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Abstract 

Introduction: It has been discovered by our laboratory group that a novel cell 

signalling mechanism (Tier 2 signalling) can occur via receptor tyrosine 

kinases and SH3 domain-containing proteins when cellular environmental 

conditions are perturbed. Aberrant Tier 2 signalling in response to stress-

induced changes to protein expression is implicated in tumorigenesis and is 

physiologically relevant to tumour cells under microenvironmental stress. The 

role of aberrant receptor tyrosine kinases expression in breast cancer 

pathogenesis and the high levels of anti-receptor tyrosine kinase resistance, 

suggest that aberrant Tier 2 signalling may play a role in breast cancer 

progression and drug-resistance.  

Objectives: To investigate whether overexpression or upregulated expression 

of receptor tyrosine kinases and SH3 domain-containing proteins in response 

to GF-deprivation leads to the non-canonical activation of SH3 domain-

containing proteins in breast cancer cells. The possible aberrant downstream 

Tier 2 signalling mechanisms which could lead to an oncogenic outcome in 

breast cancer cells, was also examined.  

Methods: Relative cell protein levels were determined via immunoblotting. 

Various protein-protein interaction methods were utilised, including the use of 

Co-IP, pull-downs and FRET, to validate candidate non-canonical protein-

protein interactions. Phenotypic cellular assays were performed to determine 

the phenotypic consequence of non-canonical activation of SH3 domain-

containing proteins. 

Results: The work presented here demonstrates that breast cancer cells 

change their proteome in response to growth under serum-deprivation stress. 

A particular non-canonical protein-protein interaction was established to occur 

between the second proline-rich motif of the receptor tyrosine kinase VEGFR2 

and the SH3-domain of Src-kinase in breast cancer cells, under serum-

deprived conditions. The VEGFR2-mediated non-canonical activation of Src 

was observed to play a role in breast cancer cell migration.  
 

Conclusions: The data within this thesis supports a novel Tier 2 signalling 

pathway in breast cancer cells, which is upregulated in response to growth 
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under serum-deprived stress and may be implicated in breast cancer cell 

migration. This aberrant Tier 2 mechanism may play an important role in 

breast cancer progression and resistance mechanisms, when under serum-

deprived microenvironmental stress.
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Chapter 1 Introduction 

1.1 Receptor Tyrosine Kinases (RTKs) 

RTKs are a large family of cell surface receptors that play a crucial role in 

many fundamental cell processes. These include cellular proliferation, cell 

metabolism, cell migration, the cell cycle and cell survival (Blume-Jensen and 

Hunter, 2001; Ullrich and Schlessinger, 1990). RTK membrane receptors all 

have a similar molecular architecture. They all contain an extracellular ligand 

binding domain, to which particular growth factors (GFs) and ligands can bind. 

The ligand binding domain is connected to the intracellular domain via a single 

transmembrane helix. The intracellular cytoplasmic domain contains a 

conserved tyrosine kinase domain (TKD), carboxy (C-) terminal and 

juxtamembrane regulatory sequences, which determines autophosphorylation 

and phosphorylation by protein kinases. Activated RTK’s catalyse the transfer 

of the γ phosphate of ATP to hydroxyl groups exposed on specific tyrosine (Y) 

residues on downstream target proteins (Schlessinger, 2000). RTKs can 

therefore be thought of as a single node that activates various signalling 

networks, to transmit information from outside to the inside of the cell. 

RTKs and the intracellular signalling pathways that they activate are 

evolutionary conserved, emphasising the important roles they play in a 

diversity of cellular processes (Lemmon and Schlessinger, 2010). Humans 

have 58 known RTKs, which fall into 20 subfamilies (Manning et al., 2002; 

Lemmon and Schlessinger, 2010; Robinson et al., 2000). All RTKs, except for 

the insulin receptor (IR) family, are monomer receptor proteins within the cell 

membrane, under basal conditions (Schlessinger, 2000).  

Aberrant activation of RTKs, such as through mutation or the overexpression 

of the RTK or its ligand, results in pathogenesis of many diseases. These 

include cancer, diabetes, inflammation, severe-bone disorders, 

arteriosclerosis, and angiogenesis. There are four main principle mechanisms 

found in human cancers that utilise aberrant RTK signalling. These include 

RTK overexpression, chromosomal translocations, autocrine activation and 
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gain of function mutations (Lemmon and Schlessinger, 2010). A large number 

of mutations have been found in a range of different cancer types, in numerous 

RTKs and collected in the Catalogue of Somatic Mutations in Cancer 

(COSMIC) database (Forbes et al., 2010).  

1.1.1 RTK activation and autoinhibitory mechanisms 

In general, ligand binding to the extracellular region of RTKs induces receptor 

dimerisation, which results in the activation of the TKD via 

transphosphorylation and subsequent autophosphorylation of their 

cytoplasmic domains (Figure 1.1) (Ullrich and Schlessinger, 1990; Du and 

Lovly, 2018). All TKDs have an N-lobe and a C-lobe. Key regulatory domains 

including the activation loop and the αC helix in the kinase N-lobe adopt a 

specific configuration in all activated TKDs, which is required for catalysis of 

phosphotransfer to downstream effector proteins (Nolen et al., 2004). Inactive 

TKDs differ between RTKs, which reflects the diversity of mechanisms that 

they regulate. Each TKD is cis-autoinhibited by intramolecular interactions that 

are specific for each receptor. The release of this inhibition is the key event 

that elicits RTK activation (Lemmon and Schlessinger, 2010; Huse and 

Kuriyan, 2002). Receptor dimerisation increases the local concentration of the 

tyrosine kinase (TK) and leads to more efficient trans-phosphorylation of Y 

residues in the activation loop of the catalytic domain (Weiss and 

Schlessinger, 1998; Hubbard et al., 1998). Upon phosphorylation, the 

activation loop adopts an ‘open’ configuration which permits access to ATP 

and other substrates, and enables the phosphotransfer from ATP to a Y on 

the receptor itself and to cellular proteins involved in signal transmission 

(Schlessinger, 2000). Autophosphorylation of the receptor occurs in a precise 

order of events which destabilises cis-autoinhibition interactions. The first 

phase of autophosphorylation events enhance the catalytic activity of the RTK 

once the receptor binds to its activating ligand. The second phase requires 

first phase activation of the kinase and leads to the phosphorylation of specific 

phosphorylated-Y (pY) sites which recruits cytoplasmic signalling proteins to 

bind via their Src homology-2 (SH2) and phosphotyrosine-binding (PTB) 

domains (Lemmon and Schlessinger, 2010).  
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In the absence of ligand binding, some RTKs exhibit ligand-independent or 

basal autophosphorylation of Y residues (Hubbard et al., 1998). Basal 

phosphorylation does not produce a signal of sufficient amplitude to elicit a 

cellular response and therefore, basal phosphorylation was thought to not 

have any biological function (Belov and Mohammadi, 2012). Our laboratory 

group however challenged this theory and revealed that basal 

phosphorylation of RTKs is a physiologically relevant event which is inhibited 

by the binding of intracellular effector proteins and serves to ‘prime’ receptors 

for a rapid response to ligand stimulation (Lin, C.C. et al., 2012). It is also 

thought that receptor overexpression can utilise auto-phosphorylation to 

activate downstream pathways in the absence of ligand binding leading to 

uncontrolled RTK signalling in many human diseases (Du and Lovly, 2018). 

 

 

Figure 1.1 Canonical RTK activation.  

Inactive RTK monomers are maintained in an autoinhibited state until 

ligand-binding. In the presence of a specific ligand, particular RTKs are 

brought into close proximity and co-dimerise which stimulates TKD 

activity. The activation of the RTK induces autophosphorylation of 

specific residues in the C-terminal tail. The resulting phosphorylation 

activates effector proteins which bind to these sites and relays a 

signalling cascade within the cell. Adapted from BioRender.com.  
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1.1.2 Tier 1 signalling 

The cell signalling response through ligand-induced RTK activation is termed 

within this thesis as Tier 1 cell signalling. The activation and consequent 

autophosphorylation of ligand-activated RTKs, initiates the recruitment of 

downstream signalling proteins. These molecules are recruited via their SH2 

or PTB domains and bind to pY sites within the intracellular domain of the RTK 

(Pawson, 2004; Schlessinger and Lemmon, 2003). Here, the binding of 

docking proteins to the particular phospho-site on the phosphorylated RTK, 

activates the docking proteins themselves. This occurs via the activated RTK 

catalysing the phosphorylation of the docking protein. Docking proteins which 

bind to the receptor itself usually contain a membrane-targeting site at their 

amino (N) terminus, followed by several pY sites. These pY sites serve as 

binding sites for other downstream signalling proteins (Lemmon and 

Schlessinger, 2010). Downstream cytoplasmic signalling molecules are then 

recruited indirectly by interacting with docking proteins that are 

phosphorylated by activated RTKs (Schlessinger, 2000). This elicits a Tier 1 

cell signalling cascade within the cell, which results in many different proteins 

to become activated.  

There are many different interaction domains of proteins which are 

responsible for the activation of signalling cascades stimulated by activated 

RTKs. Some proteins bind via receptor proximal interactions (e.g. SH2, PTB) 

and others bind through more spatial and distal interactions including Src 

Homology 3 (SH3), WW, and PDZ domains to the activated signalling protein 

(Pawson, 2004; Schlessinger and Lemmon, 2003). These domains are 

typically seen alongside the SH2 domain in typical multi-domain proteins that 

signal downstream from RTKs (Lemmon and Schlessinger, 2010). These 

multi-domains allow for many different protein-protein interactions (PPIs) to 

occur with both receptors and other downstream signalling molecules.  

With multiple pY sites and other binding sites embedded within the 

cytoplasmic domain of RTKs, their activation via ligand-binding can elicit many 

different signalling proteins and Tier 1 signalling pathways to become 

activated (Schlessinger, 2000). This canonical way of cell signalling will 
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therefore provide a cellular response depending on the particular Tier 1 

signalling pathway activated. 

1.2 SH3 domains  

SH3 domains are peptide-recognition modules which mediate PPIs in many 

eukaryotic cell signalling mechanisms. The SH3 domain family is one of the 

largest and best characterised peptide-recognition module families. There are 

over 300 domains in over 200 human proteins, which are together involved in 

cell signalling pathways which include cell growth regulation, endocytosis, and 

cytoskeletal control (Mayer, B.J. and Gupta, 1998). Mutations in SH3 domains 

can also be oncogenic. Mutations in the SH3 domains of oncoproteins Src and 

Abl are known to be activating mutations (Kay et al., 2000).  

