites for phosphotyrosine binding 

(PTB) and Src-homology 2 (SH2) domain-containing adaptor proteins such as Shc and Grb2 (Du 

and Lovly, 2018; Hubbard and Miller, 2007). Adaptor proteins link surface RTKs to intracellular 

signaling complexes and control a variety of cellular responses. The final phase of RTK signaling 

is signal termination, often achieved through phosphatase activity or receptor internalization. 

Phosphatases including the SH2 domain-containing protein tyrosine phosphatase-2 (Shp-2) 

regulate signaling potential by dephosphorylating phosphotyrosine residues on activated RTKs 

and other target proteins, effectively removing docking sites and preventing protein-protein 

interactions (Agazie and Hayman, 2003; Östman and Böhmer, 2001). In parallel, ligand binding 

and phosphorylation of a surface-bound RTK canonically induces its rapid internalization into 

various recycling compartments. There are many mechanisms that regulate these events, and the 

most well characterized is the process of ubiquitination whereby ubiquitin tags are conjugated to 

intracellular tail lysine residues of an active RTK to dictate the fate of the receptor, either to a 

lysosome for degradation or recycled back to the plasma membrane to receive future stimulation 

(Goh and Sorkin, 2013) 

 

To date, fifty-eight different RTKs classified into twenty subfamilies based on cell-type, 

function, expression, primary structure, induced cell response and ligand specificity have been 

identified in humans (Butti et al., 2018; Lemmon and Schlessinger, 2010). There are many factors 

involved in determining the elicited outcome including receptor expression levels, growth factor 

availability and the proteomic landscape of the cell. Remarkably, a single receptor has the capacity 

to initiate multiple cascades through recruitment of distinct signaling molecules in pathways such 

as Ras/MAPK, PI3K/Akt and JAK/Stat (Du and Lovly, 2018). The signaling networks inferred by 

a receptor and the corresponding responses are dependent on specific ligand-receptor complex 

formation and are thus highly variable between different cell types. The work presented in this 
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thesis will focus on characterizing signaling downstream of the epidermal growth factor receptor 

(EGFR) and tropomyosin receptor kinase (Trk) neurotrophic RTKs.  

 

1.1.2 EPIDERMAL GROWTH FACTOR RECEPTOR SIGNALING 

 

The EGFR is a prototypical RTK that has been extensively studied over the past several 

decades. It is a member of the ErbB family of RTKs that include four structurally related members: 

ERBB-1 (EGFR), ERBB2 (HER2), ERBB3 and ERBB4. EGFR responds to several known ligands 

such as EGF, transforming growth factor alpha (TGF-𝛼 ) and amphiregulin (AREG) (Sabbah et 

al., 2019), activating KRAS-BRAF-MEK-Erk, PI3K/Akt, phospholipase C gamma protein and 

STAT signaling pathways, which are important for regulating various processes such as 

proliferation, migration, survival, adhesion and angiogenesis (Baselga and Albanell, 2002; Yarden 

and Sliwkowski, 2001). Ligand-induced downregulation of EGFR is employed by normal cells to 

exert control over signaling. Ligand binding induces rapid EGFR internalization and sorting which 

ultimately determines its cellular fate (Vieira et al., 1996). Receptor internalization is regulated 

through ubiquitination whereby small ubiquitin proteins are conjugated to lysine residues on 

intracellular tails of active EGFR. The pattern of ubiquitin, whether that be mono- or poly-

ubiquitination, dictates its intracellular fate, either to a lysosome for degradation or recycled back 

to the plasma membrane for future ligand stimulation (Beguinot et al., 1984; Futter et al., 1996; 

Herbst et al., 1994). The E3 ubiquitin ligase, c-Cbl, orchestrates EGFR ubiquitination either 

through direct binding at phosphorylated tyrosine residue 1045, or through adaptor protein Grb2 

(Levkowitz et al., 1999). The fate of EGFR is then determined by the pattern of ubiquitination. 

 

Although indispensable for normal growth, aberrant EGFR signaling is a common 

phenomenon in multiple cancers. EGFR amplification and/or mutations are detected in several 

human cancers including head and neck, esophogeal and breast cancers with greatest prevalence 

in lung adenocarcinomas. Mutant forms of EGFR (e.g. EGFRvIII) mimic ligand-activated 

wildtype EGFR function but do not require ligand for activation, and thus function as constitutively 

active receptors (Purba et al., 2017). Since it is expressed in multiple cancers, EGFR has been a 

promising molecular target in therapeutic development. Two main approaches with different 

mechanisms of action are currently employed to target this receptor. The first includes the use of 
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monoclonal antibodies that target the extracellular domain of EGFR, preventing receptor 

dimerization, auto-phosphorylation and downstream signaling (Maennling et al., 2019; 

Seshacharyulu et al., 2012). Monoclonal antibodies can also induce receptor internalization, 

ubiquitination, and degradation, serving as a secondary mode of action apart from EGFR inhibition 

(Maennling et al., 2019; Seshacharyulu et al., 2012). The second approach utilizes tyrosine kinase 

inhibitors (TKI) that target the intracellular tyrosine kinase domain of the receptor. TKIs are 

typically ATP analogs that bind, either reversibly or irreversibly, to the ATP binding pocket of 

EGFR, preventing kinase activity and activation of downstream signaling (Maennling et al., 2019; 

Seshacharyulu et al., 2012). Although a promising candidate, anti-EGFR therapies have been 

generally ineffective in improving overall patient survival, with exception to cases presenting with 

EGFR mutations such as EGFRvIII. (Cohen, 2003). 

 

Premature internalization of EGFR is a mechanism that prevents cells from responding 

appropriately to proper cues. Similar principles apply to the use of EGFR targeted treatments in 

cancers, such as the cetuximab monoclonal EGFR antibody, that rely on surface presentation of 

the EGFR to exert their action. Cetuximab binds to the extracellular domain of monomeric EGFR 

molecules, preventing dimerization and activation (Li et al., 2005). Abnormal expression and 

trafficking of EGFR result in mislocalization and impaired signal regulation (Sorkin and Zastrow, 

2009) which also contributes to the development of cancers.  

 

1.1.3 TRK RECEPTOR SIGNALING  

 

While structurally similar, different RTKs can confer a range of responses established by 

cell-type specific expression. The Trk family of neurotrophic RTKs are variably enriched 

throughout the mammalian nervous system and include TrkA, TrkB and TrkC (Patapoutian and 

Reichardt, 2001). Each has a preferred ligand with TrkA having the greatest affinity for nerve 

growth factor (NGF), TrkB for brain-derived neurotrophic factor (BDNF) and neurotrophin-4 

(NT-4), and TrkC for neurotrophin-3 (NT-3) (Barbacid, 1994; Patapoutian and Reichardt, 2001). 

Binding of neurotrophins to the extracellular domain of Trk receptors induces dimerization and 

trans-autophosphorylation of the cytoplasmic tails initiating activation of signaling cascades such 
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as MAPK/Erk by recruitment of Grb2 and subsequent downstream activation of the Erk effector 

protein (Atwal et al., 2000; Bartkowska et al., 2007). 

 

Neurotrophin signaling is critical for the development and maintenance of the nervous 

system as it regulates various aspects of neurogenesis, which is the production of neurons from 

multipotent neural stem cells. Neurogenesis encompasses several cell mechanisms including 

proliferation, migration, differentiation, and survival, each of which are central to the production 

of structurally and functionally sound neuronal cells (Bartkowska et al., 2007; Treanor et al., 1995; 

Xu et al., 2000). Neural stem cells proliferate within specific regions in the developing brain to 

produce a more specified cell-type, neural precursor cells (NPCs) (Marxreiter et al., 2013; Taupin 

and Gage, 2002). NPCs differentiate into neurons which migrate along defined routes to form the 

different layers of the adult brain. Trks are central to the development and maintenance of the 

nervous system as they regulate neuronal synaptic plasticity, proliferation, migration, 

differentiation, maturation, and survival (Bartkowska et al., 2007; Huang and Reichardt, 2003; 

Zhang et al., 2000). Genetic knockdown of TrkB/C in NPCs impedes cell proliferation and 

differentiation, causing developmental delays in the production and localization of neurons in the 

mature brain (Bartkowska et al., 2007). Similarly, heightened Trk signaling in NPCs enhances 

neurogenesis, indicating that Trk signaling is imperative for neuronal cell biology (Bartkowska et 

al., 2007).  Aberrant Trk signaling is also linked to multiple neuropsychiatric and 

neurodegenerative conditions including Parkinson’s and Alzheimer’s disease, and has been 

identified as a driver of high-grade human gliomas (Ziegler et al., 2018). 
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1.2 SHC FAMILY OF ADAPTOR PROTEINS 

 

The Src homology and collagen (Shc) family of phosphotyrosine adaptor proteins includes 

four distinct paralogs, ShcA (Shc1), ShcB (Shc2/Sli/Sck), ShcC (Shc3/Rai/N-Shc), and ShcD 

(Shc4/RaLP), identified in order of their discovery. Shc adaptors harbour no intrinsic kinase 

activity but are essential for coupling upstream inputs with downstream transducers to mediate a 

response (Ravichandran, 2001). ShcA was the first identified member and consists of three distinct 

isoforms, p66ShcA, p52ShcA and p46ShcA, generated from alternate splicing and codon usage 

(Pelicci et al., 1992). ShcB and ShcC have each been reported to exist in two isoforms of 47 kDa 

and 52 kDa, and 52 kDa and 64 kDa, respectively (Pelicci et al., 1996) while the newly discovered 

ShcD may produce three isoforms of 49 kDa, 59 kDa, and 68 kDa resulting from alternate codon 

usage (Jones et al., 2007).  ShcD, the member of interest throughout this thesis, appears to 

predominately exist as the 68 kDa isoform and detection of the other isoforms has yet to be 

validated endogenously (Jones et al., 2007).  

 

1.2.1 SHC PROTEIN ARCHITECTURE AND GENERAL FUNCTION 

 

Shc proteins are characterized by a CH2-PTB-CH1-SH2 structural modularity, defined by 

an amino-terminal PTB domain and carboxy-terminal SH2 domain which mediate binding to 

phosphotyrosine residues on active RTKs (Fig. 1.1). The PTB domain specifically recognizes Asn-

Pro-X-Tyr (NPxY; x denotes any amino acid) consensus sequences (Schlessinger and Lemmon, 

2003) while Tyr-Ile/Glu/Tyr-Xxx-Ile/Leu/Met) (Xxx denotes any amino acid except Trp or Cys) 

motifs are recognized by the SH2 domain (Songyang et al., 1994). The central collagen homology 

1 (CH1) region, flanked by the PTB and SH2 domains, is rich in proline and glycine residues 

embedded within motifs recognized by SH3 (Src homology 3) domain containing proteins (Wills 

and Jones, 2012). Within the same region are key tyrosine residues that are targeted for 

phosphorylation by an active RTK (Migliaccio et al., 1997; Ravichandran, 2001). The central 

phosphotyrosine residues are vital for Shc adaptor function as they further recruit PTB and SH2 

domain-containing proteins, such as Grb2, to form a signaling complex (Ravichandran, 2001). 

Phosphatases such as Shp2 (PTPN11) remove CH1 region phosphomoieties on Shc proteins to 

negatively regulate downstream signals (Wills and Jones, 2012; Wills et al., 2017a). While each 
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Shc protein contains central tyrosine residues, only three are conserved across the family (Wills 

and Jones, 2012). ShcD uniquely possesses an additional three residues, one of which provides an 

extra binding site for Grb2, however their full purpose and function have yet to be fully understood  

(Wills and Jones, 2012). Moreover, ShcD is the only member that lacks an adaptin motif (AD) in 

the CH1 region, required for recruitment of 𝛼-adaptin and associated endocytic machinery to the 

surface to facilitate clathrin-mediated endocytosis (CME) (Okabayashi et al., 1996; Wills and 

Jones, 2012). Shc adaptors are also characterized by the presence of a collagen homology 2 (CH2) 

region, which varies in size and function across the family. p66ShcA contains an extended CH2 

region with motifs rich in serine and cysteine that function in the oxidative stress response 

(Migliaccio et al., 1999) and oligomerization (Gertz et al., 2008), respectively. The cysteine 

residues are conserved between p66ShcA, ShcB and ShcD, while the serine residues are only 

found on p66ShcA and ShcD (Jones et al., 2007; Wills and Jones, 2012). Despite structural 

similarities, Shc proteins appear to function distinctly in a context-dependent manner. Although 

important roles for many of these motifs have been established for ShcA, their purpose on ShcD 

and any associated biological significance have yet to be uncovered. 
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Figure 1.1. Schematic depiction of Shc family protein architecture. 

Shc proteins share a modular CH2-PTB-CH1-SH2 structure, including a CH1 region flanked by N-

terminal PTB and C-terminal SH2 domains. The central CH1 region contains three tyrosine-based 

consensus motifs conserved across the family (purple) that serve to recruit other signaling proteins, 

while ShcC and ShcD contain an additional three tyrosine residues (yellow). Each member with 

exception to ShcD possesses an adaptin motif (AD) in the CH1 region. Shc CH2 regions are variable 

in length and function and some Shc members harbour CH2 region cysteine residues (C) required for 

oligomerization. p66ShcA contains a serine residue (S) required for oxidative stress signaling that is 

also found on the least characterized homolog, ShcD. 
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1.2.2 SHC ASSOCIATIONS IN RAS/MAPK PATHWAYS 

 

Ras/MAPK pathways are ubiquitous in mammalian cells as they mediate vital cell 

functions. These pathways are organized into three main modules distinguished by signaling 

components and elicited response. One circuit is triggered by oxidative stress and cytokines, 

another by morphogenic signals and the last through mitogenic stimuli (Guo et al., 2020). Upon 

ligand binding and receptor activation, Grb2 adaptor docks onto EGFR at phosphotyrosine 

moieties 1068 (Y1068) and/or 1086 (Y1086) (Batzer et al., 1994), and activates son-of-sevenless 

(SOS), a guanine nucleotide exchange factor (GEF) that activates membrane-bound Ras through 

the removal and replacement of GDP for GTP (Seger and Krebs, 1995). In addition to direct 

binding of Grb2 to EGFR, Grb2-SOS complexes can also be bridged to the surface by ShcA. ShcA 

associates with EGFR at phosphotyrosine residues 1173 and 1148 via PTB/SH2 domains and can 

recruit Grb2 via central phosphotyrosine residues (Okabayashi et al., 1994). Active Ras-GTP 

initiates a serine/threonine kinase cascade leading to the phosphorylation and activation of Erk 

downstream. Active Erk is translocated into the nucleus where it directly regulates transcription 

factors such as c-Fos and c-Jun (Ruiter et al., 2000; Tanos et al., 2005). These factors regulate 

transcriptional activity of many genes in response to specific extracellular stimuli lending Erk 

control over many diverse processes. 

 

Interestingly, p66ShcA has been found to negatively regulate Erk phosphorylation 

(Migliaccio et al., 1997; Okada et al., 1997). In accordance with other Shc proteins, upon ligand 

stimulation p66ShcA forms associations with EGFR and is tyrosine phosphorylated, facilitating 

interactions with Grb2. However, following this event, p66ShcA is subject to phosphorylation on 

threonine and serine residues found within the CH2 region (Okada et al., 1997). Upon 

threonine/serine phosphorylation, p66ShcA uncouples from EGFR while concomitantly 

maintaining associations with Grb2 (Okada et al., 1997) revealing a mechanism where p66ShcA 

sequesters Grb2-SOS complexes away from the Ras/MAPK cascade thereby reducing Erk 

activation (Okada et al., 1997).  
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1.2.3 SHC ASSOCIATIONS IN PI3K/AKT PATHWAYS 

 

Another fundamental signaling hub within cells is the PI3K/Akt pathway. While signaling 

from Shc proteins has been well characterized along the Ras/MAPK axis, their contributions to 

PI3K/Akt signaling are less well understood. Active RTKs engage and phosphorylate the Grb2-

associated-binding (GAB1) scaffold protein, stimulating an interaction between GAB1 and the 

p85 regulatory subunit of phosphatidylinositol-3 kinase (PI3K) (Fig. 1.2). The p110 catalytic 

subunit of PI3K phosphorylates Ptdins(4,5)P2 (PIP2) to generate membrane bound 

Ptdins(3,4,5)P3 (PIP3), prompting translocation of pyruvate dehydrogenase kinase (PDK1) and 

protein kinase B (Akt) to the membrane (Laplante and Sabatini, 2009). PDK1 phosphorylates Akt 

on threonine residue 308 followed by mTOR-mediated phosphorylation of Akt on serine 473, 

resulting in its complete activation (Laplante and Sabatini, 2009). Active Akt phosphorylates the 

tuberous sclerosis complex (TSC1/2) that serves as a GTPase-activating protein for the small Ras-

related GTPase Rheb (Inoki et al., 2002; Laplante and Sabatini, 2009). The GTP-bound form of 

Rheb directly binds and activates mTOR complex, which is a central regulator of cell survival, 

growth, cytoskeletal organization, and metabolism (Inoki et al., 2002; Laplante and Sabatini, 

2009).  

 

ShcA can engage GAB1 directly or indirectly though Grb2 via its central phosphotyrosine 

motifs and provide a secondary docking platform for GAB1-PI3K complexes leading to 

upregulation of Akt activity (Falco et al., 2005; Gu et al., 2000; Ong et al., 2001). ShcA-mediated 

PI3K/Akt signaling is associated with positive regulation of tumour angiogenesis, providing 

cancer cells with sufficient nutrients for growth and survival (Falco et al., 2005; Pelicci et al., 

2002). ShcA heightens mammalian target of rapamycin (mTOR) activity resulting in increased 

translation of proangiogenic mRNAs such as the vascular endothelial growth factor (VEGF) that 

promotes tumour angiogenesis (Im et al., 2015; Nishida et al., 2006; Ursini-Siegel et al., 2012). In 

neuronal and thyroid carcinoma cells, ShcC promotes cell survival by bridging GAB1-PI3K 

complexes to the Ret neurotrophic RTK, also serving to enhance signals towards Akt 

phosphorylation (Falco et al., 2005; Pelicci et al., 2002). Notably, an opposing effect is observed 

in lymphocytes where ShcC represses Akt phosphorylation to negatively regulate cell survival 

(Savino et al., 2009). The complexity of Shc signaling is perplexing as they share the same PTB-
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CH1-SH2 modular organization, underlying the need to understand the distinct functions of each 

homolog, and how their functions differ contextually. Although similar in structure, Shc proteins 

appear to confer distinct signaling outcomes and, in this thesis, we report contributions from ShcD 

in Ras/MAPK and PI3K/Akt pathways.  
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Figure 1.2. Schematic illustration of known Shc involvement in Ras/MAPK and PI3K/Akt 

siganling pathways.  