SH3 domains consist of a defined, homologous structure of approximately 60 

amino acids. This provides a hydrophobic binding surface that recognises 

proline-rich sequences containing the core PxxP (where P is a proline residue 

and x denotes any amino acid) which folds to a left-handed proline-rich type II 

(PPII) helix (Cicchetti et al., 1992; Ren et al., 1993). The PPII helix is pseudo-

symmetrical, meaning that the SH3 domain can recognise peptides in both 

orientations by using two different binding modes. Adjacent to the PxxP-

binding site, SH3 domains contain another binding region called an RT loop 

between strands β1 and β2 and the n-Src loop between strands β2 and β3, 

called the specificity site (Yu et al., 1994; Lim et al., 1994). In canonical SH3 

domains, the site is negatively charged and recognises a positively charged 

R/K residue located at either side of the PxxP motif (Teyra et al., 2017). Based 

on SH3 domain binding preferences, two classes of canonical PxxP motifs 

have been defined (Lim et al., 1994; Yu et al., 1994). Class I SH3 domains 

bind to peptides that conform to the consensus motif R-3xxP0xxP3 (Figure 1.2, 

left) in a plus orientation. Here, the P residues pack against two external 

hydrophobic sites in the area of the RT loop. Class II domains recognise 

peptides that have the sequence 0PxxPxR+5 (Figure 1.2, right), in a minus 

orientation (Feng et al., 1994; Lim et al., 1994).  Here, the P residues pack 

against two internal hydrophobic sites located near the n-Src loop.  
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Some SH3 domains have been found to exhibit non-canonical specificities 

and bind to a wide variety of peptide motifs (Saksela and Permi, 2012; Teyra 

et al., 2017). The wide variety of binding specificities gives rise to the diversity 

of SH3-domains to recognise protein ligands. Therefore, SH3 domains could 

play a far more varied role in cell signalling than has been previously known. 

Further investigation into the non-canonical binding motifs is required to fully 

understand SH3 domain function (Teyra et al., 2017). 

 

 

Figure 1.2 Canonical SH3:PxxP domain interactions.  

Representative schematic of the binding orientations of class I and class 

II PxxP peptides interacting with SH3 domains. The PxxP peptide 

backbone is shown via the black arrow with the C terminus of the protein 

shown by the arrowhead. The important binding residues are shown as 

triangles, coloured to show residues P0 (red), P+3 or P-3 (green) and R-3 

or R+5 (yellow). The SH3 domain backbone is shown in grey and the SH3 

domain binding sites represented by black boxes. Site S0 is the site of 

P0. Adapted from (Teyra et al., 2017). Made using BioRender.com.  

1.2.1 The prevalence of PxxP sequences in RTKs 

Of the 58 known RTKs in humans (Lemmon and Schlessinger, 2010), the 

majority have many proline-rich sequences within their C-termini. Around 70% 

of human RTKs express varying numbers of PxxP sites (Figure 1.3). These 

sequences have the propensity to bind to over 200 proteins that have over 

300 SH3 domains embedded within their structures (Mayer, B.J. and Gupta, 

1998). Interactions occur between RTKs and SH3 domain-containing proteins 
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without the need for external stimulation (e.g. via ligands and GFs) and occur 

depending on the relative concentration of these proteins within the cell 

(Timsah et al., 2014).  

 

Figure 1.3 The prevalence of PxxP sites in RTK C-terminal tails.  

The number of PxxP sites within the cytoplasmic C-terminal domains of 

RTKs expressed by human cells. C-terminal domains were obtained via 

(UniProt, 2021).  

1.3 Tier 2 signalling  

Homeostatic signals within the cell have been found to occur in cells grown 

under GF-deprived or basal conditions, these can occur through RTKs and 

through RTK-associated cytoplasmic proteins (Timsah et al., 2014; Suen et 

al., 2013; Lin et al., 2012; Lin et al., 2021). This has been termed ‘Tier 2 

signalling’ (Lin et al., 2021).   
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Tier 2 signalling is defined by the cell signalling response and functional 

activation of proteins associated with RTK-mediated signalling pathways, 

under periods where there is no cellular external stimulation (nutrients and 

ligands) to elicit a cell signalling response. It is hypothesised that Tier 2 

signalling is important to maintain cell viability and homeostasis in periods 

where there is no cellular external stimulation and thus, under cellular stress. 

One example of a Tier 2 cell signalling response can be through intracellular 

SH3 domain-containing proteins interacting with non-active RTKs, whereby 

the SH3 domains of the intracellular proteins bind to proline-rich motifs within 

the C-terminal tail of non-activated RTKs. This binding event can activate the 

intracellular SH3 domain-containing protein, which in turn can activate 

downstream cell signalling cascades of the intracellular protein. Proteomic 

imbalances of the proteins involved in these interactions can elicit a non-

homeostatic response however, and contribute to activating oncogenic 

signalling pathways in cancer cells (Timsah et al., 2014; Timsah et al., 2016; 

Timsah et al., 2015; Lin et al., 2021). Proteomic imbalances of these proteins 

can be due to environmental change-related stress conditions,  

Non-stimulatory conditions show many features of tumorigenesis and 

progression in cells, as well as prevailing in resistant cells treated with kinase 

inhibitors. Therefore, understanding how cells adapt to growth under these 

conditions is necessary to develop more efficient therapeutic strategies.  

1.3.1 Grb2 and FGFR2 

Growth factor receptor-bound protein-2 (Grb2) is an intracellular adaptor 

protein consisting of an SH2 domain sandwiched between two SH3 domains 

and is essential to several RTK-mediated signalling pathways (Maignan et al., 

1995). Grb2 mediates  signalling from RTKs to the mitogen activated protein 

(MAP) kinase signalling pathway (Margolis and Skolnik, 1994). Here, the SH2 

domain allows for binding to phosphorylated Y residues on RTKs and  docking 

proteins. The SH3 domains interact with proline-rich sites on many 

intracellular signalling proteins, the most notable being son of sevenless 

(SOS), which is integral for RTK-mediated Ras-MAP kinase signal 

transduction (Li et al., 1993; Rozakis-Adcock et al., 1993). 
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Downstream signalling from the Fibroblast Growth Factor receptor (FGFR) 

regulates proliferation, migration and differentiation depending on the cell-

type. There are seven FGFRs which are derived from alternative splicing 

(Manning et al., 2002). FGFR2 in particular recruits a docking protein called 

FGF receptor substrate 2 (FRS2) in a ligand-activated dependent manner 

(Ahmed et al., 2008). Activation of FGFR2 results in the phosphorylation of 

FRS2 which serves as a docking site for a number of intracellular proteins 

including Grb2 (Hadari et al., 1998) (Figure 1.4a). The formation of the 

Grb2/FRS2 complex initiates MAP Kinase activation. Grb2 can also recruit 

Gab1 leading to the activation of the phosphatidylinositol 3-kinase 

(PI3K)/Protein kinase B (PKB/Akt) pathway, which may mediate an anti-

apoptotic effect (Eswarakumar et al., 2005). 

In the absence of extracellular GF stimulus, dimeric Grb2 can bind to FGFR2 

via its SH3 domain. This interaction occurs through the Grb2 C-terminal SH3 

domain (C-SH3) and a C-terminal proline-rich region of FGFR2 (807-

PSLPQYPHINGSVKT-821) (Ahmed et al., 2010). Here, dimeric Grb2 recruits 

two FGFR2 receptor molecules into a heterotetramer. This holds the FGFR2 

receptors in a heterotetrameric complex, whereby the receptor activation loop 

Y residues are autophosphorylated and is therefore primed for external 

activation, but downstream signalling is inhibited (Lin et al., 2012) (Figure 

1.4b). Thus, Grb2 controls the level of FGFR2 phosphorylation through 

controlled inhibition of the kinase activity of the receptor. Upon ligand-binding 

to FGFR2, receptor dimerisation is stabilised and autophosphorylation of the 

intracellular domain is upregulated. Grb2 is phosphorylated on Y residue Y-

209 by the fully active FGFR2. This results in its dissociation from the complex 

with the receptor and dimer dissociation. Release of this interaction with Grb2 

allows for additional Y residues to be phosphorylated within the C-terminal 

domain of FGFR2 and therefore, allows the recruitment of signalling 

molecules required for signal transduction (Ahmed et al., 2013). The 

phosphorylation of Grb2 through FGFR2 activation, leads to a monomeric 

Grb2 molecule which is capable of binding to SOS and upregulating MAP 

kinase signalling. Grb2 phosphorylation at Y160 has been associated with 

malignant forms of human prostate, colon and breast cancers (Ahmed et al., 

2015).  



- 10 - 

This heterotetrameric binding event also regulates the function and 

phosphatase activity of SH2 domain–containing protein tyrosine phosphatase 

2 (Shp2) in the FGFR2 signalling pathway (Ahmed et al., 2010; Ahmed et al., 

2013). Here, the Grb2-dependent regulation of FGFR2 phosphorylation 

affects the kinase activity of FGFR2 required to phosphorylate Shp2 and 

hence, the phosphatase activity directed at FGFR2 and Grb2. Therefore, Grb2 

is an important positive and negative regulator of receptor phosphorylation 

and thus, downstream FGFR2 signal transduction (Ahmed et al., 2013).  

 

1.3.2 Evidence of Tier 2 signalling 

In the absence of GFs, many Tier 2 cell signalling mechanisms have been 

found to occur in cells in response to growth under non-stimulated conditions. 

The relevance of these mechanisms in non-stimulated cells is likely to be 

associated with the requirement of cells to maintain metabolic and 

homeostatic ‘house-keeping’ function in the absence of any extracellular 

stimulation.  

When under the absence of GF stimulus, the non-active form of the docking 

protein Shc-transforming protein 1 (Shc) can sequester the oncoprotein 

extracellular signal-regulated kinase 1/2 (Erk) activity by the direct interaction 

between the PTB domain of Shc and N-terminal lobe of Erk. Therefore, acting 

as a key negative regulator of MAP kinase signalling in non-stimulated cells. 

As a consequence, Shc suppresses Erk phosphorylation and, potentially, 

undesirable cellular outcomes such as oncogenic cellular proliferation. Upon 

external stimulation, recruitment of the Shc-Erk complex to phosphorylated 

RTKs through Shc’s PTB domain causes a conformational change within Shc 

which releases Erk from the inhibitory complex, allowing Erk to activate 

downstream signal transduction events (Suen et al., 2013). The particular 

binding site of Shc to Erk is evolutionary conserved, providing evidence that 

the maintenance of the Shc-Erk complex under GF-deprived conditions is 

important for maintaining cellular homeostasis.  

Under GF deprived conditions, non-phosphorylated Grb2 exists in a 

concentration-dependent dimer-monomer equilibrium in the cytosol (Ahmed 

et al., 2015). The depletion of intracellular levels of Grb2 results in increased 

concentrations of monomeric Grb2. Therefore, in the absence of GF 
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stimulation, Grb2 cycles between the phosphorylated monomeric Grb2 and 

the non-phosphorylated, typically dimeric Grb2. The former is dependent on 

constitutive background RTK activity and the latter from intracellular Shp2 

activity. The binding of dimeric Grb2 to FGFR2 in the absence of extracellular 

GF stimulus and when Grb2 levels are high within the cell to form a 

heterotetrameric complex is also a Tier 2 mechanism response to growth 

under GF-deprived stress conditions (Lin et al., 2012). Under GF-deprived 

conditions and when intracellular Grb2 levels are depleted, monomeric Grb2 

concentrations are increased within the cytosol (Ahmed et al., 2015). In this 

state, monomeric non-phosphorylated Grb2 can bind to Shp2, via a bidentate 

interaction which enhances Shp2 phosphatase activity and downstream 

signal transduction. The binding of non-phosphorylated monomeric Grb2 

releases Shp2 from its autoinhibited state and results in increased 

phosphatase activity and thus, Shp2 signal transduction. This activation of 

Shp2 is independent of phosphatase phosphorylation and in the absence RTK 

activation (Lin et al., 2021). In view of the fact that non-phosphorylated Grb2 

exists in a concentration-dependent monomer-dimer equilibrium in cells, the 

activation of Shp2 is therefore cycled alongside the Grb2 monomer-dimer 

fluctuations and therefore, maintains homeostasis within the cell.  

The intracellular enzyme phospholipase C g-1 (Plcg1) can also bind to the 

same proline-rich Grb2 binding site on FGFR2, under GF-deprived conditions. 

The competition between Grb2 and Plcg1 binding to the same site on the C-

terminal tail of FGFR2 under serum-deprived conditions was found to have 

homeostatic relevance when both protein levels were in balance in the cell 

(Timsah et al., 2014). When the relative intracellular protein levels were 

changed and Grb2 intracellular levels were low and Plcg1 intracellular levels 

were high, the prevalence of Plcg1 binding to FGFR2 increased and aberrant 

Tier 2 cell signalling occured (Timsah et al., 2016) (Figure 1.4c). 
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Figure 1.4 FGFR2 Tier 1 and Tier 2 signalling mechanisms. 

a. Under growth factor stimulation of fibroblast growth factor (FGF), the 

FGFRs undergo receptor dimerisation and subsequent 

transphosphorylation of their TKDs. Docking proteins, including Frs2 

and Plcg1, bind to these phosphosites, which leads to the activation 

of downstream signalling pathways. These include the MAP kinase 

(MAPK/Erk pathway and the PI3K/Akt pathway. b. Under serum-

deprived, basal conditions and when Grb2 levels are high within the 

cell, FGFR2 is held in a heterotetramer with Grb2-dimer binding to 

the C-terminal PxxP motifs of FGFR2 via its SH3 domain. Here, it is 

held in a primed position with Grb2, ready to be phosphorylated once 

the receptor becomes activated. Phosphorylated Grb2 is no longer 

capable of dimerisation and is dissociated from the FGFR2 complex. 

c. Under basal conditions and when the Grb2 concentration is low, 

Plcg1 can bind to monomeric FGFR2 at a higher frequency and 

activate alternative signalling pathways. The binding of Plcg1 to the 

PxxP motif of FGFR2 changes the conformation of Plcg1 to an active 

form. Plcg1 activation initiates the excessive hydrolysis of PIP2 to 

inositol triphosphate (IP3) and diglyceride (DAG). This excessive 

depletion in PIP2 concentration results in the inhibition of 

phosphatase and tensin homologue deleted on chromosome 10  

a. b. c. 

Tier 1 Tier 2 
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(PTEN), and results in the phosphorylation of Akt. Made using 

BioRender.com. 

1.3.3 Evidence of aberrant Tier 2 signalling in cancer  

Aberrancies in Tier 2 signalling have been associated with tumorigenesis and 

cancer progression. Proteomic changes resulting from environmental change-

related stress can drive tumorigenesis through perturbation of the homeostatic 

Tier 2 signalling pathways. 

In the absence of GF and when intracellular Grb2 levels were depleted, 

monomeric Grb2 interacts with the adaptor protein, Shp2. This interaction 

causes a conformational change in Shp2, whereby the autoinhibition of Shp2 

is disrupted upon non-phosphorylated monomeric Grb2 binding and in turn, 

upregulates Shp2 activity in a phosphorylation-independent manner (Lin et al., 

2021). The non-canonical activation of Shp2 under basal conditions was found 

to upregulate MAP kinase signalling in the triple-negative MDA-MB-468 breast 

cancer cell line through binding to activated Shp2, without the need for Shp2 

phosphorylation. In the absence of external stimulation, the expression of non-

phosphorylated monomeric Grb2 was associated with an enhanced level of 

cellular proliferation in the MDA-MB-468 breast cancer cell line compared with 

the expression of wildtype Grb2. It is hypothesised that cells which are 

depleted for a given RTK, as is found in triple negative breast cancer (TNBC), 

proliferative or metastatic signalling could be driven by the uncontrolled impact 

of monomeric Grb2-mediated Shp2 activation. Further study is needed to 

elucidate whether monomeric Grb2 levels are perturbed in response to RTK 

expression levels and environmental stress conditions and to determine the 

cellular and phenotypic outcome of monomeric Grb2-mediated upregulated 

Shp2 activation in cancer cells and whether this plays a role in tumorigenesis 

and progression. 

Aberrant or non-homeostatic Tier 2 signalling has also been identified with 

FGFR2 and Plcg1, when homeostatic Tier 2 interactions with Grb2 and 

FGFR2 are out competed (Timsah et al., 2014; Timsah et al., 2016; Timsah 

et al., 2015). Here, the competition of binding to the same proline-rich site in 

the C-terminal tail of FGFR2 was dependent on the relative protein expression 

levels of Grb2 and Plcg1 within the cell. In Grb2 depleted cells and when Plcg1 
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intracellular levels were high, Plcg1 bound to FGFR2 at a higher frequency 

via its SH3 domain in the absence of FGF ligand. This led to changes in its 

protein conformation to an active form (Timsah et al., 2014). This 

conformational shift exposed the Y783 residue of Plcg1, which plays a critical 

role in Plcg1 signalling. When this residue is exposed it can interact with its 

own C-terminal SH2 domain which relieves the autoinhibition of Plcg1. GF-

independent Plcg1 activation led to the excessive hydrolysis of the 

membrane-bound PIP₂ and induced intracellular calcium (Ca2+) release. PIP₂ 

is an important molecule for the recruitment of effector molecules and 

canonical signalling.  

Grb2 depletion, and thus promoting aberrant Plcg1 activity, in GF-deprived 

cells with FGFR2 expression, led to the inhibition of PTEN by drastically 

decreasing the cellular levels of PIP2. PTEN is an antagonist to PI3K and 

dephosphorylates phosphatidylinositol 3, 4, 5-triphosphate (PIP3) to PIP2 and 

is conformally affected by cellular levels of PIP2. As a result of PTEN inhibition, 

PIP3  was not converted to PIP2 and thus, PIP3 accumulated in the plasma 

membrane. The accumulation of PIP3 led to the consequent recruitment and 

phosphorylation of Akt at the plasma membrane. The fluctuations in proteomic 

expression levels of FGFR2, Grb2 and Plcg1 influenced the membrane lipid 

concentration of PIP3, which in turn modulated cellular proliferation. The 

observation of tumour formation and progression was also seen in a xenograft 

mouse model in cells expressing FGFR2 with low Grb2 expression levels. The 

different expression levels of FGFR2, Grb2 and Plcg1 were seen to correlate 

with Akt phosphorylation and a highly proliferative outcome in ovarian cancer 

cell lines and a lower ovarian cancer patient survival (Timsah et al., 2016). 

The relative expression levels were also prognostic factors in lung 

adenocarcinoma patients (Timsah et al., 2015). 

In addition to Akt activation, the hydrolysis of PIP2 to IP3 and DAG led to an 

influx of intracellular Ca2+, which activates protein kinase C (PKC). This 

increased the cellular motility and cell-invasive behaviour in these cells under 

serum-deprived conditions (Timsah et al., 2014). Therefore, an oncogenic 

outcome can be dictated by the relative protein expression levels of the SH3 

domain-containing proteins Grb2 and Plcg1 and FGFR2 RTK, in tumour cells. 
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1.4 Breast cancer (BC)  

BC is the most commonly diagnosed cancer worldwide and accounts for 

24.5% of all female cancers. It is the largest cause of cancer death in women, 

due to the high rates of BC metastases (Sung, Hyuna et al., 2021). BC is a 

solid tumour malignancy (Gupta, 2003) and is driven by the aberrant 

expression and regulation of cell signalling pathways in mammary epithelial 

cells (Butti et al., 2018). These aberrant changes are used as both prognostic 

and predictive markers for BC therapies. Receptor positive BC typically has a 

better outcome for patients than receptor-negative disease. This is due to 

there being no ‘specific’ target for therapy for patients with hormone-negative, 

human epidermal growth factor receptor-2 (HER2) negative (triple-negative) 

BC (TNBC). Receptor subtypes of BC patients have distinct gene expression 

patterns which are used to determine the best course of patient therapy (Finn, 

2008).  

New biomarker combinations are emerging which include immuno-

histochemical markers (estrogen receptor (ER), progesterone receptor (PR), 

HER2 and proliferation marker Ki-67, genomic markers (e.g. BRCA1, BRCA2 

and PIK3CA) and immunomarkers (e.g. tumour-infiltrating lymphocytes and 

programmed death-ligand-1 (PD-L1). The combination of all these biomarkers 

are the basis for increasingly complex diagnostic treatment algorithms.  

Neoadjuvant combination therapy, which often includes targeted drug agents, 

is the standard of care for BC patients. Radiotherapy is also an important 

aspect of BC therapy. Metastatic BC patients standard of care include 

targeted approaches such as PARP inhibitors, CDK4 and CDK6 inhibitors, 

PI3K inhibitors and PD-L1 immunotherapy, depending on the tumour type and 

the tumour molecular profile. The range of treatment options for different 

subtypes of BC patients reflects the complexity of BC therapy today and the 

heterogeneity of BCs (Loibl et al., 2021).  

1.4.1 Aberrant RTK activation in BC 

The overexpression and aberrant activation of many RTKs are found in many 

cancer types, including the breast (Tomiguchi et al., 2016; Palmieri et al., 

2007; Lemmon and Schlessinger, 2010; Templeton et al., 2014). RTKs have 

been found to play an important role in BC progression. RTK pathways 
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aberrantly activated include pathways which induce cancer stemness, 

angiogenesis and metastasis (Butti et al., 2018). High levels of RTK 

expression in BC patients have been associated with a worse patient 

prognosis, including association with increased BC aggressiveness and 

decreased overall and disease-free survival (Templeton et al., 2014). 

Aberrantly activated RTK signalling pathways induces a cancer stem cell 

(CSC) phenotype which exhibits resistance to BC therapeutics (Wise and 

Zolkiewska, 2017; Ibrahim et al., 2017). 

Since RTKs play important roles in BC progression, RTK-targeted therapy has 

been useful for BC treatment. Several RTK inhibitors have been tested and 

approved for use in BC patients. These include, trastuzumab (or otherwise 

known as Herceptin) and lapatinib (both HER2 inhibitors) and bevacizumab 

(anti-VEGF inhibitor, therefore targeting the vascular endothelial growth factor 

receptor (VEGFR)). RTK inhibitors have been found to improve disease-free 

survival in metastatic BC patients (He and Wei, 2012). Despite there currently 

being many advances in the detection, prevention, and the use of anti-RTK 

therapy, unfortunately many BC patients go on to develop de novo or acquired 

resistance, which limits the use of RTK-targeted therapy for BC treatment 

(Jemal et al., 2010; Huang, L. and Fu, 2015). The mechanisms behind the 

development of resistance to anti-RTK therapy needs to be elucidated for 

successful therapeutic regimens for BC treatment and anti-RTK therapy-

resistant BCs. 