Shc engages with surface RTKs and recruits other transducers to the signaling complex. In 

Ras/MAPK pathways (left axis), Shc bridges Grb2 to the RTK, which then recruits the SOS/Ras/Raf 

signaling complex leading to activation of Erk downstream. In PI3K/Akt/mTOR pathways (right 

axis), Shc recruits Grb2/GAB1/PI3K (p85 and p110 subunit) to the activated receptor. Akt is recruited 

to the cell surface and phosphorylated by PDK1 at serine residue 473. Akt is then translocated to the 

cytoplasm and subjected to phosphorylation by mTORC2 at threonine residue 308 resulting in full 

activation. Active Akt phosphorylates TSC1/2, preventing the convertion of Rheb-GTP into its 

inactive GDP-bound state. Rheb-GTP interacts directly with mTORC1 to stimulate activation.   
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1.2.4 DIFFERENTIAL SHC EXPRESSION IN THE NERVOUS SYSTEM 

 

ShcA is the most well studied member of the Shc family as it is universally expressed in 

mammalian tissues in contrast to the other members whose expression appears to be mainly 

localized in the nervous system (Conti et al., 2001). ShcA is a critical regulator of cardiovascular 

morphogenesis, and thus genetic deletion of all three ShcA isoforms results in an embryonic lethal 

phenotype stemming from cardiovascular defects (Lai and Pawson, 2000). ShcA is found in most 

tissues with the exception of the mature brain (Conti et al., 2001). Here, its expression is limited 

to regions of active proliferation that harbour neural stem cells (Conti et al., 2001; Ponti et al., 

2010). Downregulation of ShcA in mature neural cells is accompanied by an increase in ShcC 

which is highly expressed in many neuronal cell types throughout the adult brain, akin to ShcB 

(Conti et al., 2001). ShcB KO mice exhibit substantial reduction in sensory and sympathetic 

neuronal populations in the brain while ShcC-deficient mice display no discernable phenotype 

(Sakai et al., 2000). Compound ShcB/C knockout mice are phenotypically reminiscent of the 

single ShcB KO animals and combined deletion does not confer a worse outcome than either single 

deletion alone (Sakai et al., 2000). Interestingly, ShcD appears to be expressed within the brain in 

specific regions of the olfactory bulb (Hawley et al., 2010; Robeson et al., 2019), and a current 

study from our lab has identified physiological and morphological olfactory defects in ShcD 

knockout mice (Robeson et al, manuscript in preparation). A salient feature of Parkinson’s disease, 

which is characterized by severe neuronal damage and degeneration, is initial loss of olfactory 

senses suggesting a putative link between ShcD and neurodegenerative disorders. Moreover, ShcD 

misexpression has been identified in individuals with Parkinson’s disease (Corradini et al., 2014) 

while its ShcC counterpart has been implicated in regulating pro-survival signals (Gong et al., 

2018) 

 

ShcD is abundantly expressed throughout embryogenesis but is primarily localized in the 

mature brain during adulthood (Hawley et al., 2010; Jones et al., 2007). One of the few studies that 

provide insight into ShcD neuronal function identifies a correlation between ShcD expression and 

oligodendrocyte differentiation (Cahoy et al., 2008). Moreover, loss of ShcD expression in 

embryonic stem cells impairs the transition from embryonic stem cell to a neural stem cell, 

suggesting that ShcD may be involved in differentiation (Turco et al., 2012). Collectively, these 
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findings suggest that Shc protein function may be overlapping in the regulation of neuronal 

development and highlight the need to investigate contributions from ShcD in these processes. 
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1.3 SHCD ADAPTOR PROTEIN SIGNALING  

 

ShcD, the focus of this thesis, is the most recently identified homolog from the Shc family 

and thus remains the least well characterized (Fagiani et al., 2007; Jones et al., 2007). Its extended 

CH2 region harbours PxxP (proline rich) binding motifs that have the potential to engage many 

SH3 domain-containing proteins (Fagiani et al., 2007; Jones et al., 2007). ShcD expression was 

first observed in skeletal muscle and ShcD associates with the muscle specific kinase (MuSK) 

RTK found at neuromuscular junctions (Jones et al., 2007). Notably, only the PTB domain of ShcD 

and not ShcA is able to recognize and bind the NPxpY motif on MuSK, highlighting the 

differential binding capacities between these members despite sharing high domain homology 

(Jones et al., 2007). ShcD has also been reported to associate with other RTKs including the EGFR 

(Wills et al., 2014) and Trk neurotrophic receptors (You et al., 2009), which will be the focus of 

the thesis. 

 

1.3.1 SHCD DRIVES NON-CANONICAL EGFR SIGNALING  

 

Early endeavours to understand signaling outcomes elicited by ShcD revealed unexpected 

findings that ShcD promotes hyperphosphorylation of EGFR independent of canonical ligand 

binding, an effect not mediated by the other Shc proteins (Wills et al., 2014). This may have 

clinical implications in the context of gliomas where ShcD upregulation is correlated with EGFR 

phosphorylation (Wills et al., 2014). ShcD also reduces EGFR surface presentation and cellular 

uptake of EGF in COS-1 cells by promoting its premature internalization into early endosomes 

(Wills et al., 2017b). Despite clear evidence for ShcD in mediating non-canonical EGFR 

phosphorylation and trafficking, distal signaling molecules that are affected by this phenomenon 

as well as the biological significance have yet to be established. 

 

1.3.2 SHCD CONTRIBUTIONS TO OXIDATIVE STRESS SIGNALING 

 

Although Shc adaptors were thought to predominately transduce mitogenic signals, the 

extended CH2 region provides a unique role in a distinct cellular hub. p66ShcA contains specific 

moieties in this region that contribute to oxidative stress (OS) which occurs when there is an 
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imbalance in the generation and clearance of intracellular reactive oxygen species (ROS). Upon 

exposure to H2O2 or UV stress, p66ShcA is phosphorylated at serine 36 (S36) and translocated to 

the mitochondria where it oxidizes cytochrome-c, resulting in the production of reactive oxygen 

species (ROS) and ultimately apoptosis (Giorgio et al., 2005). Remarkably, p66ShcA null mice 

have extended lifespans by 30% and show increased resistance to stress (Migliaccio et al., 1999). 

Contrary to previous notions, ROS are now regarded as important independent signaling factors 

that contribute more than just detriment to a cell (Schieber and Chandel, 2014). For example, ROS 

signaling promotes breast cancer growth and progression through participating in PI3K/Akt 

pathways (Jin et al., 2019) and can promote mesenchymal transitions in renal epithelial cells 

through activation of MAPK (Rhyu et al., 2012). 

 

ShcD has the longest CH2 region, and it contains a serine residue (S55) embedded within 

a similar motif as the serine found on ShcA (Fagiani et al., 2007; Jones et al., 2007). It has been 

reported that the ShcD CH2 region also harbours a functional nuclear export signal required for its 

cytoplasmic localization (Ahmed and Prigent, 2014). In melanoma cells, a proportion of ShcD 

appears to translocate into the nucleus under conditions of OS where it may directly associate with 

DNA and alter gene expression to acquire a more invasive phenotype (Ahmed and Prigent, 2014). 

The same group also reported phosphorylation of ShcD at threonine residue 149 under OS, which 

mediates direct interactions with Erk and imparts reduced cell survival (Ahmed et al., 2019). The 

diverse functions of p66ShcA reveal exciting potential for similar contributions from ShcD. 

 

1.3.3 SHCD PROMOTES MIGRATION AND INVASION OF HUMAN CANCERS 

 

Since ShcD expression levels are low in normal tissues apart from the nervous system, it can 

be postulated that ShcD overexpression is a pathological phenomenon as supported by reports of 

ShcD overexpression in human cancers (Fagiani et al., 2007; Wills et al., 2014). ShcD plays a 

critical role in melanoma cell migration and is highly expressed in invasive human melanomas 

(Fagiani et al., 2007). The ability of ShcD to promote melanoma cell migration is independent of 

MAPK activation, suggesting that ShcD controls migratory pathways independent from 

Ras/MAPK (Fagiani et al., 2007). ShcD expression also alters the adhesive and invasive 

phenotypes of melanoma cells through interactions with a Rac1-specific GEF, DOCK4, resulting 
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in downregulated Rac1 signaling (Aladowicz et al., 2020). ShcD forms associations with DOCK4 

and restricts its localization in the cytoplasm, blocking translocation to the cell membrane where 

it normally activates Rac1 GTPase protein (Aladowicz et al., 2020). ShcD-mediated confinement 

of DOCK4 increases melanoma metastatic progression and desensitizes melanoma cells to 

therapeutic targeting (Aladowicz et al., 2020). 

 

In an early report from our lab, we identified ShcD upregulation in malignant human 

gliomas which was highly correlated with EGFR phosphorylation (Wills et al., 2014). Moreover, 

our lab recently demonstrated that ShcD functions synergistically with the Tie2 RTK to promote 

glioma infiltration into human cerebral organoids (Tilak et al., 2021). ShcD was found to promote 

heightened Tie2 phosphorylation and alter downstream cytoskeletal proteins thereby increasing 

the invasive properties of glioma cells (Tilak et al., 2021). Given these parallels, ShcD may be 

important in metastatic progression of different human cancers.  
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1.4 POTENTIAL ROLE OF SHCD IN BREAST CANCER 

 

1.4.1 BREAST CANCER CLASSIFICATION AND SUBTYPES 

 

Breast cancer is a heterogenous disease typically characterized by abnormal cell growth in 

the milk ducts or lobules of the breast and is responsible for the highest occurrence of death in 

women worldwide (Akram et al., 2017). It is subdivided into three broad subtypes distinguished 

by expression of hormone receptors estrogen receptor (ER) and progesterone receptor (PR), and 

human epidermal growth factor receptor 2 (HER2) RTK (Yersal and Barutca, 2014). Hormone 

receptor-positive cancers are generally associated with a more favourable outcome, however, 

different combinations of receptor presence (e.g. ER+/PR+/HER-) within these tumours drastically 

influence disease progression and associated prognoses (Arciero et al., 2019; Bae et al., 2015; 

Rakha et al., 2007a). Similarily, HER2 positive cancers display varied molecular and clinical 

behaviours; however, significant progress has been made in the treatment of HER2 overexpressing 

tumours using anti-HER2 therapies (Arteaga et al., 2012; Yersal and Barutca, 2014). In contrast 

are highly aggressive triple-negative breast cancer (TNBC) tumours that lack expression of ER, 

PR and HER2, leaving minimal systemic treatments available. TNBCs correlate with poor 

prognosis and decreased overall survival owing to the high incidence of metastasis (Steeg, 2016) 

defined by the movement of cancer cells to secondary sites in the body. Metastasis is the leading 

cause of all cancer mortalities (Redig and McAllister, 2013) presenting with many clinical 

challenges.   

 

Over the last decade, the rate of breast cancer-related deaths has declined irrespective of 

increasing rates of incidence, however, the proportion of deaths attributed to metastatic breast 

cancers has remained constant (Dillekås et al., 2019). Despite advancements in overall breast 

cancer treatments, metastatic breast cancers remain incurable due to an incomplete understanding 

of the molecular underpinnings driving malignancy. 
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1.4.2 BREAST CANCER CELL METASTASIS 

 

Metastasis is a complex multi-step process whereby malignant cells disseminate from the 

site of origin to establish secondary metastatic lesions elsewhere in the body, an event that occurs 

frequently in TNBCs (Fig. 1.3). Breast cancer cells preferentially metastasize into lung, liver, bone 

and adrenal glands (Jin et al., 2018; Weigelt et al., 2005). 

 

Breast tumours most commonly develop in the lumen of the breast duct and must initially 

invade through a thin layer of extracellular matrix (ECM) proteins, referred to as the basement 

membrane, that maintain the overlaying mammary epithelium (Barsky et al., 1983) and function 

as a mechanical barrier to prevent the escape of malignant cells (Sekiguchi and Yamada, 2018). 

This complex network of macromolecules includes laminins, fibronectins, and collagens, which 

supply physical support to surrounding tissue and serve as biochemical platforms to facilitate 

signaling between cells and the surrounding microenvironment (Bonnans et al., 2014; Rozario and 

DeSimone, 2010). In breast cancer, chemotactic gradients of signaling factors such as EGF are 

established across these barriers, directing metastasizing cells to invade underlying tissue 

(Condeelis et al., 2001; Sekiguchi and Yamada, 2018). Cancer cells must reduce cell-cell contacts 

and adhesion to the ECM to escape the primary tumour and typically acquire mesenchymal 

properties during an epithelial-mesenchymal transition (EMT) (Condeelis et al., 2001; Kalluri and 

Weinberg, 2009). Once cells have escaped the primary site, they intravasate into a circulatory or 

lymphatic vessel, and must survive passage through these systems until arriving at a distant organ 

where cells extravasate, invade and colonize new tissue, forming secondary malignant growth.  

 

Mammary epithelial cells lining breast ducts have low invasive potential, therefore they 

must undergo a series of signaling-driven changes to acquire these metastatic abilities.  Metastatic 

dissemination is dependent on changes in the actin cytoskeleton, cell morphology, as well as in 

the proteomic and transcriptomic landscape of the cell. The actin cytoskeleton connects with the 

ECM through the formation of dynamic protein complexes at the ends of F-actin bundles, referred 

to as focal adhesions (Ciobanasu et al., 2012). p66ShcA adaptor is recruited to adhesion complexes 

where it regulates actin rearrangement through Rac1 and RhoA GTPase signaling (Lewis et al., 

2020; Ma et al., 2007). Consequently, p66ShcA silencing in cultured cells causes defective focal 
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adhesion formation resulting in reduced adhesion to the ECM (Khanday et al., 2006; Ma et al., 

2007).  

 

  

 

 

 

 

 

Figure 1.3. Illustration of the breast cancer metastatic cascade.  

Mammary epithelial cells must undergo changes in proliferation and growth to form a primary tumour 

in the breast. Cells alter adhesive properties to detach and invade through the basal membrane prior 

to intravasation into the circulatory system.  Disseminating breast cancer cells survive passage 

through the circulatory system and extravasate into a distant organ where once again they must 

rearrange adhesions and increase proliferation to form a secondary breast tumour, commonly in the 

lungs, bone, and brain.   
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1.4.3 INCREASED EGFR ACTIVATION AND EXPRESSION IN BREAST CANCERS  

 

The necessity of EGFR signaling for normal physiology is in stark contrast to the 

pathological consequences stemming from its dysregulation. In recent years, it has become 

apparent that EGFR is able to incite ligand-independent and constitutive modes of activation that 

are commonly implicated in cancers. The main mechanisms driving oncogenic activation of EGFR 

include mutation, overexpression and altered ligand production (Gullick, 1991; Yarden and 

Sliwkowski, 2001). Although EGFR is not one of the main receptors defining molecular subtypes 

of breast cancer (ie. ER, PR, HER2), it is overexpressed in up to 78% of breast cancer cases 

(Zakaria et al., 2019) and is associated with poor clinical outcome and low survival rate (Lacroix 

et al., 1989; Nielsen et al., 2004). Enhanced EGFR activation is associated with increased 

metastatic potential of breast cancer cells (Kyriakopoulou et al., 2020; Park et al., 2014). 

Interestingly, despite EGFR overexpression in metastatic breast cancers, many studies have shown 

that dysregulation of EGFR is not correlated to gene amplification or activating mutations (Ali and 

Wendt, 2017; Kim et al., 2017) suggesting non-canonical and ligand-independent mechanisms at 

play in driving oncogenic EGFR signaling (Meseure et al., 2011; Tomas et al., 2014). 

 

Given the common phenomenon of EGFR hyperactivation in breast cancer, anti-EGFR 

therapies were thought to have value in treating breast cancers. While initially responsive to EGFR 

targeted therapies, many cancers often develop resistance over time and these drugs show minimal 

efficacy in clinical trials (Wendt et al., 2010). Gefitinib is a small molecule TKI that reversibly 

binds to the EGFR ATP binding site to prevent its activation. Phase II trials testing gefitinib in 

metastatic breast cancer treatment displayed poor clinical success, yielding a response rate in only 

2-13% of cases (Minckwitz et al., 2005). Drug resistance can occur when cancer cells adapt 

atypical modes of signaling activation to overcome selective inhibition. Many of these mechanisms 

involve non-canonical modes of EGFR regulation. For example, dysregulated EGFR trafficking is 

a common hallmark of TKI-resistant cancer cells (Wheeler et al., 2008). As such, it is crucial to 

identify and characterize aberrant modes of EGFR activation and EGFR-centered resistance 

mechanisms.   
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1.4.4 AKT BLOCKS BREAST CANCER CELL INVASION 

 

Akt consists of three paralogs derived from distinctly encoded genes: Akt1, Akt2 and Akt3. 

Akt proteins are major regulators of cell survival, growth, and differentiation and critical for 

mammary tumorigenesis and progression (Hutchinson et al., 2001). Many studies have focused on 

investigating Akt proteins in regulating cancer cell survival and proliferation but emerging reports 

reveal important roles for Akt in conferring metastatic properties..  

 

There are many lines of evidence supporting pro-metastatic functions from the Akt 

proteins. Akt/mTOR pathways are commonly hyperactivated in breast cancers and promote 

enhanced tumour survival, invasion, and migration. For instance, elevated Akt2 expression in 

breast cancer cells heightens lung metastasis and correlates with a worse clinical outcome (Riggio 

et al., 2017). Moreover, Akt2 is a direct transcriptional target of Twist1, and induces EMT-

mediated invasion and metastasis of breast cancer cells, also highlighting a putative loop between 

Akt1, Twist1 and Akt2 in promoting metastasic progression (Cheng et al., 2007). Contrary to these 

findings was a study which unexpectedly uncovered that constitutive expression of an active Akt1 

allele in HER2-induced tumours reduced the formation of metastatic lesions in a double transgenic 

mouse model (Hutchinson et al., 2004). Several studies have addressed underlying mechanisms 

driving anti-metastatic abilities of Akt1. In the PI3K/mTOR signaling pathway, Akt1 inhibits 

breast cancer cell motility by phosphorylating and targeting TSC2 for degradation causing 

decreased Rho-GTPase activity (Liu et al., 2006). This alters the cell cytoskeleton and 

adhesiveness ultimately resulting in reduced motility and invasion (Liu et al., 2006). Additionally, 

Akt1 negatively regulates EMT by phosphorylating the breast cancer pro-metastatic transcription 

factor, Twist1, causing its degradation (Li et al., 2016). These contradictory roles highlight the 

need to identify other molecules involved in regulating the divergent functions of Akt.   

 

1.4.5 SHC SIGNALING IN BREAST CANCER  

 

The oncogenic potential of Shc adaptors is underscored by their implications in many different 

cancers including neuroblastoma, glioblastoma, thyroid, breast, and colon cancers (Grossman et 

al., 2007; Ortensi et al., 2012; Tilak et al., 2021). p52ShcA is a critical regulator of mammary 
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tumorigenesis and progression (Ursini-Siegel and Muller, 2008). The polyomavirus (PyV) middle 

T antigen (MT) can rapidly induce mammary tumorigenesis and metastasis, but only when coupled 

to ShcA and PI3K (Webster et al., 1998). Removal of the Shc binding site on MT (Y250F) impairs 

its ability to transform mammary epithelial cells (Webster et al., 1998). The transgenic PyMT 

mouse model recapitulates the development and progression of human breast cancer by rapidly 

inducing formation of tumours and metastatic lesions in the lungs (Lin et al., 2003). PyMT mice 

expressing ShcA mutants with one, two or three mutated central tyrosine residues (Y239/240F, 

Y313F) display substantially delayed tumour onset and reduced metastasis compared with mice 

expressing the wildtype allele (Ursini‐Siegel et al., 2008). Each central tyrosine residue is crucial 

for mammary tumour development; however, they appear to control distinct processes suggesting 

non-redundant roles for ShcA tyrosine residues (Ursini‐Siegel et al., 2008). A parallel study was 

performed to investigate contributions from ShcA in HER2-mediated tumorigenesis and 

uncovered similar findings. HER2 is upregulated in ~30% of breast cancers and like PyMT, is only 

able to drive oncogenic phenotypes through direct associations with ShcA (Dankort et al., 2001). 

ShcA binds HER2 at tyrosine residue 1227 and transduces positive signals downstream through 

Ras/MAPK and PI3K/Akt pathways promoting rapid tumour development (Dankort et al., 2001). 

In each of these models, the PTB and SH2 phosphotyrosine-binding domains are essential for 

ShcA oncogenic potential, serving distinct yet interconnected functions. ShcA PTB domain 

functions as a phosphotyrosine sensor to mediate binding to active RTKs and primarily regulates 

cell proliferation through Ras/MAPK pathways (Ahn et al., 2013; Lai and Pawson, 2000). In the 

mouse mammary tumour virus (MMTV)-PyMT breast cancer mouse model, where PyMT is under 

control of the mammary gland-specific MMTV promoter, loss of ShcA PTB domain delays breast 

tumour initiation but enhances subsequent tumour growth and angiogenesis (Ahn et al., 2013). The 

ability of ShcA to promote tumorigenesis despite lacking a PTB domain is owing to independent 

contributions from the SH2 domain. ShcA SH2 domain is critical for breast cancer tumour growth, 

survival, and metastatic progression by engaging PI3K signaling complexes to activate pro-

survival pathways through Akt (Ursini-Siegel et al., 2012). Overall, these studies demonstrate the 

biological importance of ShcA PTB/SH2 domain-driven signaling in breast cancer development 

and progression.   
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Many of these studies have focused on the role of ShcA p52 isoform in breast cancer 

progression, however, recent studies provide evidence for p66ShcA as a contextual promoter of 

breast cancer metastasis (Lewis et al., 2020). p66ShcA is highly expressed in invasive breast 

cancer cell lines and in primary tumours with high metastatic propensity (Jackson et al., 2000) 

where it promotes migration (Bhat et al., 2014) and EMT (Hudson et al., 2014). Removal of 

p66ShcA serine residue (S36) does not impact its function to promote breast cancer cell migration 

or the formation of secondary lung metastases, however, it does impair tumour cell survival in the 

circulatory system (Lewis et al., 2020). Heightened p46/52ShcA phosphorylation in combination 

with reduced p66ShcA levels are used as predictors in the diagnosis and prognosis of breast cancer 

patients (Davol et al., 2003; Frackelton et al., 2006). 

 

Bioinformatic analysis of Shc transcripts in various human cancers conducted previously 

in our lab shows distinct patterns of expression across the family (Fig. 1.4). ShcA upregulation is 

detected in many cancers and as such has been studied extensively in this context for years. 

However, other Shc members also appear to be upregulated in cancers and warrant investigation. 

With respect to breast cancer, ShcA and ShcD display upregulation while ShcB and ShcC do not 

appear to have heightened expression profiles (Fig. 1.4). While ShcA has an established role in 

promoting breast cancer metastasis, little is known about the role of ShcD, with exception to 

findings that ShcA-void breast tumours contain elevated levels of ShcD transcripts (Ursini-Siegel 

et al., 2010), further bolstering the need to investigate contributions from ShcD in breast cancer.  
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Figure 1.4 Analysis of pan Shc expression across human cancers.  

Violin plots showing distribution of Shc-A, -B, -C and -D mRNA expression across a panel of 33 

cancer types from TCGA. Dotted lines represent median expression for the indicated Shc member in 

all 33 cancers including breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and 

endocervical adenocarcinoma (CESC), ovarian cancer (OV), uterine corpus endometrial carcinoma 

(UCEC), uterine carcinosarcoma (UCS), prostate adenocarcinoma (PRAD), tenosynovial giant cell 

tumour (TGCT), glioblastoma multiforme (GBM), brain lower grade glioma (LGG), adrenocortical 

carcinoma (ACC), pheochromocytoma and paraganglioma (PCPG), thyroid carcinoma (THCA), lung 

adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), mesothelioma (MESO), 

cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), liver 

hepatocellular carcinoma (LIHC), pancreatic adenocarcinoma (PAAD), rectum adenocarcinoma 

(READ), stomach adenoma carcinoma (STAD), bladder urothelial carcinoma (BLCA), kidney 

chromophobe renal cell carcinoma (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal 

papillary cell carcinoma (KIRP), skin cutaneous melanoma (SKCM), uveal melanoma (UVM), 

lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), acute myeloid leukemia (LAML), 

thymoma (THYM), head and neck squamous cell carcinoma (HNSC) and sarcoma (SARC). 
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1.4.6 PUTATIVE ROLE FOR SHCD IN BREAST CANCER  

 

Systems currently in place to detect and identify breast cancers, both histologically or based 

on gene expression, lack sensitivity, preventing successful screening, diagnosis, and treatment. 

Many of these issues stem from analyses that neglect to assess clinical outcomes in relation to 

underlying molecular mechanisms. ShcD was identified as part of a 12-gene signature obtained by 

combining oncogenic pathways with prognostic signatures in an attempt to improve breast cancer 

classification, by unifying downstream signaling with clinical prognoses (Taherian-Fard et al., 

2015). These molecular signatures show promise in stratifying patients into more specific subtypes 

compared to ones identified using the classical PAM50 signature (HER+, luminalA/B, TNBC). 

Moreover, a separate group assessed significantly differentially expressed genes between TNBC 

and non-TNBC tumour samples and identified ShcD upregulation in TNBC (Chen et al., 2018). 

Since ShcD promotes metastatic phenotypes in other cancer cell types, these findings position 

ShcD as a potential regulator of invasive breast cancers, which will be the major focus of this 

thesis.   
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1.5 RATIONALE AND THESIS OBJECTIVES  

 

Prior to the investigations presented herein, knowledge on ShcD was limited to a small 

number of reports. The identification of ShcD revealed structural similarities with its well-defined 

paralogs with the exception of a few features unique to ShcD. Work in our lab has characterized 

signaling contributions from this adaptor in driving non-canonical EGFR signaling outcomes but 

these events were not linked to a physiological or pathological setting. Considering ShcD has been 

identified as an important molecular determinant in melanoma (Aladowicz et al., 2020; Fagiani et 

al., 2007) and glioma metastasis (Tilak et al., 2021), and is upregulated in metastatic breast cancer 

(Chen et al., 2018), there was incentive to investigate any associations between aberrant ShcD 

behaviour and malignancy.  

 

Collectively, the investigations explored in this thesis demonstrate the ability of ShcD to 

modulate EGFR dynamics and converge on Ras/MAPK and PI3K/Alt pathways to elicit atypical 

signaling outcomes. We show that this unique signaling paradigm may have implications in 

driving metastatic phenotypes of breast cancer cells.  

 

The three main objectives presented in this thesis are: 

 

1. Investigate functional and signaling consequences stemming from ShcD expression in 

breast cancer (Chapter 3) 

 

2. Investigate the effect of ShcD in Ras/MAPK pathway downstream of neurotrophic 

receptors (Chapter 4) 

 

3. Define mechanisms involved in ShcD-mediated EGFR trafficking (Chapter 5) 
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1.6 AUTHOR CONTRIBUTIONS  

 

Chapter 3 will be submitted for publication as:  

 

ShcD modulates EGFR signaling and cell invasion in breast cancer cells 

 

H.R.L. and N.J. conceived the study. H.R.L conducted experiments, quantification and 

densitometric analysis on graphs presented in Figures 3.2 B, C, D, E, G, 3.3 A, C, 3.4 B, 3.5 A, B, 

C, 3.6 A, B, C, D, E, 3.7 A, C, D, 3.8 A. B.S. conducted the experiment in Fig. 3.2 F, H. M.T. 

conducted in silico analyses presented in Fig. 3.1 B, C, D, E, 3.2 A.  

 

Chapter 4: 

 

Figures 4.1 - 4.5 were excerpted from the following publication: 

Wills, M. K. B., Lau, H. R.*, Chahi, A. K.*, Tilak, M.*, Guild, B., New, L. A., Lu, P., Jacquet, 

K., Meakin, S. O., Bisson, N., and Jones, N. (2017) Signaling adaptor ShcD suppresses Erk 

phosphorylation distal to the TrkA, TrkB and Ret neurotrophic receptors. Journal of Biological 

Chemistry. 292:5748-5759. (*denotes equal contributions)  

 

M.K.B.W, A.K.C and N.J conceived the study along with H.R.L, M.T. and B.D.G. who performed 

experiments. L.A.N. and P.L. conducted animal studies. M.K.B.W. and N.J. wrote the manuscript. 

H.R.L conducted experiments and densitometric analysis on graphs presented in Figures 4.1 B, C, 

4.2 A, B, C, 4.3 A, C, D, E. 

 

 

Chapter 5:  

 

Figures 5.1-5.2 were excerpted from the following publication: 

Wills MK, Lau HR, Jones N. 2017. The ShcD phosphotyrosine adaptor subverts canonical EGF 

receptor trafficking. Journal of Cell Science. 130:2808-2820. 

 

H.R.L contributed to the development and fulfillment of experiments in addition to filling 

experimental and theoretical gaps in the manuscript listed above. M.K.B.W. and N.J. wrote the 

manuscript. H.R.L conducted experiments on data presented in Figures 5.2A, B, C, D in addition 

to Figures 2A, F and 3A, C in the published manuscript. 

 

 

Other contributions: 

 

Robeson HR, Lau HR, New LA, Lalonde J, Armstrong JN, Jones N. 2019. Localization of the 

phosphotyrosine adaptor protein ShcD/SHC4 in the adult rat nervous system. BMC Neuroscience. 

20:57.  

 

H.R.L conducted experiments for revision.   
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2.1  MOLECULAR AND CELLULAR BIOLOGY 

 

2.1.1 PLASMIDS 

 

cDNA encoding full-length wild-type human ShcD (BC033907) and point-mutated 

versions of the protein including ShcD PTB* (R315Q), SH2* (R548K), Y4F (Y374F, Y375F, 

Y424F, Y465F) and Y6F (Y374F, Y375F, Y403F, Y413F, Y424F, Y465F), were previously 

cloned into pcDNA3 vector (Invitrogen) with a C-terminal triple FLAG epitope and pEGFP C2 

vector (Clontech) with an N-terminal GFP tag and C-terminal FLAG tag (Jones et al., 2007; Wills 

et al., 2014). Human c-Cbl with N-terminal HA tags were expressed from pXM139 vectors and 

were kindly gifted from Dr. W. Langdon (University of Western Australia, Perth, Australia).  

Wild-type and kinase-dead TrkA (kinase-dead K547A) and TrkB (kinase-dead K573A) of rat 

origin with N-terminal HA tags were expressed from pCMX vectors and were a gift from Susan 

Meakin (Western University, London, ON) (Liu and Meakin, 2002).  

 

2.1.2 SLEEPING BEAUTY PLASMID CLONING 

 

ShcD wildtype and mutant cDNAs were subcloned into the pSBbi-RP plasmid for stable 

overexpression using the sleeping beauty transposon system(Kowarz et al., 2015). SfiI restriction 

sites were added to each end of the cDNA encoding full-length wild-type human ShcD 

(BC033907) and point-mutated versions of the protein including ShcD 

PTB*(R315Q)/SH2*(R548K) with a carboxyl-terminal triple FLAG epitope and cloned into a 

pSBbi-RP backbone (Addgene; Plasmid #60513). Sleeping beauty plasmids express ShcD-FLAG 

in addition to RFP through an IRES. 

 

2.1.3 CELL CULTURE AND TRANSIENT TRANSFECTIONS 

 

HEK 293T, COS-1, MDA-MB-231, SKBR3 and MCF-7 cells were grown in Dulbecco’s 

modified Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 10% fetal bovine serum 

(FBS) with 200 units/mL penicillin and 200 µg/mL streptomycin (Invitrogen) and maintained at 
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37 °C incubation with 5% CO2. Cells were purchased from American Type Culture Collection 

(ATCC) and routinely tested for mycoplasma. Cells were transfected using polyethenimine (PEI) 

for 24-48 hours and starved in serum-free DMEM overnight prior to lysis. Cells were then washed 

with 5 mL of chilled phosphate-buffered saline (PBS; pH 7.4) and lysed in 800 µL of 

phospholipase C (PLC) plus buffer (10% glycerol, 50 mΜ Hepes, 150 mΜ NaCl, 1.5 mΜ MgCl2, 

1 mΜ EGTA, 10 mΜ NaPPi, 100 mΜ NaF, and 1% Triton X-100) supplemented with 10 µg/mL 

aprotinin, 10 µg/mL leupeptin, 1 mΜ sodium orthovanadate, and 1 mΜ phenylmethylsufonyl 

fluoride (PMSF). Lysates were centrifuged at 12, 000 X g, and the supernatant was removed and 

stored as whole cell lysate (WCL) at -20 °C.  

 

2.1.4 GENERATION OF STABLE CELL LINES 

 

Stable cell lines were generated in the MDA-MB-231 and MCF-7 breast cancer cell lines 

using two methods i) classical system and ii) sleeping beauty system. For i) pcDNA3 plasmids 

encoding either ShcD wildtype (ShcDWT), ShcD mutant (ShcDPTB*/SH2*) or pcDNA3 vector alone 

were transfected into cells using Lipofectamine 2000 (Invitrogen; lot # 1948772) and successful 

genomic integration and expression was achieved using G418 selection. MDA-MB-231 cells were 

subsequently maintained in 700 µg/mL G418 and MCF-7 in 400 µg/mL G418 diluted in DMEM 

supplemented with 10% FBS. For ii), the optimal dose of puromycin (Sigma; lot#P8833) to kill 

MDA-MB-231 and SKBR3 cells was determined through kill curves. The sleeping beauty 

plasmids expressing FLAG-tagged ShcD wildtype (ShcDWT), ShcD mutants (ShcDPTB*/SH2* and 

ShcDY4F) or FLAG-pSBbi-RP alone were co-transfected with a transposase encoding vector 

(pCMV(CAT)T7-SB100; Addgene; Plasmid #34879) at a ratio of 20:1 (expression vector: 

transposase). Cells were selected and maintained in 10% FBS DMEM supplemented with 0.5 

µg/mL puromycin for the MDA-MB-231 cell line, 0.2. µg/mL puromycin for the SKBR3 cell line 

and 0.4 µg/mL for the MCF-7 cell line.  
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2.1.5 IMMUNOPRECIPITATIONS 

 

Immunoprecipitations (IP) were performed for 2 hours or overnight while rocking at 4°C using 

400 µL of WCL (prepared as described in 2.1.3), primary antibody, and 10% anti-mouse IgG-

agarose beads (Sigma; A6531) or 20% Protein A agarose beads in a total volume of 800 µL of 

supplemented PLC buffer. Following supernatant removal, beads were washed three times with 

800 µL supplemented PLC buffer, and protein complexes were eluted in 2X SDS loading buffer 

by boiling at 100 °C for 10 min. 

 

2.1.6 IMMUNOBLOTTING  

 

WCLs were used to prepare samples for separation via sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) by diluting 80 µL of WCL in 20 µL of 5X SDS 

loading buffer (50% glycerol, 300mΜ Tris, 10% SDS, and 25% 𝛽-mercaptoethanol) and boiling 

at 100 °C for 2 min. For western blotting, proteins from WCLs were resolved on a 8% or 10% 

SDS polyacrylamide gel to separate proteins based on molecular weight (kDa) and then transferred 

to polyvinylidene fluoride (PVDF) (Millipore) membranes using wet transfer. Membranes were 

blocked for 30 min in 1X tris-buffered saline containing Tween 20 (TBST) (0.02M Tris, 0.15M 

NaCl, 0.5% Tween20 diluted in MilliQ water) containing 5% bovine serum albumin (BSA) and 

incubated overnight with primary antibody at 4 °C. Following overnight incubation period, the 

membranes were washed three times for 8 min in 1X TBST and incubated with horseradish 

peroxidase-conjugated goat anti-mouse or goat-anti rabbit secondary antibodies (BioRad) for 1 hr 

at room temperature. Following incubation with secondary antibody, membranes were washed 

three times for 8 min with 1X TBST. Immunoblot detection was performed using ECL Western 

blotting substrate (Pierce; 32106) and imaged using ChemiDoc XRS+ imaging system (Bio Rad) 

or exposing the membranes to film (Pierce). 
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2.1.7 IMMUNOFLUORESCENCE 

 

Cells grown on glass coverslips were fixed in 4% paraformaldehyde (Electron Microscopy 

Sciences; Cat. # 15710-S), permeabilized in 0.1% Triton X-100 (Sigma; Cat. # 9002-93-1; Lot # 

344H1286) and blocked in 5% BSA (Roche; Cat. # 10735086001; Lot # 70450748). Coverslips 

were mounted using Prolong Diamond Antifade Mountant with DAPI (Invitrogen; Cat. # P36961). 

 

2.1.8 ANTIBODIES AND GROWTH FACTORS  

 

The following antibodies were obtained commercially and used for immunoblotting 

analysis at the indicated dilutions (prepared with 1 X TBST): mouse anti-FLAG clone M2 at 

1:1000 (Sigma-Aldrich; F3165), rabbit anti-Erk at 1:2000 (Cell signaling Technology; 137F5), 

rabbit anti-pErk at 1:1000 (Thr-202/Tyr-204; Cell Signaling Technology; D13.14.4E), rabbit anti-

Akt at 1:1000 (Cell Signaling Technology; C67E7), rabbit anti-pShc (Tyr-239/240) at 1:1000 (Cell 

Signaling Technology; 24345), mouse anti-HA at 1:1000 (12CA5), rabbit anti-Trk (c-14; sc-11; 

Santa Cruz Biotechnology; Lot #B2411), mouse anti-Grb2 at 1:1000 (Transduction Laboratories; 

Lot #16), rabbit anti-EGFR at 1:500 (Santa Cruz; sc-03; Lot #B2610), rabbit anti-c-Cbl (Santa 

Cruz Biotechnology; C-15, sc-179, Lot #D0214 at 1:500, rabbit anti-EGFR pY1068 (Cell 

Signaling Technology; D7A5, Lot #2) at 1:400, rabbit anti-EGFR pY1045 (Cell Signaling #2237) 

at 1:500, rabbit anti-p-Akt (S473) at 1:1000 (Cell Signaling Technology; D9E; lot #19), rabbit 

anti-Akt (pan) at 1:1000 (Cell Signaling Technology; C67E7; lot #4691), mouse anti-pY at 1:1000 

(4G10, Sunnybrook Hospital Toronto, Antibody Core Facility), rabbit ani-GAB1 at 1:500 (CT; 

Upstate 06-579), p85-PI3K (clone R1177; from A Klippel) (Klippel et al., 1993), mouse anti-beta-

actin at 1:2000 (Sigma-Aldrich; A1978) and rabbit anti-ShcD raised against the human ShcD N-

terminus (Jones et al., 2007). Human recombinant epidermal growth factor (EGF) was used at 10 

ng/mL and 50 ng/mL (Millipore; lot # DAM1437250).  
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2.1.9 ADENOVIRAL PRODUCTION 

 

Wildtype and domain-mutated (PTB*/SH2*) human ShcD with an N-terminal GFP and C-

terminal FLAG tag in the pEGFP C2 vector (Clontech) were cloned into the pAdEasy-1 vector for 

adenovirus production using the AdEasy Adenoviral Vector System (Agilent Technologies)(Luo 

et al., 2007). AdHEK cells were used to generate initial stocks of adenovirus expressing GFP-

ShcDWT-FLAG, GFP-ShcDPTB*/SH2*-FLAG, or GFP-FLAG alone according to the manufacturer’s 

instructions. For further viral amplification, 500 µL of the initial viral prep was added to a 15 cm 

plate seeded with AdHEK cells. Virus was collected following viral toxicity-induced cell death 

around 2-3 days post-infection and harvested through repeated freeze-thaw cycles in a 95% ethanol 

and dry ice bath. Harvested virus was stored at -80°C prior to cell infection.  

 

2.1.10 ADENOVIRAL CELL INFECTION AND AFFINITY PURIFICATION-MASS 

SPECTROMETRY 

 

Five 150mm plates of MDA-MB-231 cells were infected with GFP-ShcDWT-FLAG, GFP-

ShcDPTB*/SH2*-FLAG, or GFP-FLAG expressing adenovirus for 14 hr and stimulated with 100 

µΜ pervanadate for 10 min at 37°C. Cells were lysed by passive lysis assisted by freeze-thaw. 

Briefly, to the frozen cell pellet, 1:4 pellet weight:volume ratio of ice-cold lysis buffer was added, 

and the frozen pellet was resuspended by pipetting up and down. Lysis buffer was 50 mM Hepes-

NaOH pH 8.0, 100 mM KCl, 2 mM EDTA, 0.1% NP40, 10% glycerol, 1 mM PMSF, 1 mM DTT 

and Sigma protease inhibitor cocktail, P8340, 1:500. Tubes were frozen and thawed once by 

putting on dry ice ~5-10min, then transferring in a 37°C water bath with agitation until only a 

small amount of ice remained. Thawed samples were then put on ice, and the lysate transferred to 

2 mL Eppendorf tubes. The 2 mL tubes were centrifuged at 14,000 rpm for 20 min at 4°C, and the 

supernatant transferred to fresh 2 mL eppendorf tubes. During centrifugation, anti-FLAG M2 

magnetic beads (Sigma; M8823) were prepared: 25 μL 50% slurry was aliquoted for each IP (1 x 

150mm plates), and the beads were washed in batch mode with 3 x 1 mL of lysis buffer. To the 

rest of the lysate, the equivalent of 12.5 μL packed FLAG M2 magnetic beads was added, and the 

mixture incubated 2 hr at 4°C with gentle agitation (nutator). Supernatant was removed with a 

pipette, and the beads were transferred with ~200 μL of lysis buffer to a fresh 1.7 mL eppendorf 
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tube and magnetized for ~30 sec. Three washes with 1mL lysis buffer and two washes with 20mM 

Tris-HCl (pH 8.0) containing 2mM CaCl2 were performed. Briefly, for each of these quick 

washes, the sample was demagnetized, resuspended by ~ 4 up and down pipetting steps in the 

wash buffer, remagnetized for ~30 sec, and the supernatant aspirated (a complete wash cycle takes 

between 1-2 min). After the last wash, most of the liquid was removed, spun briefly (1,000 rpm 

for 1 min), and then the last drops of liquid were removed with a fine pipette. Beads were 

resuspended in 7.5 μL of trypsin digestion buffer (100 ng/μl trypsin in 20mM Tris-HCl (pH 8.0) 

and incubated at 37°C overnight with agitation. Samples were next centrifuged at 500x g for 1 

min, beads were magnetized for 30 sec, supernatant was transferred to a fresh tube, an additional 

2.5 μL trypsin digestion buffer was added and incubated for a further 4 hr (no agitation required). 

Following the second trypsin incubation, 1 μL of 50% formic acid was added to each of the 

samples to a final concentration of ~5% (Beigbeder et al., 2016). Peptide analysis was performed 

on a 5600+ mass spectrometer equipped with a nano electrospray ion source (AB Sciex) and 

coupled to reverse-phase nanoscale capillary liquid chromatography with an Elkpert NanoLC425 

(Aksigent). Spectra were searched using the RefSeq database and interactors with SAINT outputs 

of BFDR ≤ 0.01 were included in visualized network and used for enrichment analysis.  