1.5 Src kinase 

Src is a 60 kDa membrane-associated non-receptor TK, belonging to the Src 

family of kinases (SFK) (Yeatman, 2004). Src plays a central and crucial role 

in maintaining cellular homeostasis of a large range of important cell signalling 

pathways which control a vast range of physiological functions. These include 

cell proliferation, survival, adhesion, invasion and migration (Mayer, E.L. and 

Krop, 2010). Given Src’s important role in many cellular functions that are 

involved in malignant transformation, its aberrant activation has been strongly 

implicated in the development, growth, progression and metastasis of many 
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types of human cancers. These include those of the breast, brain, pancreas 

and colon (Irby and Yeatman, 2000).  

1.5.1 Src structure 

A hallmark of Src kinases is a short C-terminal tail in which there is an 

autoinhibitory phosphorylation site (Y527) (Figure 1.5 and 1.6). The 

inactivating phosphorylation at this Y site is carried out by Src-specific kinase 

(Csk). The phosphorylation of the C-terminal tail promotes the assembly of 

the SH2, SH3 and kinase domains to be in their autoinhibited conformation, 

whereby the SH2 domain binds to the phosphorylated C-terminal tail Y527. 

The SH3 domain interacts with the linker domain at the back of the catalytic 

domain, promoting a ‘closed’ conformation which prevents the interaction with 

other substrates (Figure 1.6) (Boggon and Eck, 2004; Guarino, 2010). Src 

can be activated by the dephosphorylation of Y527 residue (Roskoski, 2005). 

Through SH2/SH3-mediated intramolecular interactions, Src can undergo 

conformational changes which accompany different activation states (Figure 

1.6) (Guarino, 2010).  

As with all kinases, Src family members have an activation loop in their TKD 

that, when phosphorylated, gives the kinase full catalytic activity. In Src this 

site is Y416 (Figure 1.5 and 1.6) (Boggon and Eck, 2004). Src can become 

phosphorylated at Y416 by cytoplasmic proteins such as focal adhesion 

kinase (FAK) which plays a role in integrin signalling and by activated RTKs 

(Thomas and Brugge, 1997). This activation leads to Src being in an ‘open’ 

conformation (Figure 1.6), which enables the protein to interact with other 

substrates and downstream signalling molecules within many signalling 

pathways (Figure 1.7) (Finn, 2008).  

Src has an N-terminal region which contains a myristic acid moiety which is 

essential for localisation at the cell membrane. This region also has a unique 

domain (also known as a src homology-4 (SH4) domain) that is believed to 

provide unique functions and specificity to each member of the Src family 

(Finn, 2008; Yeatman, 2004; Boggon and Eck, 2004).  
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Figure 1.5 Src domain structure.  

Src kinase architecture consists of four domains, an N-terminal 

myristoylation site which is used to anchor the protein into the cell 

membrane. The SH4 domain, otherwise known as the unique region is a 

varied region among SFK members. The SH3 domain allows for proline-

rich motif recognition and binding. The SH2 domain recognises and 

binds to pY sites and contains a conserved R residue at R175. Between 

the SH2 and the catalytic domain there is a type II helix linker. The 

catalytic domain contains the TKD and activation loop, where Y416 can 

be phosphorylated and gives Src its full catalytic activity. Src contains a 

short C-terminal tail which has an autoinhibitory Y527 phosphorylation 

site which promotes the protein to be in an inactive conformation. 

Adapted from (Boggon and Eck, 2004).
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Figure 1.6 Different modes of Src activation.  

a. Basal Src is inactive when phosphorylated at Y527 and thus, in its 

closed conformation. The SH3 domain binds to the linker domain on the 

back side of the catalytic domain, which promotes the ‘closed’ 

conformation and prevents the interaction of Src with other substrates. 

b. Src can be activated by multiple ways. These include through SH3 

domain-binding, SH2 domain-binding, the dephosphorylation of Y527 

and the activating phosphorylation of Y416. c. Src in its active and ‘open’ 

conformation, including the phosphorylation of Y416. Adapted from 

(Martin, 2001). Made using BioRender.com.  

1.5.2 Src downstream signalling 

Src has a role in multiple cell signalling pathways including those promoting 

cell proliferation, survival, metastasis, invasion and migration. Activated Src 

leads to the phosphorylation of downstream target proteins including PI3K, 

FAK, Ras and signal transducers and activators of transcription-3 (STAT3), 

which are all implicated in promoting tumorigenesis and progression. Src also 

plays a crucial role in the regulation of cell motility, adhesion and invasion 

through interactions with integrin’s, FAK, the catenin-cadherin complex and 

RhoA (Figure 1.7) (Mayer, E.L. and Krop, 2010; Finn, 2008; Summy and 

Gallick, 2003). Src also promotes the epithelial to mesenchymal transition 

(EMT) and therefore, induces tumour cell metastasis (Guarino, 2010). In 

human cancers, the majority of Src dysregulation occurs via non-genetic 

events, which includes the aberrant maintenance of activation status, 
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association with stimulatory binding proteins and increased activation of RTK 

signalling (Summy and Gallick, 2003; Parsons and Parsons, 2004).  

 

 

Figure 1.7 Src downstream signalling cascade.  

Src has a central homeostatic role in many cellular functions including 

cell survival, angiogenesis, proliferation, motility, migration and invasion. 

Due to its central role in many tumorigenic pathways, Src can promote 

tumorigenesis and progression through its aberrant activation. Adapted 

from (Summy and Gallick, 2003). Made using BioRender.com. 

1.5.3 Src activation in BC 

Many studies have suggested an association between Src activation and the 

development, progression and metastasis of BC (Finn, 2008). The profound 

elevation of activated Src levels have been observed in human breast tumours 

compared to benign breast tumours or adjacent normal breast tissue 

(Ottenhoff-Kalff et al., 1992). Increased levels of activated Src have also been 

correlated with a low metastasis-free survival in BC patients and has been 

associated with an increased propensity for metastases in animal models of 
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BC (Myoui et al., 2003). Src activation has been implicated in BC therapeutic 

resistance pathways, including that of Herceptin treatment for HER2-positive 

BC patients. Here, Src activation was found to be a central node to de novo 

and acquired resistance to Herceptin (Zhang, S. et al., 2011; Zhou et al., 

2020). The data linking the overexpression and/or increased activation of Src 

with a more malignant phenotype, indicates that Src is an important 

therapeutic target in BC.  

Several Src inhibitors therefore have or are being developed to treat BC 

patients (Mayer, E.L. and Krop, 2010; Belli and Esposito, 2020; Lou et al., 

2018). Src inhibitors appear to be most effective and potent to treat TNBC. 

This group of BC patients represents 15-20% of all BC patients and they have 

a high rate of relapse and metastasis compared to other BC types (Carey et 

al., 2010; Anders and Carey, 2009). The lack of receptor expression means 

that these patients cannot benefit from endocrine or HER2-targeted therapy 

and thus, there is a need for the discovery of specific therapies to treat these 

patients.  
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1.5.4 Thesis hypothesis, aims and objectives 

 

Hypothesis:  

Breast cancer progression is driven by the aberrant expression and regulation 

of cell signalling pathways (Butti et al., 2018). This can be driven by irregular 

receptor tyrosine kinase expression. Breast cancer is a solid tumour 

malignancy and thus, cells within the middle of the tumour mass are GF and 

nutrient deprived (Gupta, 2003). Under these microenvironmental conditions, 

breast cancer cells could utilise aberrant Tier 2 signalling mechanisms through 

the elevated expression levels of receptor tyrosine kinases, in breast cancer 

progression and in drug-resistance mechanisms.  

Aims:  

To determine whether receptor tyrosine kinase expressing breast cancer cells 

activate an aberrant Tier 2 signalling response to growth under conditions 

simulating that of the microenvironment of the middle of a tumour mass and 

under anti-receptor tyrosine kinase therapy.  

Objectives:  

1. To investigate whether receptor tyrosine kinase overexpression in 

response to growth under serum (GF)-deprivation/hypoxia/anti-receptor 

tyrosine kinase therapy leads to Tier 2 (non-canonical) activation of SH3 

domain-containing proteins in breast cancer cells.  

Breast cancer cells SkBr3 and/or MCF7 will be grown under serum-

deprived and/or hypoxic conditions (simulating the tumour 

microenvironment of cancer cells within the middle of a tumour mass) 

and/or under anti-receptor tyrosine kinase therapy. The activation state 

of the SH3 domain-containing proteins hypothesised to be involved in 

these interactions will be investigated through obtaining 

phosphorylation levels via immunoblotting and cellular assays. The 

SH3 domain-containing proteins of interest will be used in further study 

to determine whether the aberrant Tier 2 activation is through a non-

canonical binding event between the receptor tyrosine kinase and the 

SH3 domain-containing protein.  
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2. To determine whether Tier 2 activation of SH3-domain containing 

proteins is via a non-canonical protein-protein interaction between 

proline-rich regions of receptor tyrosine kinases and the SH3 domains 

of the SH3 domain-containing proteins, in response to growth under 

serum-deprivation/hypoxia/anti-receptor tyrosine kinase therapy in 

breast cancer cells.  

Candidate Tier 2 protein-protein interactions will be determined 

between receptor tyrosine kinases and SH3 domain-containing 

proteins under serum-deprived and/or hypoxic conditions and/or under 

anti-receptor tyrosine kinase therapy via the use of domain mutant 

protein constructs obtained through site-directed mutagenesis, 

immunoprecipitation and pull-downs and fluorescence microscopy. 

These interactions will be the forefront of study to determine whether 

this non-canonical binding event can activate downstream signalling 

pathways.  

3. To establish whether downstream aberrant Tier 2 signalling 

mechanisms are activated as a consequence of non-canonical 

activation of SH3-domain containing proteins in response to growth 

under serum-deprived/hypoxic/anti-receptor tyrosine kinase therapy, 

which could lead to cancer progression and receptor tyrosine kinase 

drug-resistance in breast cancer cells.  

Phosphorylation levels of potential downstream signalling proteins 

activated in response to non-canonical Tier 2 activation of SH3 domain-

containing proteins will be determined via immunoblotting and the 

prospective cellular and phenotypic outcome of this investigated 

through the use of phenotypic cellular assays, when simulating the 

effect of overexpression of the receptor tyrosine kinase of interest 

under serum-deprived conditions and/or hypoxic and/or under anti-

receptor tyrosine kinase therapy in breast cancer cells. The outcome 

will determine whether aberrant Tier 2 signalling and a 

cellular/phenotypic effect can be upregulated in cancer cells 

overexpressing receptor tyrosine kinases under GF-deprived and/or 

hypoxia (simulating the microenvironment of the middle of a solid 
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tumour mass) and/or receptor tyrosine kinase inhibited conditions. This 

could therefore be a way that cancer cells can maintain viability and 

undergo cancer progression by upregulating oncogenic cellular 

pathways under these stress conditions. Thus, this research could 

impact future therapeutic regimens for receptor tyrosine kinase 

overexpressing breast cancer patients.  
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Chapter 2 Methods 

2.1 Cell culture 

2.1.1 Mammalian cell culture 

2.1.1.1 Cell lines and maintenance 

The well characterised BC cell lines SkBr3 (mammary gland, breast; derived 

from metastatic site: pleural effusion) and MCF7 (mammary gland, breast; 

derived from metastatic site: pleural effusion) were used in this study. SkBr3 

cells were maintained in Dulbecco’s modified eagle’s medium (DMEM) 

(ThermoFisher, 11054001), supplemented with 10% v/v foetal bovine serum 

(FBS) (Sigma-Aldrich, F7524) and 1% penicillin-streptomycin (pen-strep) 

(ThermoFisher, 15070063). MCF7 cells were maintained in DMEM Glutamax 

medium (ThermoFisher, 21885108), supplemented with 10% v/v FBS and 1% 

pen-strep. Cells were grown in plastic tissue culture flasks (Corning, 430641U 

and   430639). Human cell lines were cultured in a Sanyo humidified incubator 

at 37°C with 5% CO₂ and normoxic conditions (21% O2), unless stated 

otherwise.  

When cells reached confluency, the cells were harvested by washing the cells 

with phosphate buffered saline (PBS) (Lonza, 17-516F) and dissociated with 

1% trypsin (Gibco, 15400054)) for up to 5 minutes. Cells were collected and 

centrifuged at 500 x g for 5 minutes and the pelleted cells re-suspended in 

serum-supplemented media. The cells were passaged 1:4 for SkBr3 cells and 

1:6 for MCF7 cells. The cells were added to fresh tissue-culture flasks 

containing serum-supplemented media and placed back into the incubator.  

Cells were viewed and imaged using an EVOS fluorescence microscope 

(Invitrogen). To count cells trypan blue and a cell counting chamber were used 

(Bio-Rad, 1450003). Mycoplasma was frequently tested in house by members 

of the Ladbury Laboratory via polymerase chain reaction (PCR).  

2.1.1.2 Freezing cell stocks 

Cells were frozen for long term storage at -80°C or in liquid nitrogen. Cells 

were dissociated from flasks using trypsin digestion (2.1.1.1). Pelleted cells 

were re-suspended in 1ml of the relevant serum-containing media with 10% 
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dimethyl sulfoxide (DMSO) (Sigma, D8418-50ML) and transferred to a 

cryogenic storage vial (ThermoFisher, 5000-1012). Cells were stored at -80°C 

for up to 3 months and transferred to liquid nitrogen for long term storage.  

2.1.1.3 Cell transfection 

Cells were seeded onto a 96 well plate (ThermoScientific, 167008), 12 well 

plate (Corning, 3513), 6 well plate (Corning, CLS3506) or 10cm² petri dishes 

(Corning, CLS430167) and cultured in serum-supplemented media to 70-80% 

confluency. Fresh serum-containing media was added to each well or plate 

before transfection. Lipofectamine 3000 (ThermoFisher, L3000001) was 

diluted in Opti-MEM medium (Gibco, 31985062) and a master-mix of purified 

plasmid DNA (Table 2.1) was prepared in Opti-MEM medium and an addition 

of P3000 reagent (Thermofisher, L3000001), where concentrations were 

adjusted to the culture vessel used (Table 2.2). The diluted DNA was added 

to the diluted Lipofectamine 3000 in a 1:1 ratio. The mixture was incubated for 

15 minutes at room temperature and then added dropwise to the cells. After 

24-48 hours the cells were visualised under the EVOS fluorescence 

microscope (Invitrogen) to determine the rate of transfection of fluorescent 

constructs. The cells were then used in further experiments. 

Table 2.1 Plasmids for mammalian transfection 

Plasmid Encoded gene Selection Origin Tag 

SYFP2 

(pSYFP2-C1) 

(Addgene 

plasmid #22878) 

YFP-tag only Kanamycin Gifted by Beech Lab, 

University of Leeds 

YFP 

WT-VEGFR2-

YFP 

(pcDNA4_TO_V

EGFR2_SYFP2) 

Wildtype VEGFR2  Ampicillin Gifted by and made by 

Beech Lab, University of 

Leeds 

YFP 

KD-VEGFR2-

YFP 

Kinase dead VEGFR2 

(K868M) 

Ampicillin Made by Eleanor 

Cawthorne, Ladbury 

Laboratory, University of 

Leeds 

YFP 

KD-P908A-

VEGFR2-YFP 

Kinase dead (K868M) and 

proline-rich motif 

(P908AP911A) VEGFR2 

mutant 

Ampicillin Made by Eleanor 

Cawthorne, Ladbury 

Laboratory, University of 

Leeds 

YFP 
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KD-P1195A-

VEGFR2-YFP 

Kinase dead (K868M) and 

proline-rich motif 

(P1195AP1198A) 

VEGFR2 mutant 

Ampicillin Made by Eleanor 

Cawthorne, Ladbury 

Laboratory, University of 

Leeds 

YFP 

KD-2XPXXP-

VEGFR2-YFP 

Kinase dead (K868M) and 

proline- rich motif 

(P908AP911A and 

P1195AP1198A) VEGFR2 

mutant 

Ampicillin Made by Eleanor 

Cawthorne, Ladbury 

Laboratory, University of 

Leeds 

YFP 

Cerulean-C1 

(Addgene 

plasmid #54604) 

 

CFP-tag only Kanamycin Ladbury Laboratory, 

University of Leeds 

CFP 

Src-SH3-CFP Src-SH3 domain only Kanamycin Made by Eleanor 

Cawthorne, 

Ladbury Laboratory, 

University of Leeds 

CFP 

Src-SH2-CFP Src-SH2 domain only Kanamycin Made by Eleanor 

Cawthorne, Ladbury 

Laboratory, University of 

Leeds 

CFP 

WT-Src-CFP Wildtype full length Src Kanamycin Made by Eleanor 

Cawthorne,  Ladbury 

Laboratory, University of 

Leeds 

CFP 

Plcg1-SH3-CFP Plcg1-SH3 domain only Kanamycin Made by Eleanor 

Cawthorne, Ladbury 

Laboratory, University of 

Leeds 

CFP 

Plcg1-SH2-N-

CFP 

Plcg1-SH2-N domain only Kanamycin Made by Eleanor 

Cawthorne, 

Ladbury Laboratory, 

University of Leeds 

CFP 

Plcg1-SH2-C-

CFP 

Plcg1-SH2-C domain only  Kanamycin Made by Eleanor 

Cawthorne, 

Ladbury Laboratory,  

University of Leeds 

CFP 
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Table 2.2 Scaling of Lipofectamine 3000 reagent mix 

Culture 

vessel 

Multiplication 

factor 

Growth 

medium for 

complexing 

Opti-MEM 

medium for 

complexing 

DNA P3000 

reagent 

Lipofectamine 

3000 reagent 

96 well 0.2 100µl 2 x 5µl 100ng 0.2µl 0.1µl 

12 well 2 1ml 2 x 50µl 1µg 2µl 1µl 

6 well 5 2ml 2 x 125µl 2.5µg 5µl 2.5µl 

10 cm dish 28.95 10ml 2 x 500µl 14µg 28µl 14µl 

 

2.1.1.4 Cell lysis 

Cell lysates were obtained by washing the cells three times with ice-cold PBS 

(Lonza, 17-516F). Cells grown on 10cm2 petri dishes or 6 well plates were 

then placed on ice and 1X mammalian cell lysis buffer (Cell Signalling, #9803) 

plus 1X protease and phosphatase inhibitor (ThermoFisher, A32963) was 

added to the cells and coated the whole dish with buffer. The cells were left to 

incubate for 20 minutes on ice. The cells were then scraped, collected and 

centrifuged at 15,000 rpm for 10 minutes at 4°C.  After centrifugation, the 

supernatant of the cell lysate was retained into a clean Eppendorf tube and 

the pellet discarded. Lysates were stored at -80°C until use.  

2.1.1.5 Serum-starvation 

Cells were washed three times with PBS (Lonza, 17-516F) and then grown 

under fresh DMEM (SkBr3 cells) or DMEM glutamax (MCF7 cells) media only 

with no FBS supplementation (0% FBS), to induce nutrient and serum-

deprived stress on the cells for 24 hours.  

2.1.1.6 Hypoxic incubation 

Cells were incubated in a hypoxic incubator (ESBE Scientific) to induce 

hypoxia-mediated stress on the cells for 24 hours. Here, the cells were 

incubated at 37°C with 1% O₂ and 5% CO₂. 

2.1.2 Bacterial cell culture 

2.1.2.1 Storage and growth of bacteria 

Plasmids were amplified using the competent E.Coli strains XL1-Blue (Agilent, 

200236) and DH5α (New England Biolabs (NEB), C2987H) and grown in 
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lysogeny broth (LB) (Sigma, L3522) with 1X antibiotic (Ampicillin - Sigma, 

A9518 or Kanamycin - Sigma, K1876) in a MaxQ 6000, ThermoScientific 

shaking incubator at 37°C or on 1X antibiotic containing plates (Corning, 

CLS430167) overnight at 37°C. For long term storage glycerol stocks of 

transformed bacteria were made using 50:50 v/v overnight culture: 50% 

glycerol (Sigma, G5516) and stored at -80°C.  

Protein expression was performed using the competent E.Coli strain BL21 

(DE3) (NEB, C2527H). Similar growth conditions were performed with BL21 

(DE3), XL1-Blue and DH5α strains of bacteria, unless otherwise stated.  

2.1.2.2 Bacterial transformation 

Bacteria were transformed using 50µl competent cells and 100ng of purified 

plasmid DNA. The cells were incubated with the plasmid DNA on ice for 30 

minutes, followed by a heat shock of 42°C for 45 seconds for both XL1-Blue 

and DH5α cells, and BL21 (DE3) for 10 seconds. The bacterial cells were 

recovered on ice for 2 minutes and 1ml super optimal broth (SOC) medium 

(NEB, B9020S) added. The cultures were incubated for 1 hour shaking at 

37°C. Each culture was then plated on 1X antibiotic containing LB agar 

(Sigma, L3147) plates (Corning, CLS430167) and incubated at 37°C 

overnight for growth of bacterial colonies.  

2.1.2.3 Plasmid purification 

Qiagen plasmid miniprep (Qiagen, 27104) and midiprep kits (Qiagen, 12143) 

were used to purify small and medium-scale plasmid DNA for the use in further 

experiments, using the manufacturers guidelines. Overnight cultures were 

made in 5ml LB broth (Sigma, L3522) (miniprep) or 50ml LB broth (midiprep) 

with appropriate 1X antibiotic, containing inoculated bacterial colonies or 

glycerol stocks. Once the purified plasmid DNA was eluted using elution buffer 

(EB) from the kits, DNA was stored at -20 degrees for further use.  

2.2 Bacterial protein expression and purification 

Overnight cultures of transformed (2.1.2.2) BL21 (DE3) cells with bacterial 

protein expression plasmids (Table 2.3) were made in 5ml of LB and 1X 

antibiotic (Ampicillin - Sigma, A9518) at 37°C. 1ml of overnight culture was 

https://www.sigmaaldrich.com/GB/en/product/sigma/l3522?context=product
https://www.sigmaaldrich.com/GB/en/product/sigma/l3147?context=product
https://www.sigmaaldrich.com/GB/en/product/sigma/l3522?context=product
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added to 50ml LB and 1X antibiotic in a 250ml flask and grown to OD600 = 0.6. 