 

2.2 FUNCTIONAL ASSAYS  

 

2.2.1 TRANSWELL INVASION ASSAY 

 

The bottoms of 8 µm diameter pore Transwell inserts (Corning; Cat. # CLS3442) were 

coated with 20 µg/mL fibronectin (Sigma; F1141-1MG; Lot # 067K7545) while the top of the 

inserts were coated with 0.2 µg/mL Matrigel (Corning; Cat. # 354234; Lot # 5173015). Cells were 

seeded into the upper chamber of a transwell containing DMEM supplemented with 2% FBS at a 

density of 1.5 x 105 for MDA-MB-231 cells and 3.0 x 105 for SKBR3 and MCF-7 cells. Cells 

could invade through the Matrigel into a lower chamber containing DMEM with 10% FBS for a 

defined period: MDA-MB-231 cells for 20 hr, SKBR3 cells for 24 hr and MCF-7 cells for 40 hr 

at 37 °C with 5% CO2. Following the incubation period, the Transwell insert was removed and 

fixed and stained with 1% crystal violet in 20% methanol. Samples were further processed by 
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removing the membranes, eluting the crystal violet in 10% acetic acid and measuring absorbance 

values of corresponding eluants at 595 nm with a POLARstar Omega spectrophotometer. 

Absorbances were blanked against absorbances from acetic acid alone.  

 

2.2.2 WST-1 CELL VIABILITY ASSAY 

 

Cells were seeded in triplicate in a 96-well plate containing 10% FBS DMEM at a cell density 

of 4,000 MDA-MB-231 cells/well, 10,000 MCF-7 cells/well and 8,000 SKBR3 cells/well. 

Following a 24 hr incubation at 37°C with 5% CO2, 10 µL of WST-1 calorimetric reagent (Roche; 

Cat. # 05-015-944-001) was added to each well and incubated for 30 min. Absorbance values (540 

nm and 640 nm) were measured at 0, 1, 2, 4, 6 and 24 hr following the addition of WST-1 reagent 

to compare proliferation rates across cell lines. Absorbance values measured at 640nm were 

subtracted from measurements at 540nm to calculate final values. Each cell line is corrected to its 

own measurements at time 0.   

 

2.2.3 CELL ADHESION ASSAY 

 

 The wells of 12-well plates were coated with 5µg/mL of fibronectin (Sigma F1141; lot 

#067K7545) and seeded with 1.5 x 105 MDA-MB-231 cells in duplicate. After 2 hr, cells were 

washed four times with PBS then fixed and stained with 1% crystal violet (Fisher C581-100; lot 

#113489) diluted in 20% methanol. Following another series of PBS washes, crystal violet-stained 

cells were eluted in 10% acetic acid for 30 min. Eluants were measured at 595nm and blanked to 

unseeded stained wells. Alternatively, images were taken through a 10x objective lens. Images (10 

random fields of view per duplicate) were processed and analyzed using Fiji software (National 

Institutes of Health, Bethesda, MD). 
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2.3 DATA ANALYSIS 

 

2.3.1 DENSITOMETRY AND STATISTICS  

 

To determine relative immunoblot band intensities, membranes were imaged and 

quantified using ImageLab analysis software (versions 2.0-5.2, Bio-Rad) or Fiji software. All 

statistical calculations were performed and plotted in GraphPad Prism version 7.0, 8.0 and 9.0. For 

the quantification of pErk/Erk intensity, randomized block immunoblot replicate panels (minimum 

n = 3) were analyzed by repeated measures one-way ANOVA when data passed the Shapiro-Wilk 

normality test. Tukey’s multiple comparison test was used to assess each condition against all other 

conditions and generate multiplicity-adjusted 𝑝 values for significant pairs. A paired 𝑡 test was 

used to compare Erk signaling outcomes of wildtype and knockout mouse littermates.  

 

For normalized data with matched controls (minimum n = 3), two experimental groups 

were compared by one sample t test when data passed the Shapiro-Wilk normality test or Wilcoxon 

test when failed. Comparisons of three or more experimental groups were analyzed by Kruskal-

Wallis test with Dunn’s multiple compairison test. For viability assays, each experimental group 

was compared to its control by repeated measures ANOVA. In all cases, threshold of significance 

was set to p < 0.05 and error bars represent the standard deviation (S.D).  

 

2.3.2 GENE EXPRESSION ANALYSES  

 

To visualize ShcD mRNA distribution patterns across a panel of 33 different cancer 

types, RNA-Seq harmonized (hg38) datasets were accessed and retrieved from NCI Genomic 

Data Commons (GDC) using the TCGABiolinks R package as raw HT-Seq counts. Counts were 

normalized using TMM (trimmed mean of M-values) function from edgeR package, transformed 

using voom function from the limma R package, and visualized as violin plots generated 

with ggplot2 R package.  

 

To analyze ShcD expression in breast cancer tumours, raw counts (HTSeq-Counts) were 

downloaded from GDC using R package TCGAbiolinks. Data was normalized using “TMM” 
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function from edgeR R package and transformed using voom function from limma R package. 

Samples were then split into normal (n = 113) and tumor (n = 1102). Next, average for each gene 

was calculated for non-tumour/normal samples (NT). This served as the baseline to which fold 

change (FC) was calculated for each PAM50 subtype. Then for each gene for each patient, fold 

change was calculated as follows: logFC = log2(tumour)/log2(normal), which is the same as 

log2(tumour-normal). Numbers in the table indicate the number of patients overexpressing SHC4 

using 1.5-fold cutoff.  
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3. CHAPTER 3: SHCD MODULATES EGFR 

SIGNALING AND CELL INVASION IN BREAST 
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3.1  SUMMARY 

 

Triple-negative breast cancers (TNBC) are highly metastatic and present many clinical 

challenges as there are currently no effective therapies. While metastasis is the leading cause of 

breast cancer mortalities, the underlying molecular mechanisms are unclear, and identification of 

new regulators is crucial. The ShcD phosphotyrosine adaptor protein typically bridges signaling 

complexes to active surface RTKs implicated in TNBC signaling pathways. ShcD shares similar 

structure with paralog ShcA, which has an established role in mammary tumorigenesis and 

progression. Here we report ShcD upregulation in triple-negative/basal tumours which correlates 

with reduced patient survival. We show that ShcD expression in triple-negative MDA-MB-231 

cells significantly enhances EGF-stimulated EGFR phosphorylation but unexpectedly reduces Akt 

phosphorylation downstream. In the same cell line, ShcD promotes enhanced cell invasion and 

reduced cell adhesion to an ECM, and we demonstrate that these signaling and functional outcomes 

induced by ShcD expression are dependent on PTB/SH2 domain functionality. Lastly, we show 

that anti-inflammatory drug indomethacin decreases associations between ShcD and EGFR which 

correlates with reduced cell invasion. EGFR is frequently overexpressed and hyperactive in breast 

cancers beyond mechanisms of genomic alterations, contributing to the ineffectiveness of anti-

EGFR therapies in treating metastatic breast cancer. Our results link the phenomenon of ShcD-

induced EGFR hyperphosphorylation to the modulation of metastatic properties and position ShcD 

as a putative contributor to breast cancer development/progression. Moreover, we provide a 

molecular basis for clinical targeting of adaptor-RTK interactions in the treatment of breast cancer.  
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3.2 RESULTS 

 

3.2.1 SHCD MRNA IS UPREGULATED IN HUMAN BREAST CANCERS 

 

Since Shc adaptors are known contributors to cancer development and/or progression (Ahn 

et al., 2013; Aladowicz et al., 2020; Dankort et al., 2001; Davol et al., 2003; Fagiani et al., 2007; 

Falco et al., 2005; Grossman et al., 2007; Jackson et al., 2000; Lewis et al., 2020; Mabruk et al., 

2018; Ong et al., 2001; Tilak et al., 2021; Urabe et al., 2020; Ursini-Siegel and Muller, 2008; 

Ursini-Siegel et al., 2012), we first wanted to survey ShcD mRNA (SHC4) expression across 

various human cancers and normal tissues. Based on consensus data from GTEX, fantom5 and 

HPA, ShcD was highly expressed throughout the brain, in line with our previous findings in 

rodents (Hawley et al., 2010; Robeson et al., 2019), as well as in testis, and low levels of ShcD 

were also present in normal breast tissue (Fig. 3.1A). Next, we queried TCGA-BRCA RNA-seq 

datasets (h38) to compare mean ShcD mRNA expression across a representative panel of 33 

human cancer types and detected upregulation of ShcD in melanomas (SKCM, UVM) and gliomas 

(GBM, LGG), consistent with previous reports (Aladowicz et al., 2020; Fagiani et al., 2007; Tilak 

et al., 2021; Wills et al., 2014) (Fig. 3.1B). Upregulation of ShcD was also seen in both BRCA and 

SARC cancers, though there was a large degree of variability in transcript levels, suggesting there 

could be increased expression within specific tumour subtypes. Given the known role of ShcA in 

breast cancer (Ursini-Siegel and Muller, 2008; Ursini‐Siegel et al., 2008), we chose to focus on 

BRCA. When we examined ShcD transcripts in specific breast cancer subtypes in the TCGA-

BRCA dataset using PAM50 subtype RNA-seq signatures, we found ShcD mRNA was 

upregulated in 69% of triple-negative (TNBC)/basal breast tumour cases compared with much 

lower rates in HER2-enriched and luminal A/B subtypes (Fig. 3.1C). In addition, when we 

compared ShcD mRNA levels between normal and TNBC samples, there was a mean 3.8-fold 

increase in TNBC compared to benign breast tissue (p<0.0001) (Fig. 3.1D). Lastly, we looked for 

any relationship between ShcD levels and metastasis. Breast cancer cells detected in lymph nodes 

are used as a prognostic marker of metastatic progression (Rakha et al., 2007b). Owing to the small 

sample sizes, we compared metastatic outcomes in all breast cancer subtypes using kmplot.com 

(Györffy et al., 2010) and found that high levels of ShcD are correlated with decreased overall 

patient survival in lymph-node positive breast cancer patients (Fig. 3.1E). Altogether these results 
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suggest that ShcD expression is upregulated in TNBC and that high ShcD levels correlate with 

metastatic progression and poor patient outcome. 
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Figure 3.1 ShcD is upregulated in human breast cancer. 

(A) Analysis of ShcD/SHC4 expression in normal tissues from consensus HPA, GTEx and 

FANTOM5 datasets reveals low levels of ShcD in breast compared with brain and testis. (B) 

Distribution of SHCD mRNA expression (log2) across 33 human cancers including breast invasive 

carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), 

ovarian cancer (OV), uterine corpus endometrial carcinoma (UCEC), uterine carcinosarcoma 

(UCS), prostate adenocarcinoma (PRAD), tenosynovial giant cell tumour (TGCT), glioblastoma 

multiforme (GBM), brain lower grade glioma (LGG), adrenocortical carcinoma (ACC), 

pheochromocytoma and paraganglioma (PCPG), thyroid carcinoma (THCA), lung 

adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), mesothelioma (MESO), 

cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), 

liver hepatocellular carcinoma (LIHC), pancreatic adenocarcinoma (PAAD), rectum 

adenocarcinoma (READ), stomach adenoma carcinoma (STAD), bladder urothelial carcinoma 

(BLCA), kidney chromophobe renal cell carcinoma (KICH), kidney renal clear cell carcinoma 

(KIRC), kidney renal papillary cell carcinoma (KIRP), skin cutaneous melanoma (SKCM), uveal 

melanoma (UVM), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), acute myeloid 

leukemia (LAML), thymoma (THYM), head and neck squamous cell carcinoma (HNSC) and 

sarcoma (SARC). Median ShcD expression across all cancers is represented by a dotted line. ShcD 

mRNA expression is high in melanomas, gliomas and in breast invasive carcinoma. (C) Percent 

ShcD upregulation in human breast cancer subtypes from the TCGA breast invasive carcinoma 

(BRCA) gene expression dataset (Illumina HiSeq array), accessed July 2021.  (D) ShcD is 

increased in triple-negative breast cancer (TNBC) samples compared to normal breast tissue (p < 

0.0001). (E) High ShcD levels are associated with low survival rate in grade 3 lymph node positive 

breast cancer patients (n=135, all datasets) from kmplot.  
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3.2.2 SHCD OVEREXPRESSION INCREASES BREAST CANCER CELL INVASION IN 

VITRO 

 

Considering ShcD upregulation in metastatic breast cancer, we next evaluated the 

functional consequences of ShcD overexpression in breast cancer cells in vitro. To establish a 

suitable cell system for these studies, we used the EMBL-EBI gene expression atlas (RNA 

expression profiles in a panel of 30 breast cancer cell lines) database to profile ShcD mRNA 

expression across various human breast cancer cell lines representing the four primary subtypes 

(Fig. 3.2A). Similar to our findings in primary tumours, ShcD expression varied in TNBC-derived 

cell lines, with high expression in MX-1, HCC-1569 and Hs-578T cells and low expression in 

MDA-MB-231 cells. Modest ShcD expression was detected in the HER2+ MDA-MB-175-VII cell 

line, with low expression in luminal A/B cell lines, including MCF-7. Since TNBCs are 

characterized by a high degree of invasiveness, and ShcD has been shown to promote glioma cell 

invasion, we sought to assess whether ShcD overexpression had any influence on breast cancer 

cell invasion. To this end, we selected the well-characterized, highly invasive MDA-MB-231 cell 

line and the weakly invasive MCF-7 line (Price et al., 1990), and confirmed by immunoblot that 

both express low levels of endogenous ShcD protein (Fig. 3.2B). We generated stable cell lines 

expressing wild-type (WT) FLAG-tagged ShcD (ShcDWT) or FLAG alone in MDA-MB-231 and 

MCF-7 cells and verified ShcD expression by immunoblot for FLAG (Fig. 3.2C, D). Stable cells 

were assayed for invasion through a Matrigel-coated Boyden transwell towards a gradient of either 

serum or EGF to stimulate invasion. Both MDA-MB-231 and MCF-7 cells expressing ShcD had 

increased invasion through a transwell after 20 hours as compared to the FLAG-alone controls 

(Fig. 3.2E, F). Cell viability was also measured over a 24-hour period to ensure similar growth 

rates across each cell line (Fig. 3.2G, H). These results imply that ShcD may be involved in 

promoting breast cancer cell invasion.  
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Figure 3.2 ShcD expression promotes enhanced invasion of breast cancer cells. 

(A) Analysis of ShcD mRNA expression in breast cancer cell lines representing the four different 

subtypes. (B) MDA-MB-231 and MCF-7 cells immunoprecipitated and immunoblotted with an 

antibody targeting ShcD CH2 region to evaluate endogenous ShcD expression. Immunoblot shows 

no signal for ShcD in MDA-MB-231 or MCF-7 cells compared to HEK293T cell lysates that were 

transiently transfected with ShcD as a control. (C, D) MDA-MB-231 and MCF-7 stable cells 

expressing FLAG tagged ShcD
 
or FLAG alone were generated and verified for expression by 

immunoblotting for FLAG. (E) ShcD
 
expressing MDA-MB-231 cells show enhanced invasion 

through a transwell compared to FLAG expressing cells. ±S. D (n = 5; **, p = 0.0017 by one sample 

t test and Wilcoxon test). (F) MCF-7 cells stably expressing ShcD
  
show increased invasion through 

a transwell compared to FLAG-alone. ±S. D (n = 4; *, p= 0.0273 by one sample t and Wilcoxon test). 

(G, H) Cell viability was measured in parallel and shows no significant differences across both cell 

lines.   
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3.2.3 IDENTIFICATION AND PRELIMINARY CHARACTERIZATION OF SHCD 

INTERACTOME IN BREAST CANCER CELLS 

 

To identify molecular mechanisms governing ShcD-mediated cell invasion in breast cancer 

cells, we performed a proteomic screen for ShcD binding partners in invasive MDA-MB-231 cells. 

We introduced double GFP-FLAG-tagged ShcDWT or GFP-FLAG alone to MDA-MB-231 cells 

by adenoviral transduction followed by pervanadate stimulation to maximally phosphorylate ShcD 

and intensify protein interactions (Fig. 3.3A). Cells were subject to affinity-purification mass-

spectrometry (AP-MS) followed by SAINT analysis to detect significant interactions, which 

revealed a network of both previously validated and novel ShcD binding partners. With only one 

replicate thus far completed in breast cancer cells, comparisons were made to hits identified in an 

earlier AP-MS screen in HEK293T cells. We have previously reported on interactions between 

ShcD and EGFR (Wills et al., 2014), the Grb2 adaptor and the Shp-2 (PTPN11) phosphatase (Wills 

et al., 2017a), however, we detected novel interactors from PI3K/Akt pathways that were common 

to both screens (highlighted with red boxes) (Fig. 3.3B). Overlapping genes were used for 

functional enrichment analysis using gProfileR Reactome to identify pathways potentially 

regulated by ShcD (Fig. 3.3D). As expected, enriched pathways included ones such as RTK 

signaling, which is a well-characterized function of ShcD. Interestingly, we also identified 

pathways enriched in PI3K/Akt signaling, including the GAB1 signalosome and PI3K/Akt 

signaling in cancer (Fig. 3.3C). Overall, these results suggest ShcD may be modulating the 

EGFR/PI3K/Akt pathways, which are dysregulated in metastatic breast cancer.  
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Figure 3.3 ShcD breast cancer cell interactome. 

(A) GFP-FLAG and FLAG-ShcD
WT

-GFP expressing adenoviruses were used to transduce MDA-

MB-231 cells as verified by immunoblot for FLAG (ShcD), GFP and ß-actin. Cells were also subject 

to pervanadate treatment to induce intracellular tyrosine phosphorylation as verified by 

immunoblotting for phosphotyrosine (pY). (B) Pervanadate treated MDA-MB-231 cells expressing 

GFP-FLAG alone or FLAG-ShcD
WT

-GFP were subject to affinity-purification mass spectrometry to 

identify putative ShcD binding partners. Network shows putative ShcD binding partners identified in 

breast cancer cells. Interactions identified in our screen are connected by purple lines while grey lines 

connect known and predicted proteins from STRING analysis. (C) Reactome pathway analysis 

(gProfileR) of ShcD proteome shows top significantly enriched pathways. IB, immunoblot. 
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3.2.4 SHCD INTERACTS WITH MULTIPLE UPSTREAM REGULATORS OF PI3K/AKT 

SIGNALING 

 

To validate putative binding partners identified in our proteomic screen and map the 

regions on ShcD that mediate the interactions, we generated additional MDA-MB-231 stable cell 

lines expressing ShcD mutants lacking functional PTB and SH2 domains (FLAG-ShcDP*/S*) or 

containing four mutated tyrosine residues (Y374/375, Y424, Y465) (FLAG-ShcDY4F) which are 

conserved across the Shc family and important for recruitment of Grb2 (Fig. 3.4A). Whole cell 

lysates were obtained from cells treated with pervanadate and subject to immunoprecipitation 

targeting the FLAG epitope and immunoblotted for associated binding proteins. EGFR was co-

immunoprecipitated in the presence of both ShcDWT and ShcDY4F but not with ShcDP*/S* (Fig. 

3.4B). ShcDY4F can engage EGFR since it contains functional PTB/SH2 binding domains, 

however, as these are disabled in the ShcDP*/S* mutant, binding capacity is lost. These results align 

with our previous work (Wills et al., 2014) demonstrating that intact binding domains are required 

for interactions between ShcD and EGFR. As EGFR/PI3K/Akt signaling is well characterized in 

breast cancer development and progression (Davis et al., 2014) and many components in this 

pathway were identified as putative ShcD binding partners, we also examined this group of 

candidate binding partners. The GAB1 adaptor protein engages EGFR and recruits the p85 

regulatory subunit of PI3K (p85PI3K) to the complex to propagate positive signals towards Akt 

(Wee and Wang, 2017). EGFR, GAB1 and p85PI3K were each identified in both of our proteomic 

screens (Fig. 3.3B). In breast cancer cells, GAB1 and p85PI3K only co-immunoprecipitated with 

ShcDWT but not with the mutant ShcDP*/S*, which is unable to bind EGFR and become tyrosine 

phosphorylated (Fig. 3.4B). Moreover, although ShcDY4F mutant was able to successfully engage 

EGFR, interactions with GAB1 and p85PI3K were greatly reduced presumably because of central 

tyrosine residue loss. These results suggest that associations between ShcD, GAB1 and p85PI3K 

are dependent on the ability of ShcD to bind EGFR via its PTB/SH2 domains and to become 

phosphorylated on central tyrosine residues. These results are consistent with other ShcD-mediated 

mechanisms whereby downstream signals are dependent on the ability of ShcD to form 

associations with other proteins via CH1 phosphotyrosine residues (Jones et al., 2007; Wills et al., 

2014, 2017a, 2017b). 
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Figure 3.4 ShcD interacts with components of the PI3K/Akt pathway in breast cancer cells. 

(A) Schematic depiction of ShcD wildtype and mutant protein architecture. ShcD wildtype (ShcD
WT

) 

contains a CH1 region containing six tyrosine residues (Y) flanked by an amino-terminal PTB domain 

and carboxyl-terminal SH2 domain. Point mutations in the PTB (R315Q) and SH2 (R549K) domains 

disable binding function in the ShcD
P*/S* 

mutant. ShcD
Y4F

 contains four mutated tyrosine residues 

(Y374F, Y375F, Y424F, Y465F) that can no longer provide docking platform for other proteins. (B) 

MDA-MB-231 cells stably expressing ShcD
WT

, ShcD
P*/S

, ShcD
Y4F 

or FLAG-alone were treated with 

pervanadate to stimulate tyrosine phosphorylation. Cell lysates were immunoprecipitated with FLAG 

antibodies and immunoblotted using GAB1, p85PI3K, pShc (Y239/240) and EGFR antibodies. 

ShcD
WT

 is tyrosine phosphorylated and forms associations with EGFR, GAB1 and p85PI3K, while 

ShcD
P*/S*

and ShcD
Y4F

 fail to become phosphorylated and do not co-immunoprecipitate with GAB1 

or p85PI3K. ShcD
Y4F

 retains binding to EGFR. (n = 3). IP: Immunoprecipitation; IB: Immunoblot. 
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3.2.5 SHCD HEIGHTENS EGFR PHOSPHORYLATION AND SUPPRESSES AKT 

PHOSPHORYLATION 

 

We have previously reported on the ability of ShcD to promote EGFR 

hyperphosphorylation, however, we were unsuccessful in detecting any downstream consequences 

in COS1 cells (Wills et al., 2014). Given the interactions between ShcD and components of the 

EGFR/PI3K/Akt pathway, we wondered whether these associations had any effect on Akt 

phosphorylation. Notably, negative regulation of the PI3K/Akt network was an enriched pathway 

in our ShcD interactome (Fig. 3.3C). Since associations between ShcD and components of the 

EGFR/PI3K/Akt pathway are dependent on PTB/SH2 domain function, we proceeded to assess 

downstream consequences of ShcD-EGFR signaling in breast cancer cells using the ShcDP*/S* 

mutant. Stable MDA-MB-231 cells expressing ShcDWT, ShcDP*/S* or FLAG were stimulated with 

vehicle (DMSO) or EGF (50 ng/mL) and monitored for changes in protein phosphorylation (Fig. 

3.5A). To assess overall amounts of tyrosine phosphorylation, we immunoprecipitated EGFR from 

whole cell protein fractions and immunoblotted for phosphotyrosine (pY) levels. Cells expressing 

ShcDWT elicited an approximate 2-fold increase in EGFR tyrosine phosphorylation after EGF 

treatment compared to cells expressing ShcDP*/S* or FLAG-alone (Fig. 3.5B). Intriguingly, this 

increase in EGFR phosphorylation was associated with an approximate 2-fold reduction in 

downstream Akt phosphorylation compared to FLAG-alone and ShcDP*/S* expressing cells (Fig. 

3.5C). These findings were unexpected as EGFR hyperphosphorylation is typically associated with 

activation of downstream effectors, however, ShcDWT expression appears to confer heightened 

EGFR phosphorylation while repressing Akt phosphorylation. We also assessed Erk 

phosphorylation but detected no differences between groups, establishing that other pathways such 

as MAPK/Erk were successfully activated by EGF stimulation in ShcDWT expressing cells (Fig. 

3.5A). Although it is widely accepted that increased Akt activation promotes the development and 

progression of cancers, several reports demonstrate that enhanced Akt phosphorylation can inhibit 

breast cancer cell invasion, an event that has been characterized in MDA-MB-231 cells (Hinz and 

Jücker, 2019; Li et al., 2018; Rao et al., 2017; Yoeli-Lerner et al., 2005). Altogether these results 

implicate ShcD in PI3K/Akt pathways downstream of EGFR.  
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Figure 3.5 ShcD heightens EGFR tyrosine phosphorylation and represses downstream Akt 

phosphorylation. 

(A) Stable MDA-MB-231 cells expressing FLAG-alone, ShcD
WT

 or ShcD
P*/S* 

were stimulated with 

EGF (50ng/mL; t = 10mins) and profiled for changes in EGFR, pY, ShcD, pShcD, Erk, pErk, Akt and 

pAkt by immunoprecipitation and immunoblotting. Upon stimulation, EGFR tyrosine 

phosphorylation (pY) is heightened and Akt phosphorylation (S473) is reduced in the presence of 

ShcD
WT

 compared to FLAG-alone or ShcD
P*/S* 

mutant expressing cells. (B) Densitometry reveals a 

significant increase in EGFR tyrosine phosphorylation in ShcD
WT

 expressing cells compared to 

control and mutant expressing cells ±S.D. (n = 4; *, p = 0.0459) by Kruskal-Wallis test with Dunn’s 

multiple comparison test. (C) Densitometric analysis reveals significant repression of Akt 

phosphorylation in ShcD
WT

 expressing cells compared to levels detected in control and mutant 

expressing cells. ±S.D. (n = 4; **, p = 0.0012) by Kruskal-Wallis test with Dunn’s multiple 

comparison test. 
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3.2.6 SHCD INFLUENCES BREAST CANCER CELL INVASION AND ADHESION 

THROUGH PTB/SH2 DOMAIN BINDING CONTRIBUTIONS   

 

Our findings that ShcD represses Akt phosphorylation downstream of EGFR, an event 

dependent on functional PTB/SH2 domains, led us to evaluate the consequences stemming from 

loss of function of these ShcD binding domains. Since ShcDWT expression promoted increased cell 

invasion in vitro (Fig 3.2C-F), we first sought to assess how expression of ShcDP*/S* would 

influence cell invasion. MDA-MB-231 cell stably expressing ShcDWT, ShcDP*/S* or FLAG-alone, 

as verified by immunoblot (Fig. 3.6A), were allowed to invade through a Matrigel coated Boyden 

transwell over a 20-hr period. Cells expressing ShcDP*/S* mutant invaded significantly less than 

cells expressing ShcDWT (p = 0.0153) and displayed similar levels of invasion compared to control 

cells (Fig. 3.6B).   

 

Considering that adhesion dynamics largely influence cell interactions with both 

surrounding ECM and other cells, we also sought to evaluate if ShcD overexpression influenced 

cell adhesion. MDA-MB-231 stable cell lines were seeded on fibronectin coated plates and 

allowed to adhere over a 2-hr period. ShcDWT expressing cells had reduced adhesion to fibronectin 

compared to ShcDP*/S* (p = 0.0498) and FLAG-alone expressing cells (p = 0.0498), while FLAG-

alone and mutant expressing cells displayed similar levels of adhesiveness (Fig. 3.6C, D). There 

were no differences in cell viability between groups (Fig. 3.6E). Collectively, these results imply 

that the ability of ShcD to alter cell invasion and adhesion is in part reliant on its ability to engage 

RTKs via its PTB/SH2 binding domains and facilitate downstream signaling events.  
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Figure 3.6 ShcD alters invasive and adhesive phenotypes of cells through phosphotyrosine 

binding domain contributions. 

(A) Immunoblot for FLAG, ShcD
WT 

and ShcD
P*/S* 

expression
 
in MDA-MB-231 cells. (B) ShcD

WT
 

expressing cells show increased invasion through a transwell compared to mutant while control and 

mutant expressing cells invaded at similar levels. ±S. D (n = 4; *, p =0.0153, ns, p > 0.05, by Kruskal-

Wallis test with Dunn’s multiple comparison test). (C) Cells seeded on fibronectin for 2 hr were 

stained with crystal violet. Quantification of adhesion measured by comparing absorbance (595nm) 

of crystal violet eluants from stained cells show that ShcDWT expressing cells have reduced adhesion 

compared to mutant and control expressing cells. ±S.D. (n = 4; *, p = 0.0498, ns, p > 0.05, by Kruskal-

Wallis test with Dunn’s multiple comparison test). (D) Representative images from C. Scale bar = 

10μm. (E) Cell viability was measured in parallel to ensure consistent growth rates across cell lines. 
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3.2.7 INDOMETHACIN REDUCES EGFR-SHCD BINDING AND SHCD-INDUCED 

EGFR PHOSPHORYLATION 

 

Since expression of the ShcDPTB*/SH2* mutant was able to disrupt EGFR binding and 

hyperphosphorylation as well as suppress invasion comparable with control cells, we wondered 

whether specific targeting of ShcD-EGFR associations might have a similar effect. Indomethacin, 

a commonly prescribed anti-inflammatory drug, binds to the ShcA PTB domain and competes with 

EGFR for ShcA binding (Lin et al., 2019). Indomethacin interacts with key amino acid residues 

(R67, K169, R175, F202) found within the PTB phosphotyrosine binding pocket of ShcA (Lin et 

al., 2019). We aligned sequences for ShcA and ShcD PTB domains and identified conservation of 

these key residues that facilitate indomethacin binding (Fig. 3.7A) (Lin et al., 2019). We have 

previously reported that the ShcD PTB domain preferentially binds EGFR compared to its SH2 

domain (Wills et al., 2014), therefore we sought to verify this mode of ShcD-EGFR binding in 

breast cancer cells. MDA-MB-231 cells were transiently transfected with FLAG-tagged ShcDWT 

or ShcD mutants containing single domain mutations (ShcDPTB* and ShcDSH2*) to assess 

differences in binding capacity between PTB and SH2 domains. Whole cell lysates were 

immunoprecipitated for FLAG and immunoblotted for associated EGFR (Fig. 3.7B). Loss of PTB 

domain function (ShcDPTB*) completely abrogated interactions between ShcD and EGFR as well 

as ShcD phosphorylation while loss of SH2 domain function had less influence on ShcD-EGFR 

interactions and pShc levels (Fig. 3.7B). These results confirm that ShcD-EGFR binding in breast 

cancer cells is predominantly mediated through the PTB domain of ShcD.  

 

Next, we evaluated the impact of indomethacin on ShcD-EGFR interactions. MDA-MB-

231 stable cells were pre-treated with increasing concentrations of indomethacin (0 µM, 400 µM, 

800 µM, 1000 µM) prior to stimulation with EGF (10ng/mL). Indomethacin progressively reduced 

ShcD-EGFR associations, maximally at a concentration of 1000 µM while also reducing pShcD 

levels (Fig. 3.7C, D). Simultaneously, we observed a decrease in EGFR phosphorylation, however, 

this reduction is not currently significant and requires additional replicates. These results 

demonstrate that blocking the ShcD PTB domain decreases EGFR binding and phosphorylation.  
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Figure 3.7 Indomethacin reduces ShcD-EGFR associations and ShcD-induced EGFR 

hyperphosphorylation. 

(A) Multiple sequence alignment of ShcA and ShcD PTB domains showing that key amino acids 

in the phosphotyrosine binding pocket that mediate indomethacin binding to ShcA are conserved 

in ShcD (R67, A175, K169, F202). (B) To further map ShcD-EGFR associations in MDA-MB-231 

cells, whole cell lysates from cells transiently expressing FLAG-tagged ShcD
WT

,
 
ShcD

PTB*
 or 

ShcD
SH2*

 domain mutants were immunoprecipitated using FLAG antibody and immunoblotted for 

associated EGFR. EGFR was immunoprecipitated only in the presence of ShcD
 
containing a 

functional PTB domain (ShcD
WT

 and ShcD
SH2*

). (C) Stable MDA-MB-231 cells expressing 

FLAG-alone, ShcD
WT

 or ShcD
P*/S* 

were treated with indicated concentrations of indomethacin (0-

1000 µM) for 24-hour prior to stimulation with EGF (10 ng/mL; t = 10 mins). Cell lysates were 

immunoprecipitated for FLAG and immunoblotted for EGFR and pY. A decrease in ShcD and 

EGFR phosphorylation is observed in ShcD-expressing cells treated with indomethacin. (D) 

Densitometric analysis reveals a significant reduction in interactions between ShcD and EGFR in 

ShcD-expressing cells treated with 1000 µM indomethacin compared to cells treated with vehicle. 

±S.D. (n = 3; **, p = 0.0066 by one sample t-test).   
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3.2.8 INDOMETHACIN SUPPRESSES SHCD-MEDIATED INVASION IN MDA-MB-231 

CELLS 

 

The ability of indomethacin to reduce EGFR-ShcD complexes led us to question the effect of 

this inhibitor on ShcD-promoted cell invasion. Stable MDA-MB-231 cells expressing ShcD or 

FLAG were pre-treated for 24 hours with 1000 µM indomethacin or vehicle (DMSO) and assayed 

for invasion through a transwell where drug concentrations were maintained. As expected from 

preceding results, ShcD expressing cells displayed significantly enhanced invasion through a 

transwell compared with FLAG control cells (p = 0.0062), each in the presence of vehicle. In the 

presence of indomethacin, invasion of cells expressing ShcD was reduced compared to cells 

treated with vehicle alone, while indomethacin appears to have a minimal influence on FLAG-

expressing cells as both drug and vehicle-treated cohorts displayed similar levels of invasion (Fig. 

3.8A). Altogether these results demonstrate that forced uncoupling of ShcD from EGFR reduces 

ShcD-induced cell invasion. 
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Figure 3.8 Indomethacin reduces invasion in ShcD-expressing breast cancer cells. 

(A) ShcD expressing MDA-MB-231 cells show enhanced invasion through a transwell compared to 

control cells, each treated with DMSO. Treatment with 1000 µM of indomethacin reduces cell 

invasion in ShcD-expressing cells compared to vehicle treatment, while minimal effects are observed 

in FLAG expressing cells. ±S.D. (n = 7; by Kruskal-Wallis test with Dunn’s multiple comparison 

test). (B) In untreated cells (left), ShcD binds EGFR via its PTB domain and confers heightened 

receptor phosphorylation and increased invasion. In the presence of Indomethacin which binds the 

PTB domain, ShcD-EGFR interaction decreases, which is associated with a reduction in 

phosphorylated EGFR and cell invasion. 
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3.3 DISCUSSION 

 

TNBC is the most aggressive breast cancer subtype owing to the high incidence of 

metastasis and the lack of defined molecular targets (Steeg, 2016). For metastasis to occur, cells 

undergo changes in migratory, adhesive, and invasive properties to acquire an aggressive 

phenotype that is driven by a series of signaling changes. We have identified ShcD upregulation 

in TNBC and demonstrated that its expression enhances breast cancer cell invasion. We surveyed 

putative ShcD interacting partners in TNBC cells and identified novel associations with 

components of PI3K/Akt pathways. We show that ShcD promotes heightened phosphorylation of 

EGFR while concurrently repressing Akt phosphorylation downstream. Although the exact 

mechanism remains to be uncovered, the ability of ShcD to facilitate these signaling outcomes and 

promote enhanced invasion relies on successful ShcD PTB domain-mediated interactions. Lastly, 

using indomethacin, a compound that targets the Shc PTB domain, we disrupted ShcD and EGFR 

binding, which resulted in decreased EGFR phosphorylation levels and decreased invasion. 

Altogether, our data demonstrate that ShcD drives non-canonical EGFR signaling outcomes in 

breast cancer cells, and that it warrants further investigation as a novel contributor to metastasis. 

 

Aggressive TNBC is associated with lymph node spread which is typically the first site of 

metastasis (Carter et al., 1989; Rossing et al., 2021). Our findings of ShcD upregulation in triple-

negative tumours are correlated with reduced overall patient survival in lymph node positive breast 

cancers with high ShcD expression compared to those patients with cancers harbouring low 

amounts of ShcD (Fig. 3.1E). Our results are in line with previous reports of ShcD upregulation in 

TNBC (Chen et al., 2018) as well as findings that high ShcD expression is associated with a poor 

outcome in melanoma (Aladowicz et al., 2020) and glioma (Tilak et al., 2021) patients. During 

metastatic dissemination from the primary tumour, breast cancer cells must undergo changes in 

the actin cytoskeleton and adhesion complexes. Cells must reduce adhesions with surrounding 

cells and ECM to disseminate, invade and metastasize to other areas of the body (Aladowicz et al., 

2020). We demonstrate that ShcD expression increases invasion and decreases the capacity of 

breast cancer cells to adhere to an ECM, suggesting that ShcD expression may promote detachment 

of breast cancer cells from surrounding microenvironment and invasion out of the primary site. 

Moreover, preliminary evidence suggests defects in focal adhesion formation and cytoskeletal 
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arrangement stemming from ShcD expression (data not shown), which often contribute to changes 

in adhesiveness as we have demonstrated above. Our findings are in line with other reports that 

show ShcD silencing in melanoma cells enhances ECM adhesion and reduces invasion (Aladowicz 

et al., 2020). We assessed contributions from ShcD PTB/SH2 domains in mediating these cellular 

outcomes and determined that functional phosphotyrosine-binding domains are essential for these 

events. Collectively, these findings demonstrate that ShcD PTB/SH2 domain binding capacity 

dictates its ability to alter adhesive and invasive properties of breast cancer cells.  

 

We also illustrate the importance of ShcD phosphotyrosine binding domains in mediating 

signaling outcomes as they are required to bind EGFR and facilitate its hyperphosphorylation. 

Several reports show that PTB and SH2 domains can provide phosphoprotection to target receptors 

by binding phosphotyrosine sites and protecting them from phosphatase-driven dephosphorylation 

(New et al., 2013; Wills et al., 2014). Indeed, Grb2 SH2 domain overexpression results in a dose-

dependent increase in EGFR phosphorylation by sterically hindering phosphatase access to 

unbound phosphotyrosine sites (Jadwin et al., 2018). Given that ShcD does not have intrinsic 

catalytic activity, it is reasonable to believe that ShcD may promote EGFR phosphorylation 

through these mechanisms of PTB/SH2 domain-driven phosphoprotection. This ability of ShcD to 

promote heightened EGFR phosphorylation is a novel function for the Shc family, however, the 

underlying molecular mechanisms are not fully understood. These findings are more intriguing 

when considering the correlation between EGFR hyperphosphorylation and breast cancer 

pathogenesis and progression. EGFR hyperactivation is common in triple-negative tumours 

despite a low frequency of EGFR activating mutations (Nakai et al., 2016), indicating other 

mechanisms at play driving aberrant EGFR activation. Since heightened EGFR activity promotes 

breast cancer cell invasion, it is plausible that ShcD-induced EGFR hyperphosphorylation may 

promote metastatic phenotypes in breast cancer cells. 

 

Shc adaptors are best characterized in Ras/MAPK pathways, but we now report a 

mechanism of ShcD-induced Akt repression downstream of EGFR (Ursini-Siegel and Muller, 

2008; Ursini‐Siegel et al., 2008). We are the first to link ShcD to EGFR/GAB1/PI3K signaling 

complexes and validate these associations in the context of metastatic breast cancer. GAB1 adaptor 

overexpression is common in breast cancer and positively associates with metastasis of triple-
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negative tumours (Wang et al., 2019). GAB1 is recruited to activated EGFR in response to growth 

factor stimulation where it is tyrosine phosphorylated to mobilize other signaling molecules to the 

complex. Since this is typically required to propagate positive signals towards Akt, ShcD may alter 

GAB1 phosphorylation, an avenue which should be explored in follow up investigations.  

 

While conventionally thought of as drivers of mammary tumorigenesis and progression, 

accumulating reports suggest that Akt proteins can function as suppressors of breast cancer 

invasion and metastasis (Hutchinson et al., 2004; Liu et al., 2006; Riggio et al., 2017). In breast 

cancer cells, Akt repression prompts increased cell motility and invasion, and several studies have 

demonstrated that these functional changes stem from deregulated mTOR signaling (Liu et al., 

2006). Given that Akt is a direct target of mTORC2, events of ShcD-induced Akt repression may 

involve deregulated mTOR signaling. As such, it is of interest to investigate and identify other 

deregulated signaling molecules in this pathway to further dissect mechanisms involved. 

 

Given that ShcD requires functional PTB/SH2 domains to promote glioma cell invasion 

through synergistic associations with the Tie2 RTK (Tilak et al., 2021), we wondered whether 

synergy between ShcD and EGFR was influencing cellular outcomes. Indomethacin is a non-

steroidal anti-inflammatory drug that has been demonstrated to selectively bind the 

phosphotyrosine binding pocket in the PTB domain of ShcA and competes with EGFR for binding, 

though it has a lower binding affinity for ShcA compared to a phosphotyrosine residue on an active 

receptor (Lin et al., 2019). We introduced indomethacin to breast cancer cells overexpressing ShcD 

and observed a reduction in EGFR-ShcD complexes with an associated decrease in cell invasion. 