Expression was induced by adding 0.1mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG) (Sigma, I1284) to each culture and grown 

overnight at 20°C, 200rpm in a shaking incubator (ThermoScientific). Cells 

were then centrifuged at 3900rpm at 4°C for 20 minutes and the pellets stored 

at -20°C or re-suspended in 1X bacterial cell lysis buffer (1X bacterial cell lysis 

buffer recipe: 20mMTris pH8.0, 150mM NaCl, 1mM β-Mercaptoethanol in 1L 

dH₂O). The re-suspended bacteria were then sonicated for 2 minutes (5 

seconds on, 10 seconds off, at 80% amplitude) to break open the bacterial 

cells and centrifuged at 3900rpm for 30 minutes at 4°C to get rid of cell debris. 

Bacterial supernatant containing the expressed protein of interest was 

retained and 5µl of supernatant and 5µl 2X laemmli sample buffer (Bio-Rad, 

1610747) were boiled for 10 minutes at 95°C and protein expression 

determined via Sodium Dodecyl Sulphate-Polyacrylamide Gel 

Electrophoresis (SDS-PAGE) (2.4.2) on a pre-cast gel (Bio-Rad, 4561094). 

The gel was then stained using coomassie reagent (Bio-Rad, 161-0436) to 

detect protein bands of the correct size.  

Table 2.3 Plasmids for bacterial protein expression 

Plasmid Encoded 

gene 

Selection Origin Tag 

MBP-tag MBP-tag only Ampicillin Ladbury Lab, 

University of Leeds 

MBP 

MBP-VEGFR2-C-

terminal- tail-WT 

Wildtype VEGFR2-

C-terminal-tail only 

Ampicillin Ladbury Lab, 

University of Leeds 

MBP 

MBP-VEGFR2-C-

terminal-tail-PxxP 

mutant 

VEGFR2-C-

terminal-tail-

P1195AP1198A 

mutant 

Ampicillin Eleanor Cawthorne, 

Ladbury Lab, 

University of Leeds 

MBP 

 

2.2.1 Maltose binding protein (MBP) purification 

After bacterial protein expression was analysed (2.2), expressed MBP-tagged 

proteins were purified using amylose MBP-binding beads (NEB, E8021S). 

200µl of amylose bead slurry were washed three times using 1ml 1X bacterial 

cell lysis buffer (recipe in 2.2) by centrifuging at 4000rpm for 5 minutes, 

https://www.bio-rad.com/evportal/destination/commerce/sku_detail?productID=161-0436
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discarding the supernatant, and washing again. The wash buffer was then 

discarded and the washed beads added to the retained bacterial supernatant 

(2.2) containing the expressed MBP-tagged protein of interest. The bacterial 

lysate and bead mixture were then incubated overnight, rotating at 4°C. The 

protein-bound amylose beads were pelleted via centrifugation (4000rpm for 5 

minutes) and the supernatant discarded. The protein-bound amylose beads 

were washed five times by centrifugation, using 1ml 1X bacterial cell lysis 

buffer and the last wash step was exchanged to 1X mammalian cell lysis buffer 

(Cell Signalling, #9803), for use in an MBP pull-down with mammalian cell 

lysates (2.6.3). 

2.3 Molecular cloning 

2.3.1 Agarose gel electrophoresis, gel extraction and PCR 

purification 

1% agarose gels were made using 1g Agarose (Sigma, A9539) and 100ml 1X 

TAE buffer (ThermoFisher, B49) and 1X Sybr safe (Invitrogen, S33102), to 

determine the success of PCR reactions. The agarose-TAE mixture was 

boiled until clear and allowed to set in a gel tank. DNA samples were diluted 

in 6X gel loading dye (NEB, B7024S) and 1Kb DNA ladder (NEB, N3232S) 

was also loaded to indicate the size of DNA molecules. The agarose gel was 

ran at 80V for 1 hour in 1X TAE buffer. DNA bands were extracted using a 

QIAquick gel extraction kit (Qiagen, 28704). If PCR reactions were not run on 

a gel, they were purified using a QIAquick PCR purification kit (Qiagen, 

28104). The purified PCR products were then transformed into competent 

cells (2.1.2.2) and the DNA isolated and purified (2.1.2.3). All PCR products 

were sent for sequencing to determine whether the correct sequence was 

made in the reaction (Genewiz).  

2.3.2 Site-directed mutagenesis (SDM) 

A reaction mixture using specific primers to implement the mutation (Table 

2.4) was made in a PCR tube (Table 2.5). The reagents were then ran on a 

PCR thermocycler (1000 Touch Thermocycler, BioRad) SDM programme 

(Table 2.6). 1µl DPNI (NEB, R0176S) was added to each reaction to digest 

the parental methylated DNA and incubated overnight at 37°C and 

https://www.sigmaaldrich.com/GB/en/product/sigma/a9539?context=product
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transformed straight into competent cells (2.1.2.2) and the plasmid DNA 

isolated and purified (2.1.2.3). All DNA was sent for sequencing (Genewiz) to 

determine whether the correct mutation had been implemented.  

Table 2.4 SDM primers 

Mutation Forward primer Reverse primer 

VEGFR2 kinase dead (K868M) CTT GCA GGA CAG TAG CAG 

TCA TGA TGT TGA AAG AAG 

GAG CAA CAC 

GTG TTG CTC CTT CTT TCA 

ACA TCA TGA CTG CTA CTG 

TCC TGC AAG 

VEGFR2 PxxP #1 (P908AP911A) CTA GGT GCC TGT ACC AAG 

GCA GGA GGG GCA CTC ATG 

GTG ATT GTG G 

CCA CAA TCA CCA TGA GTG 

CCC CTC CTG CCT TGG TAC 

AGG CAC CTA G 

VEGFR2 PxxP #2 (P1195AP1198A) GAT TCT GGA CTC TCT CTG 

GCT ACC TCA GCT GTT TCC 

TGT ATG GAG G 

CCT CCA TAC AGG AAA CAG 

CTG AGG TAG CCA GAG AGA 

GTC CAG AAT C 

 

Table 2.5 SDM PCR reagent mix 

Reagent Volume/concentration 

dNTPs (ThermoFisher, R0191) 20mM 

dH₂0 Up to 25µl 

Betaine (Sigma, B0300) 5µl 

10x reaction buffer (Agilent, 

#600670) 

2.5µl 

DNA plasmid template 250ng 

Forward primer (Table 2.3) (IDT) 0.6µM 

Reverse primer (Table 2.3) (IDT) 0.6µM 

Pfu UltraII (Agilent, #600670) 5 units  
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Table 2.6 SDM PCR thermocycler steps  

Step Number of 

cycles 

Temperature Time 

Initial denaturation 1 92°C 30 seconds 

Denaturation 18 92°C 30 seconds 

Annealing 18 Dependent on 

primer Tm 

1 minute 

Elongation 18 68°C 2 minutes/Kb 

Final Elongation 1 68°C 10 minutes 

Held 1 4°C ∞ 

 

2.3.3 Cloning into Cerulean-C1 vector 

Primers were designed to insert into the Cerulean-C1 vector at the restriction 

sites HindIII and EcoRI (Table 2.7). Phusion PCR was used to amplify the 

insert DNA using a Phusion PCR reagent mix (Table 2.8) on the PCR 

thermocycler (Table 2.9). After the insert DNA had been amplified, the PCR 

product was isolated via a PCR purification kit (2.3.1). Restriction digests were 

made of both the purified PCR insert and the Cerulean-C1 vector in parallel. 

The entire PCR reaction was used and 1µg Cerulean-C1 vector (Table 2.10). 

The reaction was incubated at 37°C overnight. The digest was ran on a 1% 

agarose gel and the DNA purified using a QIAquick gel extraction kit (2.3.1) 

to isolate the cut vector and insert DNA bands. The concentration of DNA was 

determined using a nanodrop 2000 (ThermoScientific). DNA ligation was 

performed with 100ng total DNA using a recipient plasmid to insert molar ratio 

of 1:3 (Table 2.11). The reaction was left to occur overnight at 16°C. 

Transformation was performed using the ligated DNA in XL-1 blue competent 

cells (2.1.2.2). Individual bacterial colonies were picked, their DNA isolated 

and purified (2.1.2.3), and sequenced (Genewiz) to check for successful 

ligations. Full sequencing results obtained of each CFP-construct can be 

found in Supplementary 1.1. 
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Table 2.7 Cerulean-C1 primers  

Insert Forward primer 

(HindIII) 

Reverse primer 

(EcoRI) 

Src SH2 domain TAA GCA AAG CTT ATT GGT ATT 

TTG GCA AG 

TGC TTA GAA TTC ATG CAC 

ACG GTG GTG AG 

Src SH3 domain TAA GCA AAG CTT ATG GTG 

GAG TGA CCA CC 

TGC TTA GAA TTC ATG GAG 

TCG GAG GGC GC 

Src WT full length TAA GCA AAG CTT ATA TGG GTA 

GCA ACA AG 

TGC TTA GAA TTC ATC TAG AGG 

TTC TCC CCG GG 

Plcg1 SH2-N domain TAA GCA AAG CTT ATT GGT TCC 

ATG GGA AG 

TGC TTA GAA TTC ATG ACA 

GGC TCT GAA AG 

Plcg1 SH2-C domain TAA GCA AAG CTT ATT GGT ACC 

ACG CGA GC 

TGC TTA GAA TTC ATG ATG 

GGA TAG CGC AG 

Plcg1 SH3 domain TAA GCA AAG CTT ATA CTT TCA 

AGT GTG CA 

TGC TTA GAA TTC ATG TTG ACC 

ATC TCT TC 

 

Table 2.8 Phusion PCR reagents mix 

Reagent Volume/concentration 

Phusion® High-Fidelity PCR Master 

Mix with GC Buffer (NEB, M0532L) 

12.5µl (1X) 

Betaine (Sigma, B0300) 5µl 

Forward primer (Table 2.6) (IDT) 1.25µl (10µM) 

Reverse primer (Table 2.6) (IDT) 1.25µl (10µM) 

DNA <250ng 

dH₂O >25µl 
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Table 2.9 Phusion PCR thermocycler steps 

Step Temperature Time 

Initial denaturation 98°C 30 seconds 

Denaturation (30 cycles) 98°C 5 seconds 

Annealing (30 cycles) Dependent on primer 

Tm  

10 seconds 

Elongation (30 cycles) 72°C 15 seconds/kb 

Final Extension 72°C 10 minutes 

Hold 4°C ∞ 

 

Table 2.10 Restriction enzyme double digestion reagents  

Reagent Volume 

DNA 1µg  

10X CutSmart Buffer (NEB, B7204S ) 5µl (1X) 

HindIII-HF (NEB, R3104S) 1µl 

EcoRI-HF (NEB, R3101S) 1µl 

Nuclease-free water to 50µl 
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Table 2.11 DNA ligation reaction mix 

Reagent Volume/concentration 

Digested vector DNA 100ng total DNA (Vector 1:3 insert 

DNA molar ratio) 
Digested insert DNA  

T4 DNA Ligase Reaction Buffer 

(NEB, B0202S) 

1µl (1X) 

T4 DNA ligase (NEB, M0202S) 1µl 

dH₂O  To 10µl 

 

2.4 Immunoblotting 

2.4.1 Determining protein concentration 

Protein concentration was determined using the Bicinchoninic acid assay 

(BCA) (Pierce, 23225), whereby 10µl of pre-prepared bovine serum albumin 

(BSA) standards and unknown cell lysate samples were added to a microwell 

96 well plate (ThermoScientific, 167008) and 200µl of working reagent (50:1 

v/v, reagent A:B) to each well. The plate was covered, mixed thoroughly on a 

plate shaker for 30 seconds and incubated at 37°C for 30 minutes. The plate 

was allowed to cool to room temperature and the absorbance measured at 

562nm on a plate reader (BioTek Powerwave, ThermoFisher).  

A standard curve was produced using the BSA protein standards absorbance 

values and their known protein concentration. The unknown sample protein 

concentration was calculated in µg/ml using the linear equation calculated 

from the standard curve.  

2.4.2 SDS-PAGE 

For western blotting applications the appropriate protein concentration of cell 

lysate, which was determined by BCA assay (2.4.1), was added to 1X laemmli 

sample buffer (Bio-Rad, 1610747) and boiled for 10 minutes at 95°C in a heat 

block. The denatured samples were pelleted and added to a 4-20% TGX stain-

free precast gel (Bio-Rad, 4561094) with pre-stained protein ladder (NEB, 



- 37 - 

P7719) to indicate protein size. Proteins were then separated via SDS-PAGE 

at 130V for 70 minutes in a gel tank (Bio-Rad) filled with 1X running buffer 

(Bio-Rad, #1610732).   

2.4.3 Western blot 

The protein bands were transferred to a polyvinylidene fluoride (PVDF) 

membrane (Bio-Rad, 1620177) using 250mAmp over 120 minutes in a tank 

filled with 1X transfer buffer (Bio-Rad, 1610771) and an ice pack. Once 

transferred, the membrane was blocked for 1 hour in 5% BSA (Sigma, B2518) 

diluted in 1X tris-buffered saline (TBS) (10X TBS: 24g Tris-Base (Sigma, 

T8524), 88g NaCl (sigma, S9888), dissolved in 900ml dH2O. The pH was 

adjusted to 7.6 with hydrochloric acid (HCL) (Thermofisher, 10053023) and 

the final volume of TBS adjusted to 1L with dH2O) with 1% Tween-20 (Sigma, 

P9416) (TBST) for 1 hour at room temperature. The membrane was then 

probed overnight with primary antibody (Table 2.12) diluted in 5% BSA, 

rocking at 4°C. The PVDF membrane was then washed four times in 1X TBST 

for 5 minutes, rocking, and incubated with a secondary horseradish 

peroxidase (HRP)-conjugated antibody (Table 2.12) diluted in 5% BSA for 1 

hour at room temperature. Following a further four washes with 1X TBST, the 

protein bands were detected using enhanced chemiluminescence (ECL) 

substrate (Bio-Rad, 170-5060) and visualised using a G-box system 

(Syngene) to detect emitted light. Protein band intensity was determined and 

normalised (2.8).  

 

 

 

 

 

 

 

 

 

 

 

https://www.sigmaaldrich.com/GB/en/product/sigma/b2518?context=product
https://www.sigmaaldrich.com/GB/en/product/sigald/s9888?context=product
https://www.fishersci.co.uk/shop/products/hydrochloric-acid-37-certified-ar-analysis-d-1-18-2/10053023
https://www.sigmaaldrich.com/GB/en/product/sigma/p9416?context=product
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Table 2.12 Antibody datasheet 

Antibody Molecular 

weight (KDa) 

Source 

(IgG) 

Manufacturer/catalogue 

number 

pSrc Y416 60 Rabbit Cell Signalling, #2101 

pSrc Y527 60 Rabbit Cell Signalling, #2105 

Src 60 Rabbit Cell Signalling, #2109 

pHER2 Y877 185 Rabbit Cell Signalling, #2241 

pHER2 

Y1221/1222 

185 Rabbit Cell Signalling, #2249 

HER2 185 Rabbit Cell Signalling, #2165 

β-actin 45 Rabbit Cell Signalling, #4970 

pHER3 Y1289 185 Rabbit Cell Signalling, #4791 

VEGFR2 210, 230 Rabbit Cell Signalling, #9698 

pVEGFR2 

Y1175 

230 Rabbit Cell Signalling, #3770 

Plcg1 150 Rabbit Cell Signalling, #5690 

Nck1 47 Rabbit Cell Signalling, #2319 

GFP 

(YFP/CFP 

cross-

reactivity) 

27 Rabbit Cell Signalling, #2956 

MBP 42 Mouse Cell Signalling, #2396 

pAKT T308 60 Rabbit Cell Signalling, #9275 

Total AKT 60 Rabbit Cell Signalling, #9272

  

pERK1/2 T202, 

Y204 

42, 44 Rabbit Cell Signalling, #9101 

Total ERK 42, 44 Rabbit Cell Signalling, #9102 
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VEGF 22 Mouse Santa Cruz, (C-1) sc-

7269 

HRP-linked 

anti-Rabbit 

secondary 

- Goat Cell Signalling, #7074 

HRP-linked 

anti-Mouse 

secondary 

- Horse Cell Signalling, #7076 

Anti-rabbit IgG 

(Alexa Fluor® 

594 

Conjugate) 

Rabbit Goat Cell Signalling #8889 

Anti-rabbit IgG 

(Alexa Fluor®  

488 

Conjugate) 

Mouse Goat Cell Signalling #4408 

 

2.4.4 Human Phospho-Kinase Antibody Array 

A Human Phospho-Kinase Antibody Array kit was purchased from R&D 

Systems (ARY003B) to analyse the phosphorylation profiles of human kinases 

in cell lysates. Pre-made nitrocellulose membranes spotted with capture 

antibodies were blocked for one hour using R&D blocking buffer and then 

incubated with the same protein concentration of cell lysate (2.4.1) (600µg) 

for each different cell culture condition sample, which was diluted in blocking 

buffer. The membranes were incubated with cell lysate overnight, rocking at 

4°C. The membranes were then washed 3X for 10 minutes in R&D washing 

buffer and a detection antibody cocktail incubated with the membranes for 2 

hours, rocking, at room temperature. The membranes were washed 3X for 10 

minutes in washing buffer and then incubated with streptavidin-HRP for 30 

minutes, rocking at room temperature. The blots were then washed 3X for 10 

minutes with washing buffer and an R&D chemi-reagent added to the 

membranes for 1 minute. The membranes were then visualised using a G-box 
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system (Syngene) to detect emitted light. The intensity of dots was determined 

and normalised (2.8).  

2.5 Fluorescence microscopy 

2.5.1 Immunofluorescence (IF)  

SkBr3 cells were grown on sterile 25x25 coverslips (Corning, CLS285525) in 

6 well plates and grown to a confluency of around 50%. The cells were then 

serum starved prior to drug treatment (2.1.1.5). The media was removed and 

replaced with fresh serum-free medium containing PBS (Lonza, 17-516F)  

only (vehicle-control) or serum-free medium with Herceptin (Cambridge 

Biosciences, HY-P9907-1mg) at a concentration of 4µg/ml and incubated for 

3 or 6 hours. The media was then aspirated and the cells washed three times 

with PBS. The cells were then covered with 4% paraformaldehyde (PFA) 

(Boster Biological Technology, AR1068) diluted in PBS (Lonza, 17-516F) by 

a depth of 2-3mm. The cells were fixed for 15 minutes at room temperature 

and then washed three times with PBS. The cells were blocked using 5% goat 

serum (Sigma, G9023) diluted in PBS, for 60 minutes at room temperature. 

The blocking buffer was then aspirated and diluted primary antibody (Table 

2.12) was added to the cells according to the antibody data sheet, diluted in 

5% goat serum and left to incubate overnight at 4°C. The cells were washed 

three times with PBS and probed with RFP-conjugated (α-rabbit) and GFP-

conjugated (α-mouse) secondary antibodies (Table 2.12) for 2 hours at room 

temperature in the dark. The cells were washed three times in PBS and 

mounted onto coverslips using mountant medium with DAPI (Sigma, F6057) 

and added to glass slides (Sigma, S8902-1PAK). The slides were allowed to 

dry overnight in the dark at room temperature and stored at 4°C until imaged 

under the confocal microscope. Slides were imaged using an LSM700 

Inverted Confocal Microscope (Zeiss) in the RFP (excited at 594nm and 

detected at 614nm) and GFP channel (excited at 488nm and detected at 

510nm). Gain = 1.0.  

2.5.2 Förster resonance energy transfer (FRET) 

Cells were seeded onto sterile 25x25 coverslips (Corning, CLS285525) in a 

12 well plate and left to grow overnight in 2ml fresh serum-supplemented 
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media. The cells were co-transfected (2.1.1.3) with each plasmid encoding the 

protein constructs with a yellow fluorescent protein (YFP) tag (acceptor) and 

cerulean fluorescent protein (CFP) tag (donor), where these fluorescent tags 

were used as a FRET pair. After transfection, the cells were serum starved 

(2.1.1.5), prior to fixation. The cells were then washed three times with PBS 

and fixed in the 12 well plate, coating the cells in 0.5ml 4% PFA for 20 minutes. 

The coverslips were washed three times with PBS and mounted onto a glass 

slide (Sigma, S8902-1PAK) using mounting media (Sigma, 03989). The slides 

were left to dry overnight in the dark, at room temperature and stored at 4°C.  

Fluorescent signals were detected on a Zeiss LSM880 + airyscan inverted 

confocal microscope. CFP fluorescence was measured by exciting CFP at 

436nm and emission detected between 470-510nm. YFP fluorescence was 

measured by exciting YFP at 516nm and emission detected at 520-540nm. 

FRET signal was excited at 436nm and detected at 520-540nm. Gain = 1.0.  

2.6 Immunoprecipitation (IP) and pull-downs 

2.6.1 Endogenous co-immunoprecipitation (Co-IP) 

50µl of protein G sepharose bead slurry (Sigma, GE17-0618-01) were washed 

three times with PBS via centrifugation (1000g for 5 minutes) at 4°C. Cell 

lysates of 1mg total protein concentration (2.4.1) were pre-cleared with the 

washed protein G sepharose beads for 1 hour rotating at 4°C, to eradicate 

any non-specific binding. The samples were then centrifuged and the pre-

cleared supernatant added to 4µg of antibody (Table 2.12) and incubated for 

4 hours at 4°C, rotating. 50µl bead slurry of protein G sepharose beads were 

washed three times with PBS via centrifugation and added to the lysate-

antibody mixture and left to incubate overnight at 4°C, rotating. The beads 

were pelleted and the supernatant discarded. The beads were washed three 

times with ice-cold 1X mammalian cell lysis buffer (Cell Signalling, #9803) via 

centrifugation. 20µl of 4X laemmli sample buffer (Bio-rad, 1610747) was 

added to the beads and bound proteins eluted by boiling at 95°C for 10 

minutes. The samples were then centrifuged to pellet the beads and the eluted 

bound proteins analysed by SDS-PAGE (2.4.2) and western blotting (2.4.3).  
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2.6.2 YFP/CFP pull-down 

GFP-TRAP agarose beads (ChromoTek, gtak-20) were used to pull-down 

YFP and CFP tagged proteins in cell lysate due to the multi-specificity of the 

beads. 25µl bead slurry was washed with 500µl ice-cold dilution buffer 

(ChromoTek, gtak-20) and centrifuged (2500g for 5 minutes) at 4°C. The 

beads were washed three times and cell lysate containing CFP or YFP tagged 

proteins were added to the equilibrated beads. The beads and lysate mixture 

were left to rotate for 1 hour at 4°C. The beads were pelleted and the 

supernatant discarded. The beads were then washed three times with 500µl 

ice-cold dilution buffer via centrifugation and the bound proteins dissociated 

with 100µl of 2X laemmli sample buffer (Bio-rad, 1610747). Proteins were 

eluted by boiling at 95°C for 10 minutes and the beads pelleted via 

centrifugation. The supernatant containing bound proteins was analysed via 

SDS-PAGE (2.4.2) and western blotting (2.4.3). 