Since we tested indomethacin in a system of overexpression, there is likely a surplus of ShcD able 

to complex with EGFR as reflected in Fig. 3.7C. This could be circumvented in cells expressing 

endogenous levels of ShcD, such as in the MX-1 cell line which is currently under characterization 

in our lab to evaluate ShcD knockout effects (Fig. 3.2A). It is also important to note that 

indomethacin functions to reduce prostaglandin production through inhibition of cyclooxygenase 

enzymes (COX-1/2) (Gurpinar et al., 2014). Given the importance of COX-1/2 in modulating the 

inflammatory response of cells and its implications in breast cancer tumorigenesis and progression, 

the use of indomethacin in ShcD-expressing cells likely includes modulations to these other 

pathways, though COX-independent mechanisms have been proposed (Gurpinar et al., 2014). 
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Triple-negative tumours are highly heterogenous and lack defined molecular targets 

leaving chemotherapy as the only systemic treatment option. Given that EGFR hyperactivation 

correlates with highly aggressive cancers and poor survival, several anti-EGFR therapies have 

been investigated in metastatic breast cancers but have proved ineffective at improving patient 

outcome (Maennling et al., 2019). Despite the pathological contributions from aberrant EGFR 

signaling to metastatic progression, triple-negative tumours appear resistant or unresponsive to 

EGFR tyrosine kinase inhibitors (TKI) through mechanisms that remain unknown, often inducing 

cells to adapt alternative signaling routes to overcome inhibition. EGFR TKIs have been successful 

in treating other cancers that contain EGFR activating mutations, but these modifications are rarely 

detected in TNBC suggesting distinct mechanisms governing overactivation in breast cancer and 

contributing to the clinical failure of EGFR TKIs (Nakai et al., 2016). Since all modes of RTK 

signaling are contingent on protein-protein interactions (PPI), targeting interactions rather than 

individual kinases could have many clinical benefits (Lu et al., 2020; Nero et al., 2014; Scott et 

al., 2016). PPI inhibitors have the potential to dampen oncogenic signaling and mitigate molecular 

adaptations of drug resistance. Indeed, in recent years, small-molecule PPI inhibitors have 

demonstrated great potential for the treatment of cancer and have even reached clinical trials. 

Although the role of ShcD in metastatic breast cancer remains to be evaluated in more depth, the 

findings presented here provide a basis for inhibition of upstream adaptor/RTK complexes in 

altering the invasive phenotype of cancer cells.  
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4. CHAPTER 4: 

THE SHCD ADAPTOR PROTEIN SUPPRESSES ERK 

PHOSPHORYLATION DOWNSTREAM OF THE 

TRKA AND TRKB NEUROTROPHIC RECEPTORS 

 

Excerpted from the following publication: 

Wills, M.K.B., Lau, H.R., Chahi, A.K., Tilak, M., Guild, B., New, L.A., Lu, P., Jacquet, K., 

Meakin, S.O., Bisson, N. and Jones. N. 2017. Signalling Adaptor ShcD Suppresses Erk 

Phosphorylation Distal to the Ret and Trk Neurotrophic Receptors. J. Biol. Chem. 292, 5748-

5759. 
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4.1  SUMMARY 

 

The Shc family of PTB/SH2 domain-containing adaptor proteins serve to connect surface 

phosphotyrosine-based inputs to downstream transducers typically involved in Ras/MAPK 

pathways. In the nervous system, Shc adaptors associate with neurotrophic receptors to regulate 

essential processes such as cell survival and differentiation. Despite enhanced expression of the 

most recently discovered homolog, ShcD, in the nervous system, its contributions to neural cell 

circuitry remains largely unknown. Unlike the other Shc proteins that conventionally serve to 

amplify Erk/MAPK signals, we now demonstrate that ShcD represses Erk phosphorylation 

downstream of Trk neurotrophic receptors. ShcD binds active TrkA and TrkB predominantly via 

its PTB domain and it becomes phosphorylated on central tyrosine residues. When ShcD is 

phosphorylated, downstream Erk activation is reduced because of competitive binding of Grb2 

between ShcD and Trk. The central tyrosine residues found on ShcD serve to bind and sequester 

Grb2 away from Trk thereby preventing canonical activation of Erk/MAPK signals. This 

phenomenon is further confirmed in vivo in ShcD knockout mice that display enhanced pErk in 

the brain. We propose a novel model whereby ShcD competes with Trk neurotrophic receptors for 

Grb2 binding resulting in repressed Ras/MAPK signaling.  
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4.2 RESULTS 

 

4.2.1 SHCD INTERACTS WITH THE TRKA AND TRKB NEUROTROPHIC RECEPTORS 

VIA ITS PTB DOMAIN 

 

A previous peptide-based screen of NPXY motifs identified Trk receptors as potential 

binding partners of the ShcD PTB domain (Smith et al., 2006). Since other Shc adaptors are known 

to bind neurotrophic receptors, we first investigated the ability of full-length wildtype (WT) ShcD 

(ShcDWT) (Fig. 4.1A) to associate with full-length auto active Trks. We confirmed an interaction 

between ShcDWT and active TrkA and TrkB receptors by co-immunoprecipitation in transfected 

HEK 293T cells (Fig. 4.1B, C). Next, we employed a series of ShcD mutants which impair 

phosphotyrosine recognition of the PTB and/or SH2 domains (Fig. 4.1A). Loss of ShcD PTB 

domain function (PTB*) resulted in a dramatic reduction of ShcD-TrkA/B interactions while 

disruption of the SH2 domain (SH2*) had minor influence on the interaction, and mutation of both 

domains (P*/S*) appeared like PTB* alone (Fig. 4.1B, C). By contrast, mutation of the ShcD 

central tyrosine residues to phenylalanine (Y6F) (Fig. 4.1A) had no impact on its ability to bind 

the receptors (Fig. 4.1B, C). These results highlight the importance of the ShcD PTB domain in 

facilitating contact with active TrkA/B.  
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A 

Figure 4.1. The ShcD PTB domain is the principal point of contact with TrkA and TrkB. 

(A) Schematic representation of ShcD depicting the PTB and SH2 domains as well as the CH1 region 

tyrosine residues (purple tyrosine residues are conserved across the Shc family). Also shown are point 

mutations that disable the functions of each component. (B, C) ShcD-FLAG wildtype and mutant 

constructs were co-expressed with TrkA-HA or TrkB-HA in HEK293T cells and subject to co-

immunoprecipitations. Disabling the ShcD PTB domain reduced receptor binding, while no effects 

were seen with the Y6F mutant. IP, immunoprecipitation; IB, immunoblot; pY, phosphotyrosine; 

P*/S*, ShcDPTB*/SH2* compound mutant. 
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4.2.2 SHCD SUPRESSES ERK PHOSPHORYLATION DISTAL TO TRKA AND TRKB 

 

Shc-A, -B and -C have each been shown to bind Trk RTKs and increase Ras/MAPK 

signaling (Knauf et al., 2003; Liu and Meakin, 2002; Pelicci et al., 2002). ShcA signals 

preferentially towards Erk activation by bridging another adaptor, Grb2, to RTK signaling 

complexes (Lee et al., 2007). Grb2 is also able to bind RTKs directly at a distinct site to further 

amplify Erk activation independently of ShcA.  Given these reports, we expected that ShcD would 

function similarly. We therefore profiled Erk phosphorylation in response to co-expression of 

TrkA/B with ShcD in HEK 293T cells. As predicted, ShcDWT was phosphorylated in response to 

active Trk; however, unexpectedly this was associated with a reduction in Erk phosphorylation 

downstream (Fig. 4.2A, B). When TrkA/B were co-expressed with ShcDPTB*, ShcDPTB*/SH2* and 

ShcDY6F mutants, pShcD was reduced resulting in restored pErk levels compared to control cells. 

Interestingly, the ability of ShcD to repress pErk appears to be primarily dependent on the PTB 

domain as loss of PTB domain function (ShcDPTB*) resulted in enhanced Erk phosphorylation 

while loss of SH2 domain (ShcDSH2*) conferred even greater pErk repression compared to ShcDWT 

(Fig. 4.2C). These results indicate that the capacity of ShcD to repress Erk phosphorylation is 

directly linked to its tyrosine phosphorylation status following successful PTB domain-mediated 

contacts with Trk receptors. 
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A C 

B 

Figure 4.2. ShcD suppresses Erk phosphorylation proximal to TrkB neurotrophic receptor. 

The same ShcD-FLAG mutants used in Fig. 4.1 were assessed for their capacity to activate Erk 

signaling in the context of TrkA-HA (A) and TrkB-HA (B). In each case, ShcD WT and SH2* were 

robustly phosphorylated while repressing Erk activation, whereas the PTB* and Y6F mutants had 

little to no phosphorylation and permitted MAPK activation. (C) Densitometric analysis of TrkB 

immunoblot band intensities expressed as a ratio of pErk/Erk relative to ShcD WT. Repeated 

measures one-way ANOVA (n = 4; p = 0.0066) followed by Tukey's multiple comparison test 

revealed a significant difference between the ShcD-negative sample (Vector) and each of ShcD WT 

and ShcD SH2*. Multiplicity-adjusted p values are as follows: ShcD WT versus vector, p = 0.0385; 

SH2* versus vector, p = 0.0104; vector (+TrkB) versus vector (−Trk), p = 0.0071. Error bars denote 

S.E.*, p ≤ 0.05; **, p ≤ 0.01. IB, immunoblot; P*/S*, ShcD PTB*/SH2* compound mutant. 
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4.2.3 SHCD MEDIATES ERK REPRESSION THROUGH INTERACTIONS WITH GRB2 

 

Based on our findings that ShcD phosphorylation is associated with reduced pErk, we 

decided to further explore the underlying molecular events contributing to this response. TrkB was 

chosen to characterize this mechanism since both TrkA and TrkB receptors elicited the same 

patterns of pErk in response to ShcD and its mutants. Since Grb2 has a well-established role in 

MAPK/Erk pathways, and it has been shown to bind ShcD (Jones et al., 2007), we wondered 

whether ShcD-Grb2 interactions could be contributing to this event of Erk repression. Thus, we 

validated the interaction between ShcD and endogenous Grb2 downstream of TrkB using co-

immunoprecipitation. ShcD-Grb2 interactions only occurred when ShcD had a functional PTB 

domain, suggesting that this interaction is facilitated by the ability of ShcD to bind active Trk and 

become phosphorylated on its CH1 tyrosine residues (Fig. 4.3A). To test this, we forced reduced 

ShcD tyrosine phosphorylation through successive tyrosine (Y) to phenylalanine (F) mutations 

(ShcDY1F-Y4F, Y6F) (Fig. 4.3B) and assessed the impact on ShcD-Grb2 and TrkB-Grb2 associations 

as well as the resulting pErk signals. Increasing CH1 Y to F mutations were associated with 

incremental increases in pErk with the most dramatic increase occurring between ShcDY3F and 

ShcDY4F (Fig. 4.3C, D). Since the ShcDY4F mutant has all known Grb2 binding sites eliminated, 

we sought to assess how ShcD-Grb2 and TrkB-Grb2 interactions were impacted by tyrosine loss. 

Incremental loss of tyrosine residues on ShcD reduces Grb2 binding and is accompanied by 

increased TrkB-Grb2 associations, occurring maximally in the presence of ShcDY4F. These results 

suggest that pErk levels are tightly linked to the partitioning of Grb2 between phosphorylated 

ShcD and active TrkB. Since these results imply a competition between ShcD and TrkB for Grb2 

binding, we sought to examine how increasing intracellular pools of Grb2 would affect the status 

of Erk phosphorylation. To do this, we overexpressed Grb2 in the presence of ShcDWT, ShcDPTB*, 

and ShcDSH2* which resulted in equalized levels of pErk across ShcD and its mutants (Fig. 4.3E). 

Adding a surplus of Grb2 into the system appears to provide the cell with an extra pool of unbound 

Grb2 that is able to escape ShcD binding to positively transduce signals from Trk to Erk. Therefore, 

in sharp contrast to ShcA, ShcD suppresses Erk phosphorylation downstream of these neurotrophic 

receptors by altering its canonical signalling outcomes.  
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Figure 4.3. ShcD binds Grb2 to reduce Erk activation. 

(A) The capacity of transfected wild type ShcD-FLAG and its tyrosine-binding mutants to co-

precipitate endogenous Grb2 was assessed in the presence of TrkB-HA. Disabling the ShcD PTB 

domain, but not the SH2 domain, impeded the ShcD-Grb2 association. (B) Schematic representation 

of tyrosine-to-phenylalanine point mutations in ShcD that successively eliminate 

phosphomotifs. Purple residues are conserved across the Shc family, whereas turquoise residues are 

unique to ShcD. Tyr-374/375, Tyr-465, and Tyr-424 are validated Grb2-binding sites. (C) 

Incremental ShcD tyrosine losses were assessed for their impact on three parameters: ShcD-Grb2 

binding, TrkB-Grb2 binding, and pErk signaling output. Transitioning from wild type ShcD through 

Y6F abolished the ShcD-Grb2 association, enhanced TrkB-Grb2, and increased pErk. (D) 

Densitometry corresponding to C is expressed as a ratio of pErk/Erk relative to ShcD WT. Values 

were analyzed by repeated measures one-way ANOVA (n = 5; p < 0.0001) followed by Tukey's 

multiple comparison test. Multiplicity-adjusted p values for each significant pair are as follows: 

WT versus Y3F, p = 0.0056; WT versus Y4F, p < 0.0001; WT versus Y6F, p = 0.0014; 

Y1F versus Y3F, p = 0.0068; Y1F versus Y4F, p < 0.0001; Y1F versus Y6F, p = 0.0017; 

Y2F versus Y4F, p = 0.0033; Y4F versus vector, p = 0.0010; Y6F versus vector, p = 0.0336. Error 

bars denote S.E. (E) To evaluate whether ShcD was quenching pErk by binding the cellular pool of 

Grb2, we overexpressed Grb2-HA in the presence of ShcD and select mutants. This was sufficient to 

reverse Erk suppression caused by wild type ShcD and the more potent SH2* mutant. **, p ≤ 0.01; 

****, p ≤ 0.0001. IP, immunoprecipitation; IB, immunoblot.  
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4.2.4 LOSS OF SHCD IN THE MOUSE BRAIN RESULTS IN ALTERED PERK LEVELS 

 

The ability of ShcD to consistently supress Erk phosphorylation downstream of Trk in 

cultured cells led us to question the physiological extent of this event. Since our lab has previously 

identified high expression of ShcD in the mammalian brain, we wondered whether ShcD had any 

influence on Erk phosphorylation in this setting. In a whole body ShcD knockout (KO) mouse 

compared with ShcD wildtype (WT) and heterozygous (Het) mice, we first confirmed levels of 

ShcD across genotypes and observed a reduction in ShcD levels in Het mice compared with WT 

littermates and a complete absence of protein in KO mice (Fig. 4.4A). Moreover, we observed an 

increase in pErk levels associated with loss of ShcD in the Het and KO mouse brains (Fig. 4.4B) 

Quantification revealed a mean 2-fold increase of pErk/Erk levels in the brains of ShcD KO mice 

compare with those from WT mice (Fig. 4.4C). This indicates that the influence of ShcD over Erk 

signaling translates in vivo; however, the exact consequences of this have yet to be explored. 

 

 

 

 

Figure 4.4. ShcD knockout enhances pErk in the mouse brain. 

(A) Whole brain homogenates prepared from wildtype (WT), ShcD heterozygous (Het), and ShcD 

knockout (KO) mice were assessed for ShcD protein levels by immunoprecipitation and 

immunoblotting. ShcD expression was reduced in Het mice and absent from full KO animals. (B) 

Brain lysates were further analysed for pErk and Erk by immunoblotting. (C) Densitometric analysis 

showing that removal of ShcD was associated with a 2-fold increase in p42 Erk phosphorylation (n = 

3; p = 0.0265 by paired t test). Error bars denote S.E.*, p ≤ 0.05. WT, wildtype; Het, heterozygote; 

KO, knockout; IP, immunoprecipitation; IB, immunoblot. 
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4.3 DISCUSSION 

 

Neurotrophin-activated Ras/MAPK pathways in the nervous system are crucial for 

regulation of neural-specific cell characteristics and functions. Traditionally, Shc adaptors connect 

surface RTKs to downstream transducers which propagate positive signals to Erk (Knauf et al., 

2003; Liu and Meakin, 2002; Pelicci et al., 2002). Since ShcD and ShcA share high homology, it 

was assumed that ShcD would function similarly and upregulate Erk signaling. However, we now 

show that ShcD contradicts conventional Shc signaling by uniquely repressing Erk 

phosphorylation distal to active Trk receptors. In contrast to ShcA which provides an additional 

docking platform for Grb2 to transduce signals, ShcD appears to bind Grb2 and inhibit Trk-Grb2 

associations that typically lead to upregulated Erk phosphorylation. When ShcD forms successful 

contacts with active Trk receptors, it becomes phosphorylated and can then recruit Grb2 to four 

tyrosine residues (Y374, Y375, Y425, Y465) embedded within Grb2 SH2 domain consensus 

recognition motifs (pYXNX). These four tyrosine residues are eliminated in ShcDY4F and ShcDY6F, 

however they confer equal levels of pErk downstream. This further confirms that pErk repression 

is dependent on pShcD-Grb2 interactions since the additional sites (Y403, Y413) mutated in 

ShcDY6F are not Grb2 consensus binding sites and therefore should not bind any more Grb2 than 

ShcDY4F. In circumstances where there is a surplus of intracellular Grb2, Erk phosphorylation 

occurs independently of ShcD presence in the cells. This suggests that pShcD is either able to 

outcompete TrkB for Grb2 binding or bind and sequester the majority of Grb2 away from TrkB 

thereby repressing Erk phosphorylation.  

  

Another parallel finding was that SH2 domain defective ShcD caused a further decrease in 

Erk phosphorylation compared to ShcDWT (Wills et al., 2017a). We have attributed this “super-

repressor” effect to the involvement of a phosphatase, Shp2, which was validated to bind ShcD 

via its SH2 domain and regulate its CH1 tyrosine dephosphorylation. When the ShcD SH2 domain 

is disabled, Shp2 is no longer able to bind and dephosphorylate ShcD, resulting in perpetual ShcD-

Grb2 associations. These findings are particularly interesting since phosphatases normally serve 

to downregulate Shc signals in Ras/MAPK pathways; however, in this model, Shp2 may 

dephosphorylate ShcD to restore positive Erk signals.  Trk activated MAPK/Erk pathways are 

imperative in the nervous system since Erk directly regulates activation of transcription factors 
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such as CREB, c-Jun, and c-Fos, which activate expression of neural specific genes. ShcD 

expression is high in the developing and mature nervous system and since the capacity of ShcD to 

influence Erk exists in the mouse brain, it would be of interest to survey the brains of ShcD KO 

mice for any associated transcriptional changes and investigate accompanying functional 

consequences resulting from Erk deregulation.  

 

In summary, these findings suggest that ShcD can facilitate distinct signaling outcomes by 

recruitment of Grb2 via its CH1 region tyrosine residues. In stark contrast to ShcA which 

propagates signals preferentially towards Erk activation (Atwal et al., 2000), ShcD suppresses Erk 

phosphorylation downstream of neurotrophic receptors by regulating intracellular pools of Grb2, 

the physiological consequences of which have yet to be fully understood.  
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5. CHAPTER 5: SHCD PROMOTES HEIGHTENED 

EGFR UBIQUITINATION AND INTERACTS WITH 

CBL UBIQUITIN LIGASE  

 

Excerpted from the following publication: 

Wills, M.K.B, Lau, H.R. and Jones, N. 2017. The ShcD Phosphotyrosine Adaptor Subverts 

Canonical EGF Receptor Trafficking. J. Cell Sci. 130, 2808-2820.  
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5.1 SUMMARY 

 

Shc adaptors function to connect cell surface inputs with downstream effectors. Unique among 

this protein family, ShcD stimulates ligand-independent phosphorylation of the EGFR, and we 

now report that ShcD also promotes EGFR ubiquitination. Traditionally, following exogenous 

cues, the Cbl ubiquitin ligase targets EGFR for ubiquitination which prompts receptor 

internalization and lysosomal degradation. We show that Cbl is a novel binding partner of ShcD 

that likely accounts for these events of ShcD-induced EGFR hyperubiquitination. Ubiquitination 

is a critical component regulating EGFR endocytosis and in the same study we uncovered that 

ShcD-promotes premature EGFR internalization and sequestration into juxtanuclear endosomes. 

However, unlike Cbl, ShcD does not appear to target EGFR for degradation but instead may 

promote recycling back to the surface to receive future stimuli. Findings presented herein further 

highlight aberrant ShcD behaviour and position ShcD as a proponent of EGFR ubiquitination that 

may have implications in both development and disease.  
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5.2 RESULTS 

 

5.2.1 SHCD HEIGHTENS EGFR UBIQUITINATION 

 

A previous investigation identified a role for ShcD in altering traditional EGFR trafficking 

dynamics (Wills et al., 2017b). We had uncovered that ShcD promotes rapid internalization of 

EGFR irrespective of exogenous cues, such as EGF. This led us to question whether trafficking-

based signaling inputs were involved in mediating this event, and since ubiquitination initiates 

EGFR internalization, we sought to investigate whether ShcD influenced ubiquitination of 

unstimulated EGFR. We co-expressed FLAG-tagged wildtype (WT) ShcD (ShcDWT) with HA-

tagged ubiquitin (Ub-HA) in COS1 cells and assessed ubiquitin modifications of EGFR by 

immunoprecipitating EGFR and immunoblotting for Ub associations. EGFR was ubiquitin 

conjugated to a greater extent in the presence of ShcD compared to control, and this correlated 

with the ShcD-mediated increase in EGFR phosphorylation (Fig. 5.1A). Since EGFR 

ubiquitination is typically initiated through extracellular signals, these results suggest that ShcD 

may be independently facilitating conjugation of ubiquitin to EGFR. Traditional Shc function is 

mediated through an ability to become phosphorylated on central CH1 tyrosine residues, thus we 

next sought to assess contributions from the ShcD CH1 region in this event. To this end, we 

evaluated EGFR ubiquitination in the presence of ShcDWT compared with a ShcD mutant 

containing non-phosphorylatable CH1 tyrosine residues (ShcDY6F) (Fig. 5.1B). We observed equal 

band smears representing levels of ubiquitination indicating that ShcD tyrosine residues are not 

required for this event of ShcD-mediated EGFR ubiquitination. Moreover, ShcD elicited greater 

levels of EGFR ubiquitination compared to EGF stimulation. Overall, these results imply that 

ShcD promotes EGFR ubiquitination, independently of EGF stimulation and of its central tyrosine 

residues.  
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Figure 5.1 ShcD increases EGFR ubiquitination. 

(A) Lysates from COS1 cells co-expressing FLAG-ShcD-GFP and HA-tagged ubiquitin (Ub-HA) 

were assessed for levels of EGFR ubiquitylation by immunoprecipitation of EGFR and 

immunoblotting of HA (Ub). In parallel, whole cell fractions were monitored by immunoblot for 

phosphotyrosine (pY), EGFR, and ShcD (FLAG) levels. ShcD expression promoted heightened 

Ub-EGFR associations. (B) Schematic representation of wildtype ShcD (ShcDWT) and mutant with 

all 6 CH1 tyrosine residues changed from tyrosine to phenylalanine (ShcDY6F). (C) COS1 cells 

were transfected with ShcDWT or ShcDY6F along with Ub-HA and GFP control (in lieu of FLAG-

ShcD-GFP) (lanes 1-4) and processed as in A. ShcDY6F expression elicited similar levels of EGFR 

ubiquitination compared to ShcDWT. Both ShcDWT and ShcDY6F expression promoted increased 

EGFR ubiquitination compared to levels stimulated by EGF (lane 5). 
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5.2.2 SHCD ASSOCIATES WITH CBL UBIQUITIN LIGASE 

 

Our findings that ShcD promotes EGFR ubiquitination led us to question the mechanism 

driving this event. It is well established that the ubiquitin ligase Cbl is recruited to the cell surface 

where it associates with and ubiquitinates active EGFR (Levkowitz et al., 1999), and since ShcD 

is devoid of any catalytic activity, we wondered whether Cbl may be involved. Cbl was identified 

as a ShcD binding partner in a former proteomic screen conducted in HEK 293T cells. Normally, 

direct interactions between Cbl and EGFR Y1045 facilitate EGFR ubiquitination (Levkowitz et 

al., 1999); however, we observed that phosphorylation of EGFR Y1045 is not induced by ShcD 

expression (Fig. 5.2A). This led us to examine whether associations between ShcD and Cbl could 

be occurring. To this end, we co-expressed FLAG-ShcD and Cbl in HEK293T cells and by co-

immunoprecipitation, validated a constitutive interaction between the two proteins (Fig 5.1B). 

Using a series of ShcD truncation mutants (Fig 5.1C), we further mapped this interaction to the 

amino-terminal region of ShcD, which contains the CH2 region and PTB domain (Fig 5.1D). 

Lastly, we assessed the consequences of ShcD-Cbl interactions on EGFR phosphorylation and 

found that heightened ShcD-Cbl associations resulted in increased EGFR phosphorylation (Fig 

5.1E). These results reveal that novel ShcD-Cbl interactions may be helping to drive ShcD-

mediated EGFR phosphorylation and ubiquitination.  
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Figure 5.2 ShcD constitutively binds the c-Cbl ubiquitin ligase. 

(A) Unstimulated COS1 cells expressing FLAG-ShcD-GFP or GFP alone were immunoblotted for 

phosphorylated EGFR residue Y1045 (Cbl binding site). EGFR Y1045 was not phosphoinduced by ShcD 

expression. (B) To determine whether ShcD binds Cbl, lysates from HEK293T cells expressing ShcD-

FLAG and Cbl were Cbl immunoprecipitated and probed for ShcD (FLAG). ShcD was co-

immunoprecipitated with Cbl. (C) Schematic of ShcD C-terminal (CT) and N-terminal (NT) fragments. (D) 

To further characterize this interaction in HEK293T cells, Cbl was co-expressed with ShcD WT and ShcD 

CT and NT fragments depicted in C. Cbl co-immunoprecipitated with the N-terminal fragment of ShcD. 

(E) The consequences of ShcD-Cbl interactions on EGFR phosphorylation were evaluated in COS-1 cells 

with the highest levels of EGFR phosphorylation occurring in the presence of ShcD and Cbl. 

A B
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5.3 DISCUSSION 

 

In all of our studies thus far, what remains consistent is the ability of ShcD to verge away 

from traditional Shc roles and facilitate non-canonical signaling events. Here we show that ShcD 

promotes EGFR ubiquitination to a greater extent than levels induced by EGF. We demonstrate 

that this event may be mediated through constitutive interactions between ShcD and Cbl, which 

also serve to heighten EGFR phosphorylation.  

 

Cbl is a major component of EGFR trafficking fate and it binds phosphotyrosine residue 

1045 (Y1045) (Levkowitz et al., 1999) of ligand-activated EGFR where it in turn becomes 

phosphorylated (Schmidt and Dikic, 2005; Thien and Langdon, 2009). Once phosphorylated, Cbl 

recruits ubiquitin-charged ligases that covalently tag ubiquitin to EGFR, typically targeting the 

receptor for internalization and lysosomal degradation (Polo, 2012). As such, Cbl is crucial for 

EGFR signaling attenuation and here we identify novel interactions between Cbl and ShcD. 

Despite findings of heightened EGFR ubiquitination and global tyrosine phosphorylation in the 

presence of ShcD, we also observe reduced phosphorylation of Cbl binding site Y1045 of EGFR. 

Intriguingly, there are other situations that reproduce similar phenotypes. For example, OS 

stimulates a pattern of EGFR phosphorylation with markedly reduced Y1045 phosphorylation 

(Ravid et al., 2002), similar to what we observe with ShcD.  

 

Shc was previously identified in a signaling complex with Cbl following EGF stimulation, 

but these associations were believed to be bridged through the Grb2 adaptor (Fukazawa et al., 

1996). Grb2 can bridge Cbl to EGFR through Grb2-specific binding sites (Y1068/Y1086), 

providing a secondary mechanism for receptor ubiquitination and degradation (Waterman et al., 

2002). It is possible that ShcD may also bridge Cbl to EGFR, however, unlike Grb2, ShcD appears 

to promote recycling of the receptor back to the surface (Wills et al., 2017b). Interestingly, many 

cancers harbour EGFR mutants defective in Cbl binding that escape Cbl-mediated ubiquitination 

and degradation (Peschard and Park, 2003). This results in aberrant receptor internalization and 

trafficking, similar to events induced by ShcD. Given all these parallels, it is reasonable to believe 

that ShcD may alter Cbl-EGFR associations thus distrupting normal endocytic trafficking of the 
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receptor. Although we provide evidence correlating Cbl-ShcD interactions in promoting 

heightened EGFR ubiquitination, future work should assess whether Cbl is central for these events. 

 

EGFR undergoes fundamental alterations in activation and function during the 

development and progression of cancers, and since ShcD is highly expressed in multiple human 

cancers, it can be postulated that these events may have pathological consequences. Therefore, it 

is of importance to investigate signaling effects stemming from ShcD-EGFR synergy, as well as 

the biological significance (Ali and Wendt, 2017). The ability of ShcD to seemingly promote 

promiscuous EGFR ubiquitination and internalization could provide mechanistical insight into 

unexpectedly low success rates of EGFR inhibitors in the treatment of cancers. Altogether, we 

provide evidence for novel mechanisms of EGFR ubiquitination and trafficking regulation and 

postulate a novel role for ShcD in promoting ligand-independent EGFR ubiquitination through 

interactions with the Cbl ubiquitin ligase. Dysregulated ubiquitination signals compromise normal 

receptor downregulation and often contribute to the development and progression of cancer 

(HuangFu and Fuchs, 2010).  
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6. CHAPTER 6:  

DISCUSSION AND FUTURE DIRECTIONS 
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6.1 SUMMARY OF RESEARCH FINDINGS 

 

The work presented throughout this thesis advances our understanding of how the ShcD 

adaptor regulates surface receptors and converges on signaling pathways downstream to alter 

cellular processes. We showed that ShcD uniquely modulates EGFR and regulates Ras/MAPK and 

PI3K/Akt pathways, eliciting distinct signaling outcomes compared to the other Shc adaptors. 

Moreover, using a combinatory approach of molecular and cellular profiling, we identified a new 

role for ShcD in breast cancer signaling and acquisition of metastatic properties.  

 

We uncovered a mechanism whereby ShcD represses Erk phosphorylation downstream of 

neurotrophic RTKs. ShcD forms associations with components of Ras/MAPK pathways, 

precluding the transmission of important signals required for Erk activation. Our findings extend 

in vivo to ShcD knockout mice who display enhanced Erk phosphorylation in the brain, which may 

have implications in development and neurodegenerative diseases. Furthermore, we identified 

another pathway dysregulated by ShcD which may enhance metastatic properties of breast cancer 

cells. ShcD paradoxically induces EGFR hyperphosphorylation, forms associations with 

components of PI3K/Akt pathways and represses Akt phosphorylation downstream. The unique 

capabilities of ShcD are also observed in another process of receptor ubiquitination. ShcD induces 

EGFR ubiquitination resulting in altered receptor internalization and intracellular sorting. 

Together, our investigations highlight the unique ability of ShcD to confer signaling outcomes 

distinct from the other Shc members and reveal a novel role for ShcD signaling in breast cancer 

metastasis. 
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6.2 INSIGHTS INTO ATYPICAL EGFR DYNAMICS PROMOTED BY SHCD 

 

We previously explored the mechanism of ShcD-induced EGFR hyperphosphorylation, 

and in this thesis, identified a pathological setting for this phenomenon in the context of breast 

cancer metastasis. Aberrant EGFR activation and trafficking are common hallmarks of breast 

cancer and despite its upregulation in metastatic breast cancer, EGFR gene amplification and 

activating mutations are rare, suggesting mechanisms other than genetic alterations are involved 

in mediating this hyperactivation (Nakajima et al., 2014). ShcD promotes heightened 

phosphorylation and internalization of EGFR, events that we hypothesize may have implications 

in driving disease. The exact mechanisms governing these unique phenomena require further 

exploration, however, the data presented within this thesis provide many novel insights into 

potential mechanisms. Our proteomic screen surveying ShcD interactors revealed novel links to 

proteins that control EGFR internalization and signaling. For example, leucine-rich repeat kinase 

1 (LRRK1) was identified as a strong PTB/SH2 domain dependent interactor of ShcD and is a 

central regulator of EGFR trafficking (Hanafusa et al., 2011; Ishikawa et al., 2012). LRRK1 is 

bridged to EGFR via the Grb2 adaptor, stimulating receptor internalization and trafficking into 

early endosomes (Hanafusa et al., 2011). ShcD likewise facilitates EGFR internalization into 

endosomes but lacks motifs required for recruitment of typical endocytosis effectors indicating 

that other signaling molecules are likely involved in mediating ShcD-dependent events. We have 

already validated successful interactions between ShcD and some identified hits including PEAK1 

and ERRFI1 and will continue this pursuit with other identified proteins in future studies.  

 

6.2.1 PHOSPHOPROTECTION 

 

The concept of phosphoprotection has been an emerging topic in recent years. Adaptor 

proteins lack intrinsic kinase activity but contain many regions that facilitate protein-protein 

interactions, including the PTB and SH2 domains, that bridge proteins together to create large 

signaling complexes. This linear approach to adaptor function has been contested over the years 

with findings that certain domain-containing adaptors, although lacking catalytic activity, can 

enhance receptor tyrosine phosphorylation. Grb2 adaptor can bind an active RTK and sterically 

hinder phosphatase access to phosphorylated tyrosine sites (Jadwin et al., 2018). Considering ShcD 
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requires its PTB domain to bind EGFR, it is possible that ShcD may create strong associations 

with EGFR via its PTB domain and either block phosphatase access or physically maintain contact 

to similarly prevent phosphatases from dephosphorylating sites on the receptor. Our lab has 

attempted to resolve the three-dimensional structure of ShcD by protein crystallization with 

minimal success due to a highly disordered CH2 region found in ShcD. Although ShcA and ShcD 

share conserved phosphotyrosine-binding domains, there are differences outside of these regions 

that have the potential to alter its structure. Characterizing the structure of ShcD would provide 

useful mechanistic insight into ShcD associations and how it is able to promote promiscuous 

phosphorylation and trafficking of EGFR.   

 

6.2.2 EGFR LOCALIZATION  

 

Lipid rafts are highly organized, lipid-rich microdomains found on the cell surface that 

serve as signaling platforms and provide organization to transmembrane proteins. Lipid rafts 

control EGFR movement and diffusivity within the plasma membrane, regulating its capacity to 

become phosphorylated, internalized and activate signaling (Lambert et al., 2008, 2009; Orr et al., 

2005). EGFR organization into specific microdomains has been shown to induce ligand-

independent phosphorylation of EGFR (Zhang and Reinhard, 2018), similar to the effect observed 

with ShcD (Wills et al., 2014). Moreover, in MDA-MB-231 breast cancer cells, the arrangement 

of EGFR on the membrane dictates cell invasiveness and cytoskeletal organization (Liu et al., 

2009). Interestingly, we observe preliminary evidence of altered EGFR surface levels in MDA-

MB-231 cells expressing ShcD which also display enhanced invasion and altered adhesion. 

Advancements in single nanoparticle tracking techniques have allowed scientists to track 

individual EGFR monomers on the cell surface to better understand the relationship between 

surface diffusivity and intracellular signaling (Ibach et al., 2015). To understand if ShcD alters 

EGFR membrane localization, it would first be of interest to subject breast cancer cells 

overexpressing ShcD to nanoparticle tracking of surface EGFR. This could help address whether 

ShcD expression differentially partitions EGFR into different microdomains which could have 

implications in ShcD-promoted EGFR hyperphosphorylation and dysregulated trafficking. 

 



 

 

90 

The ShcA PTB domain has a similar structure to the pleckstrin homology (PH) domain and 

binds acidic phospholipids in the membrane (Ravichandran et al., 1997; Zhou et al., 1995). In fact, 

there is evidence to suggest PTB-dependent basal localization of ShcA to the membrane, essential 

for phosphotyrosine binding and its subsequent phosphorylation (Ravichandran et al., 1997). 

Arginine residue 175 (R175) (equivalent to R315 of ShcD) is critical for phosphotyrosine binding 

while positively charged side chains of residues R112, K116, and K139 facilitate interactions with 

membrane phospholipids (Ravichandran et al., 1997). Given the structural similarities between 

Shc PTB domain and the phospholipid binding PH domain, these findings provide a structural 

basis for ShcD in phospholipid signaling and a possibility for regulating EGFR membrane 

localization and diffusivity, both of which are tightly linked to EGFR tyrosine phosphorylation 

status and capacity to activate downstream signaling (Ravichandran et al., 1997; Zhou et al., 1995).     

 

6.3 MECHANISTIC INSIGHTS INTO SHCD-MEDIATED RAS/MAPK AND PI3K/AKT 

REPRESSION 

 

An unexpected discovery arising from our investigations is the apparent suppression of 

Ras/MAPK and PI3K/Akt signaling pathways by ShcD. Downstream of active EGFR, PI3K 

catalyzes the phosphorylation of membrane-bound PIP2 generating PIP3. The Akt PH domain 

binds PIP3 and facilitates its translocation to the cell surface which must precede its 

phosphorylation at S473 residue by PDK1 (Matheny and Adamo, 2009). Considering the ability 

of Shc PTB domain to form links with phospholipids including PIP2, it is possible that ShcD may 

hinder localization of Akt preventing its phosphorylation. In support of this theory is the ability of 

ShcD to mislocalize DOCK4 protein and prevent Rac1 signaling (Aladowicz et al., 2020). Since 

membrane localization of Shc must precede its successful phosphorylation (Ravichandran et al., 

1997), it would be interesting to profile Akt signaling in the presence of a constitutively tyrosine 

phosphorylated ShcD allele containing mutations in phospholipid binding sites (R112, K116, 

K139). These mutations have been previously produced for ShcA, however, generating 

phosphomimetic substitutions for tyrosine can be difficult to achieve since these are covalent 

modifications (Ravichandran et al., 1997). Mutation of tyrosine to aspartic or glutamic acid would 

be the best approach, though their side chains differ from that of a phosphotyrosine and would 

require comprehensive validation. 
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EGFR signaling fate is controlled by its sorting into specific endosomes which in turn 

define distinct PI3K/Akt signaling outcomes. Clathrin-mediated endocytosis is a major mechanism 

of EGFR internalization and requires the formation of clathrin coated pits on the cell membrane 

(Sigismund et al., 2008). Proteins containing adaptin binding regions facilitate recruitment of 

clathrin to the surface which is required for EGF-stimulated Akt phosphorylation (Garay et al., 

2015). As ShcD is the only member lacking an alpha-adaptin binding motif required for CME, 

ShcD presence could possibly hinder clathrin recruitment to the surface required for Akt 

activation. Given all these findings, it is reasonable to consider that inappropriate internalization 

and sorting of EGFR by ShcD could be involved in the negative regulation of Akt.  

 

Another novel interactor identified from our screen is ERBB receptor feedback inhibitor 1 

(ERRFI1), also referred to as MIG6. ERRFI1 negatively regulates EGFR activation and 

downstream signaling (Zhang et al., 2007), and was identified as a phosphotyrosine dependent 

binding partner of ShcD. When bound to the receptor, ERRFI1 represses PI3K/Akt signaling, akin 

to ShcD, however cytoplasmic ERRFI1 fractions associate with Akt and promote its 

phosphorylation at serine residue 473 (S473) (Cairns et al., 2018). As discussed in chapter 3, ShcD 

expression represses Akt S473 phosphorylation when bound to EGFR, while a phosphotyrosine-

binding defective ShcD is unable to exert this same response. Given the potential for ERRFI1-

ShcD associations, it is possible that ShcD could be binding and preventing ERRFI1 from 

mediating Akt phosphorylation. A binding-defective ShcD appears to heighten levels of Akt 

phosphorylation compared to control cells, suggesting that when phosphotyrosine binding 

capabilities of ShcD are disabled, ERRFI1 may be released and able to facilitate Akt 

phosphorylation, like the mechanism of ShcD-driven Grb2 sequestration that prevents Erk 

activation (Fig. 3.7B).  

 

6.3.1 REGULATION BY PHOSPHATASES 

 

In Ras/MAPK pathways, the Shp2 phosphatase regulates ShcD tyrosine phosphorylation and 

signaling potential through ShcD SH2 domain binding. Once phosphorylated, ShcD binds and 

sequesters Grb2 through CH1 phosphotyrosine residues, preventing the propagation of positive 
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signals towards Erk. Shp2 associates with ShcD through its SH2 domain and dephosphorylates 

ShcD central tyrosine residues (Wills et al., 2017a). This in turn reduces interactions between ShcD 

and Grb2 allowing Grb2 to mediate Erk activation downstream. ShcD’s ability to repress Akt is 

similarly linked to its central tyrosine phosphorylation status. Considering that restriction of ShcD 

PTB and SH2 domain function prevents this repression suggests a similar mechanism could be 

involved. Shp2 is a strong binding partner of ShcD in breast cancer cells (Jones lab unpublished) 

and likely regulates ShcD tyrosine phosphorylation in this setting. Although predominately 

functioning in Ras/MAPK signaling pathways, Shp2 can influence different pathways through 

RTK crosstalk. 

 

6.4 SHCD AS A REGULATOR OF EXTRACELLULAR VESICLE DYNAMICS  

 

The proteins identified in our proteomic screen of ShcD binding partners were enriched in 

pathways regulating extracellular vesicle (EV) dynamics. TNBC cells release enhanced levels of 

EVs which contribute to mammary tumorigenesis and progression by altering the surrounding 

tumour microenvironment and influencing cell processes such as invasion (Goh et al., 2020). 

EGFR has been detected in EVs and promotes the transferring of information between cells, often 

provoking malignant change (Zanetti-Domingues et al., 2020). Intriguingly, ShcD silencing in 

prostate cancer cells significantly decreases EV secretion and tumour invasion in vitro and in vivo 

(Urabe et al., 2020). ShcD alters steady-state EGFR trafficking and recruits the receptor into Rab-

11-positive juxtanuclear vesicles which are then recycled back to the membrane rather than 

targeted to the lysosome for degradation (Wills et al., 2017b). Rab-11 associated vesicles facilitate 

receptor recycling and are essential for EV secretion (Savina et al., 2002). Given the propensity of 

ShcD to regulate EGFR endocytosis involving Rab11, and findings that ShcD regulates EV 

secretion in prostate cells, it is tempting to hypothesize that ShcD may be involved in exocytosis 

and contribute to EV release in breast cancer. Preliminary findings suggest that ShcD expression, 

but not a phosphotyrosine binding defective mutant, enhances the amount of EVs released from 

MDA-MB-231 cells. Moreover, we have evidence to suggest that ShcD is found within the 

excreted vesicles. Future work can focus on further exploring these findings, and to assess whether 

EV dynamics are involved in any ShcD-mediated cell processes.  
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6.5 EGFR-MIRNA-SHCD FEEDBACK REGULATION? 

 

The emerging field of miRNA biology has highlighted the regulatory functions of miRNAs 

in the posttranscriptional regulation of many cell processes including motility and invasion (Yang 

and Liu, 2020). miRNA misexpression is a hallmark of metastatic breast cancers (Wang and Wang, 

2012) and contributes to tumour development and progression (Tavazoie et al., 2008). Specific 

miRNAs are found in the body fluids of breast cancer patients and are emerging as prognostic 

biomarkers for breast cancer staging (Yang and Liu, 2020). mir-26a has been identified as a 

suppressor of metastasis (Ichikawa et al., 2012) and its expression inhibits breast cancer cell 

proliferation and invasion (Gao et al., 2013). Interestingly, mir-26a expression is downregulated 

in human breast cancers (Gao et al., 2013), particularly in the TNBC subtype (Liu et al., 2015), 

and it directly targets and represses ShcD expression in prostate cancer cells (Urabe et al., 2020). 

Since EGFR inhibits mir-26a expression (Ichikawa et al., 2012), it is tempting to hypothesize a 

potential feedback loop between EGFR, Mir-26a and ShcD. Since ShcD promotes heightened 

EGFR phosphorylation, in this hypothetical model, EGFR-induced mir-26a repression would 

alleviate downregulation of ShcD, allowing ShcD to promote EGFR phosphorylation and 

malignancy. Given that mir-26a-driven ShcD downregulation inhibits invasion of prostate cancer 

cells (Urabe et al., 2020) , it would be interesting to introduce mir-26a in a breast cancer cell line 

expressing high levels of endogenous ShcD and evaluate changes in EGFR signaling and cell 

invasion. 

 

6.6 COULD SHCD CONTRIBUTE TO DRUG RESISTANCE? 

 

EGFR crosstalk and atypical modes of activation provide cancer cells a means of surviving 

against targeted kinase therapy (Yamaguchi et al., 2014). For example, Src kinase stimulates 

ligand-independent activation of EGFR to promote cancer cell proliferation, conferring resistance 

to cells against anti-EGFR cetuximab therapy (Nozaki et al., 2019). Beyond the scope of this study 

is the intriguing concept that ShcD may provide drug-resistance to breast cancer cells against 

specific tyrosine kinase inhibitors (TKI). The use of TKIs to treat TNBC, especially ones targeting 

EGFR, have been surprisingly unsuccessful in clinical trials leaving chemotherapy as the only 

systemic treatment option. In chapter 5, we discussed the ability of ShcD to promote EGFR 
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phosphorylation, which raises the question, could this mechanism help facilitate aspects of drug 

resistance. In support of this, a study found that ShcD silencing sensitizes cells to treatment with 

certain TKIs reducing the migratory abilities of melanoma cells (Aladowicz et al., 2020). 

Moreover, a transcriptomic investigation of drug resistance mechanisms in TNBC cell lines 

identified ShcD downregulation in cell lines sensitive to treatment with TKIs targeting 

EGFR/PI3K/Akt pathway components compared to resistant lines (Ekren, 2020), implying that 

ShcD expression may impede TKI function.  

 

 Different pools of PTB-independent and PTB-dependent ShcA molecules distinctly 

contribute to important aspects of breast tumour initiation and progression (Ahn et al., 2013; 

Ursini-Siegel et al., 2012) highlighting the potential for therapeutic targeting of these domains. In 

chapter 3, we disrupted ShcD-EGFR complexes with a PTB domain inhibitor, indomethacin, 

which was associated with reduced cell invasion. Since ShcA and ShcD are overexpressed in breast 

cancer, and indomethacin has a lower binding affinity for ShcA PTB domain compared to a 

phosphotyrosine residue, there is potential that this drug could affect cells differently depending 

on the given proteome. If more selective in cells expressing an abundance of Shc molecules, like 

in breast tumours with overexpressed ShcA and/or ShcD, there is potential for systemic 

administration without major impacts on other tissues in the body. Therefore, it would be of 

interest to compare the influence of indomethacin on Shc-EGFR associations in normal cells 

compared to malignant ones. Also, since ShcA largely contributes to metastasis (Im et al., 2015; 

Ursini‐Siegel et al., 2008), there is the possibility of a dual pronged approach of inhibiting ShcA 

and ShcD associations with EGFR.  

 

6.7 SHCD AS A CONTEXTUAL REGULATOR OF DISEASE WITH FUNCTIONS IN OS? 

 

The CH2 region unique to p66ShcA contains a serine residue (S36) targeted for 

phosphorylation in response to stress (Giorgio et al., 2005; Le et al., 2001; Orsini et al., 2004). 

These OS-related functions are facilitated through CH2 region motifs which account for much of 

the variability in function between p66 and the shorter ShcA isoforms (p46/52) that do not contain 

this variable region. Interestingly, ShcD shares the greatest similarity with p66ShcA, particularly 

between critical OS-related motifs (serine and threonine residues) found within their CH2 regions, 
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as identified by sequence alignment. Similar to the effect of OS, ShcD facilitates ligand-

independent alterations in EGFR phosphorylation and trafficking (Filosto et al., 2011). 

Furthermore, under conditions of peroxide-induced stress, a portion of ShcD accumulates in the 

nucleus and binds DNA, suggesting potential functions in gene regulation (Ahmed and Prigent, 

2014). Under the same conditions, ShcD has been shown to be phosphorylated in its CH2 region 

at threonine residue 159 (T159) which mediates direct interactions with Erk (Ahmed et al., 2019). 

These findings imply distinct functions for ShcD in OS signaling.  

 

Akin to ShcD, the p66ShcA redox protein is variably but significantly upregulated in breast 

cancers, particularity in patients displaying metastatic progression which are stratified by positive 

lymph node spread (Jackson et al., 2000). Despite this, its function in metastasis remains somewhat 

a debate in the field. In one study, high p66ShcA levels in breast tumour samples harbouring 

reduced tyrosine phosphorylation of the other two isoforms were correlated with good patient 

outcome (Davol et al., 2003). However, an independent group revealed that p66ShcA 

overexpression in breast cancer cell lines and tumour samples is correlated with high metastatic 

potential (Jackson et al., 2000). The complexity of p66ShcA is due to its ability to signal as a redox 

protein and participate in mitogenic signaling through central tyrosine residues.  

 

It is intriguing how ShcD can converge on distinct pathways depending on the activated 

surface receptor and the given setting. In the context of breast cancer, ShcD appears to repress Akt 

phosphorylation downstream of EGFR with no associated consequences on Erk activation. In 

contrast, ShcD augments Ras/MAPK signaling distal to EGFR with no impact on PI3K/Akt 

pathways in melanoma cells (Fagiani et al., 2007). Moreover, while we observed ShcD-mediated 

Erk supression distal to Trk neurotrophic receptors, another group reported that ShcD amplifies 

MAPK activation downstream of BDNF-stimulated TrkB (You et al., 2010), further underscoring 

the broad range of responses that ShcD can elicit. Given the diverse functions of p66ShcA, and 

the structural similarities shared with ShcD, it is reasonable to believe ShcD may serve similar 

functions. Evidence implies aspects of contextual regulation and function by ShcD, and thus it 

would be valuable to investigate the role of these OS-related motifs found in the CH2 region of 

ShcD and how they compare and differ to p66ShcA. 
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6.8 FUTURE ENDEAVOURS TO UNCOVER THE EFFECTS OF SHCD OVEREXPRESSION 

IN BREAST CANCER 

 

Although our study reveals a novel role for ShcD in driving aspects of breast cancer 

metastasis, experiments were limited to an in vitro setting that fails to recapitulate a complete 

cascade. Metastasis encompasses a series of cellular adaptations orchestrated in a highly regulated 

manner by abnormal signaling events (Fares et al., 2020). In other words, there are many steps 

along the cascade that require cell acquisitions of motility, adhesion, and invasion. In chapter 3, 

we characterized changes in invasiveness and adhesiveness of breast cancer cells expressing ShcD, 

but these analyses should be extended in vivo to reflect the complexities of the tumour 

microenvironment. Future investigations should examine the effect of ShcD overexpression in 

well-characterized models of metastasis. Orthotopic injection of breast cancer cells expressing 

ShcD into the mouse mammary fat pad would allow us to assess contributions of ShcD to early 

stages of the metastatic cascade including initial tumour development and intravasation of cancer 

cells into the bloodstream (Zhang et al., 2019). Injection of cells into the tail vein of mice could 

provide insight into contributions from ShcD to later stages of the metastatic cascade, whereby 

circulating tumour cells extravasate and form secondary metastatic lesions in secondary tissues. 

Additionally, as more data becomes available, it would be interesting to survey ShcD expression 

in metastatic lesions and compare these levels with those from primary tumours to see whether 

expression is maintained along the metastatic cascade. However, remarkably, expression profiles 

of primary breast tumour samples often recapitulate profiles from distant metastases (Weigelt et 

al., 2003).  

 

Our conclusions thus far rely on overexpression systems and must be confirmed by loss of 

function approaches. ShcD expression is highly variable in TNBC, but significantly upregulated 

compared to levels detected in normal breast tissue. Transcriptomic analysis of TNBC derived cell 

lines replicate these findings where we likewise observe variable ShcD expression. In chapter 3 

we characterized effects of ShcD overexpression, and to investigate reciprocal loss of function 

consequences, we require cell lines that express high levels of endogenous ShcD. The MX-1 and 

HS578T cell lines derived from TNBC are predicted to have high ShcD expression and are current 

candidates to investigate ShcD loss of function. Future investigations will employ CRISPR/Cas9, 
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a current undertaking in our lab, to knockout ShcD and assess for invasion, adhesion and associated 

signaling defects. I would expect to see reduced invasion and enhanced ECM-adhesion stemming 

from loss of ShcD.  

 

It is also worth noting that although we have identified upregulation of ShcD transcripts in 

TNBC, due to a lack of specific and sensitive antibodies targeting human ShcD, correlated protein 

levels have yet to be assessed. More so, since ShcD functions are largely associated with tyrosine 

phosphorylation status, it would be of importance to assess ShcD phosphorylation levels in human 

breast cancer samples. Surveying expression profiles generated from RNA sequencing do not 

reflect changes in posttranslational regulation, and thus future work should attempt to generate 

non-phospho and phospho-ShcD specific antibodies to profile ShcD and pShcD levels across 

clinical samples. Additionally, since phosphorylated EGFR is a clinical prognostic marker for 

breast cancers, it would be interesting to assess any correlations between pEGFR and pShcD in 

breast cancer.   

 

6.8.1 FURTHER DEFINING THE SHCD INTERACTOME 

 

Throughout this thesis, we identified novel ShcD binding partners using the classical method 

of affinity-purification mass spectrometry (AP-MS). While AP-MS remains a valuable tool to 

decipher interactomes, this method only captures a single moment in time that discounts 

temporospatial aspects of protein regulation. Transient or proximity-mediated interactions could 

be overlooked using these methods, however, recent advancements in proximity-dependent biotin 

identification (BioID) have overcome many of these limitations. Signals are rapidly transduced 

(Kholodenko, 2006) and this technique could provide a more complete understanding of ShcD 

function and regulation, both spatially and temporally.  

 

We chose to compare the ShcD interactome to one established by a PTB/SH2 domain 

defective mutant since predominant function is mediated through these domains. Since this was 

the first report to investigate effects of ShcD in breast cancer, we sought to obtain a more general 

picture of underlying mechanisms. However, distinct binding capacities exist between ShcD PTB 

and SH2 domains. For example, ShcD forms contacts with the Tie2 receptor via both PTB and 
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SH2 domain contributions but it engages Trk and Ret neurotrophic receptors solely through PTB 

domain. Given that ShcD also engages EGFR primarily through its PTB domain, it is likely that 

there are SH2 domain dependent interactors important in modulating this. Future studies should 

attempt to identify PTB and SH2 domain differences since they form unique interactions that 

contribute to their regulation and function.  

 

6.9 A ROLE FOR SHCD IN NORMAL BRAIN DEVELOPMENT 

 

Although ShcD expression is highest in the mature brain, its contribution here remains 

largely unknown. The proper development of the nervous system is largely dependent on Trk 

receptor signaling and in chapter 4 we demonstrated that ShcD binds TrkA and TrkB to negatively 

regulate the Ras/MAPK response. ShcD is abundantly expressed throughout organogenesis and in 

mature neural populations in the adult brain (Hawley et al., 2010; Jones et al., 2007; Robeson et 

al., 2019), however, we have yet to identify the exact cell type. During development, ShcD 

expression is high in embryonic stem cells followed by a progressive decline over the course of 

neuronal maturation (Turco et al., 2012). Also, ShcD expression is downregulated during 

oligodendrocyte differentiation (Cahoy et al., 2008). The importance of the other Shc proteins 

during nervous system development combined with findings of high ShcD expression in the brain 

(Turco et al., 2012) suggest ShcD may influence neural cell signaling and warrants investigation.  

 

6.9.1 SHCD MAY INFLUENCE TRK RECEPTOR DYNAMICS  

 

We have identified ShcD-induced deregulation of signaling downstream of neurotrophic 

receptors and preliminary work suggests that ShcD may also influence Trk RTK dynamics. Since 

ShcD expression is highest in the adult brain, and Trk signaling is imperative for cortical 

development, we wanted to assess whether ShcD influences Trk in a neuronal setting. We isolated 

primary cortical neurons from postnatal day 4 wildtype and ShcD knockout (ShcDKO) mice and 

cultured them for 12 days in vitro prior to treatment with 50 ng/mL BDNF (Fig. 6.1A) While we 

were unable to detect major differences in phospho-Trk signal from BDNF stimulation, we 

observed changes in total Trk levels between wildtype and ShcDKO mice. Cortical neurons isolated 
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from ShcDKO mice had reduced levels of total Trk compared to cortical neurons isolated from 

wildtype mice (Fig. 6.1B). Even though ShcD expression has not yet been linked to a specific cell 

type, these results indicate that ShcD influences Trk signaling in cortical neurons, either directly 

or indirectly.  

 

 

Figure 6.1 ShcD knockout mice display reduced Trk levels in cortical neurons. 

(A) Primary cortical neurons were dissected, dissociated, and cultured from ShcD knockout 

(ShcDKO) and wildtype postnatal day 4 mice. Neurons were cultured for 12 days in vitro and treated 

with 50 ng/ml BDNF or vehicle alone. After 10 minutes, cells were lysed and immunoblotted for 

Trk, pErk, Erk and tubulin as a loading control. (B) Densitometric analysis revealed decreased 

total Trk levels in cortical neurons from ShcD knockout (ShcDKO) mice compared to wildtype (n 

= 2).  

 

 

Co-expression of ShcD and TrkB in cultured cells results in heightened levels of TrkB 

tyrosine phosphorylation as revealed by immunoblotting for phosphotyrosine (pY) (Fig. 6.2). Loss 

of phosphotyrosine-binding domains reduces TrkB tyrosine phosphorylation to levels observed 

with an auto-active TrkB alone (Fig. 6.2). Therefore, in addition to EGFR, ShcD may also 

modulate neurotrophin receptor dynamics.  
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6.9.2 EXTENDING RAS/MAPK SIGNALING REPRESSION CONSEQUENCES TO A 

NEURONAL SETTING 

 

In chapter 4, we elucidated a mechanism where ShcD indirectly antagonizes TrkB signaling 

to suppress Erk activation downstream. In the nervous system, Erk signaling is indispensable for 

neuronal differentiation, plasticity, and survival (Cruz and Cruz, 2007). Erk activation is tightly 

controlled during neuronal differentiation, and since ShcD expression alters its activation, we 

believe this may have implications in nervous system development. Without ShcD, mice present 

with olfactory bulb defects and associated deficiencies in retrieving buried food pellets (Robeson 

unpublished). A putative contributor could involve dysregulated Erk signaling stemming from loss 

of ShcD, as we detect reduced levels of Erk5 in the brains of ShcD KO mice (Robeson 

unpublished). Erk5 deletion impairs neuronal migration, differentiation, and survival in the 

olfactory bulb (Li et al., 2013). In future work, it would be interesting to assess ShcD expression 

over the course of neuronal differentiation and the associated changes in Erk phosphorylation.  

 

 

 

 

Figure 6.2 Preliminary findings show ShcD promoted hyperphosphorylation of TrkB. 

HEK 293T cells were transiently transfected with HA-tagged TrkB and either ShcD wild-type (WT), 

ShcD PTB* mutant containing a disabled PTB domain, ShcD SH2* mutant with a disabled SH2 

domain, ShcD PTB*/SH2* (P*/S) or alone. Cells expressing ShcD have heightened levels of Trk 

phosphorylation which are restored in cells expressing ShcD with disabled domains. 
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6.9.3 IS SHCD EXPRESSION IMPORTANT FOR CORTICAL DEVELOPMENT? 

 

Loss of Trk signaling in neural stem cells results in inappropriate cortical development, 

negatively impacting the proper proliferation, localization, and differentiation of neurons 

(Bartkowska et al., 2007). Given that loss of ShcD may reduce Trk levels in primary cortical 

neurons (Fig. 6.1), there may be implications in cortical development. In the mature brain, NPCs 

are restricted to sites of active proliferation (ventricular zones) until instructed to differentiate into 

new neurons that migrate and assimilate into existing structures. Preliminary data show heightened 

expression of ShcA in the brains of our ShcD KO mice, and since its expression is normally low 

in the mature brain, we hypothesize that this is a consequence of ShcD loss (Robeson unpublished). 

To assess consequences of ShcD misexpression during cortical development, future work should 

include in utero electroporation where ShcD expression can be manipulated over a controlled 

embryonic period. Cortical neural progenitor cells in the ventricular zones of developing mouse 

embryos should be transfected at E13/14 with either an shRNA vector to inhibit ShcD expression, 

or with a ShcD expression vector to over-express ShcD. The injection of the expression vectors 

would be coupled with a fluorescent marker (GFP) that will allow us to track and analyze 

transfected cells. To date, four different mShcD-shRNA have been individually tested in 

transfected HEK 293T cells (n=3) and the best candidate has been identified (Fig 6.3). Manipulated 

brains can be assessed for differences in neuronal cell populations and for morphological and 

molecular defects stemming from gain or loss of ShcD expression. 

 

Figure 6.3 Transient ShcD knockdown using shRNA. 

Representative immunoblot demonstrating the mShcD knockdown effects of four distinct shRNA (A 

– D). HEK 293T cells were transiently transfected with FLAG-tagged mShcD alone or with 

scrambled sequence shRNA (Scr.), shRNA-A, -B, -C, or -D, in a 1:5 ratio of mShcD DNA to shRNA 

DNA. Western blot analysis reveals greatest knockdown with shRNA-B and –D (n=3). 
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6.10 SUMMARY 

 

The aim of this thesis was to investigate signaling by the ShcD adaptor in phosphotyrosine 

based cell circuitry. Prior to this study, we identified the capacity of ShcD to facilitate ligand-

independent EGFR phosphorylation but were unable to detect associated signaling changes or 

determine the physiological impact of this event. The work presented in this thesis makes several 

contributions towards characterizing ShcD signaling and bridges our previous findings within the 

disease framework of metastatic breast cancer. We provide insight into ShcD as a potential 

regulator of metastasis and highlight the possibility for targeting surface adaptor-RTK complexes 

to reduce malignant cell properties, which could generate new avenues for treatment of metastatic 

cancers. This work provides a strong foundation for future endeavours, which can focus on further 

defining the relationship between aberrant ShcD signaling and metastatic disease in vivo. 
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