2.6.3 MBP pull-down 

Mammalian cell lysate (1mg total protein) was pre-cleared for 1 hour at 4°C, 

rotating, with washed amylose beads (2.2.1), to eradicate any non-specific 

binding. The mammalian cell lysate-bead mixture was centrifuged and the pre-

cleared mammalian cell lysate supernatant was added to the purified MBP-

tagged protein bound amylose beads (2.2.1). The MBP-bound-beads and cell 

lysate mixture was left to incubate overnight, rotating at 4°C. The beads were 

then washed three times via centrifugation (4000rpm for 5 minutes) with 1ml 

1X mammalian cell lysis buffer (Cell Signalling, #9803). 100µl of 2X laemmli 

sample buffer (Bio-Rad, 1610747) was added to the isolated beads and boiled 

at 95°C to elute bound proteins from the beads. The eluted protein was used 

for SDS-PAGE (2.4.2) and western blot (2.4 3) analysis.  

2.7 Cellular assays 

2.7.1 MTT cell viability assay 

SkBr3 cells were seeded at a density of 5x10³ cells per well in a 96 well plate 

(Corning, 3599) and incubated overnight in 200µl of serum-supplemented or 

serum-free media. The plates were drug treated with the 100µl replacement 
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method, 100µl of media was aspirated and 100µl of media containing 

Herceptin (Cambridge Biosciences, HY-P9907-1mg) or Lapatinib (Biovision, 

#1624) was added to each well in 5 times serial dilutions. At each 

concentration were four replicate wells. A row of control wells containing 

media with PBS only (Lonza, 17-516F) or DMSO only (Sigma, D8418-50ML) 

(vehicle-control) and a row with media only as a background control, were also 

plated. The plates were incubated for 72 hours at 37°C. 20µl of 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was added to 

each well at a stock concentration of 5mg/ml, giving a final concentration of 

0.5mg/ml per well and incubated for 4 hours at 37°C. All media was then 

aspirated and 150µl of DMSO was added to each well. The plate was mixed 

on a shaker for 30 seconds to dissolve the formazan crystals and the relative 

viability detected via spectrophotometry, at a wavelength of 570nm and 

detection absorbance normalised to the vehicle-treated control wells (DMSO 

only). 

2.7.2 Scratch wound migration assay 

A 96 well gridded plate (Essen, 4379) was pre-coated with 5µg/cm2 collagen 

(ThermoFisher, A1048301). 70,000 SkBr3 cells or 50,000 MCF7 cells were 

seeded into each coated well with serum-supplemented media and incubated 

overnight at 37°C. The cells were washed three times and fresh media added 

with serum (10% FBS) or without serum (0% FBS) and incubated for a further 

24 hours at 37°C to allow for serum starvation (2.1.1.5). After this incubation, 

the cells were either drug treated with Herceptin at the appropriate 

concentrations (Cambridge Biosciences, HY-P9907-1mg) or transfected 

(2.1.1.3) in each well, alongside a vehicle-treated control. The scratch was 

then made using a wound maker 96 (Essen) to create a uniform scratch 

across the surface. The cells were washed three times with PBS. The plates 

were then placed in an incubator at optimum cell conditions (37°C and 

normoxia (21% O2), 5% CO₂).  Images were taken at every hour over a 48 

hour period at 10x magnification using the IncuCyte system (Sartorius). The 

average wound closure (µM) and average wound confluence (%) was 

determined (2.8) 
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2.7.3 Src phosphorylation assay  

A PathScan Phospho-Src (Y416) Sandwich Elisa Kit (Cell Signalling, #7953) 

was used to determine relative endogenous phosphorylated Src at Tyrosine 

416 (Y416) Src levels in SkBr3 cells that had been treated with Herceptin. 

Here, pY416 Src rabbit antibody had already been pre-coated onto microwells 

and were incubated with pre-Herceptin treated SkBr3 cell lysate (1mg of total 

protein in each sample) overnight at 4°C. After incubation with cell lysates, the 

wells were washed 4X to eradicate any unbound proteins. A reconstituted 

mouse Src detection antibody was added to each well to recognise the bound 

protein and incubated at 37°C for 1 hour. After a second wash step (4X 

washes), 100µl of HRP-linked anti-mouse secondary antibody was added to 

each well and incubated at 37°C for 30 minutes. The plates were then washed 

4X and 100µl of 3,3’,5,5’-tetramethylbenzidine (TMB) substrate added to each 

well and incubated for 10 minutes at 37°C. 100µl of stop solution was added 

to the wells and the absorbance detected using a plate reader at 450nm. The 

magnitude of the absorbance for each well was proportional to the quantity of 

pY416 Src in each sample.  

2.8 Kaplan-Meier plotter analysis  

The prognostic value of VEGFR2 (KDR) and Src protein expression levels in 

BC patient data was analysed using the Kaplan-Meier Plotter 

database (http://kmplot.com/analysis/). The database integrates protein 

expression data of BC patients with clinical data. To date, the Kaplan-Meier 

plotter only has protein expression correlation data in BC patients but can also 

be used to look into gene expression correlations with clinical data with other 

cancer types. The database contains information on 1064 BC patients and 

their protein expression and clinical survival data. The analysis in this study 

focused VEGR2 and Src independent expression levels on OS of BC patients. 

Using this software the hazard ratio (HR), 95% confidence interval (CI) and 

log-rank p value were calculated to determine whether there was a significant 

relationship between protein expression levels and OS. 

http://kmplot.com/analysis/
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2.9 Data analysis 

Blot intensity was determined via densitometry analysis which was quantified 

using Image Studio Lite analysis software (Licor). The intensity of each dot or 

band was normalised to a total protein loading control. All scratch assays were 

analysed using IncuCyte Base Analysis Software (Sartorius) for both wound 

closure (µM) and wound density (%). Differences between control cells and 

treated cells were compared using a two-tailed T-test (GraphPad Prism). P-

values ≤0.05 were considered statistically significant. A significant difference 

was denoted by * = P≤0.05, ** = P≤0.01, *** = P≤0.001, **** = P≤0.0001 

between the two values.  
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Chapter 3 

The effect of inhibition of the HER2-RTK via Herceptin in 

HER2-positive BC cells 

3.1 Introduction 

3.1.1 ErbB/HER family   

The ErbB family of RTKs are responsible for multiple diverse biological 

responses including cell proliferation, differentiation and motility. There are 

four closely related members of the ErbB family, epidermal growth factor 

receptor (EGFR) or human epidermal growth factor receptor-1 (HER1/ErbB1), 

human epidermal growth factor receptor-2 (HER2/ErbB2) human epidermal 

growth factor receptor-3 (HER3/ErbB3) and human epidermal growth factor 

receptor-4 (HER4/ErbB4) (Baselga and Swain, 2009). 

Individual ErbBs and specific ErbB dimers activate particular downstream 

signalling pathways. The three best characterised pathways induced by ErbB 

signalling include, Ras–MAPK, PI3K–Akt and PLC-PKC. All ErbB receptors 

couple to activate the Ras-MAPK pathway either through SH2 domain 

recruitment of Grb2 or indirectly through PTB domain-mediated binding of the 

adaptor protein Shc (Marmor et al., 2004; Yarden and Pines, 2012). 

3.1.1.1 ErbB structure 

ErbB receptors contain an extracellular ligand-binding domain and a single 

hydrophobic transmembrane domain. The intracellular domain encompasses 

a highly conserved TKD. Upon ligand binding, the ErbB receptors hetero- or 

homo- dimerise with each other, resulting in the transphosphorylation of the 

receptors and the activation of intrinsic TK activity. The resulting 

autophosphorylation within the C-terminal tail of the receptor molecules 

enables the recruitment and activation of particular signalling effector proteins 

(Olayioye et al., 2000; Marmor et al., 2004). 

There are four extracellular binding domains. Cysteine-rich domains II and IV, 

and the ligand-binding domains I and III. Domain II participates in homo or 

heterodimer formation with other ErbB family members (Appert-Collin et al., 

2015) (Figure 3.1.1b). ErbB1, ErbB3 and ErbB4 all exist in a monomeric 
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‘closed’ confirmation under basal conditions, in which the dimerisation domain 

cannot make contact with other ErbB receptors in the absence of ligand. 

ErbB2 or HER2 is unique in that it exists in an ‘open’ conformation under basal 

conditions and is therefore always readily available for ErbB receptor 

dimerisation (Baselga and Swain, 2009) (Figure 3.1.1a).  

Upon ligand-binding, the ErbB receptors (1, 3 and 4) re-orientate their 

extracellular domains such that domain I binds to domain III and thus, changes 

the conformation of the receptor to an ‘open’ and active state. When the ErbB 

receptors change their conformation to an active form, they can hetero- or 

homo- dimerise with other ErbB receptors, including HER2 which is in a 

constitutively ‘open’ and active state, primed ready for dimerisation (Figure 

3.1.1b) (Baselga and Swain, 2009).  
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Figure 3.1.1 ErbB family structure and dimerization.  

a. The structures of the four ErbB receptors, including their sub-domains 

and conformation when under basal, serum-deprived conditions. HER2 

is in a constitutively ‘open’ conformation with the dimerisation domain in 

an extended state. This allows HER2 to be available to heterodimerise 

with any ErbB receptor upon ligand-induced ErbB activation. b. The 

mechanism of activation of ErbBs 1, 3 and 4 upon ligand binding and the 

resulting dimerisation of two ErbB receptors through contact of the 

exposed dimerisation domains. Adapted from (Baselga and Swain, 

2009), using BioRender.com.   
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3.1.2 HER2 

HER2 or ErbB2 is a unique member of the ErbB family and is encoded by the 

HER2/neu gene. The receptor does not bind to any known ligands and the 

protein conformation is in a constitutively extended state (Yarden and 

Sliwkowski, 2001). The strong interaction between domains I and III closes 

the binding pocket, and thus, the ligand binding region is inaccessible and 

thus, HER2 has no known binding-ligand (Baselga and Swain, 2009). As 

HER2 exists in a constantly active state, it renders HER2 to always be 

available for hetero- or homo- dimerisation with other ErbB receptors. HER2 

is therefore the preferred binding partner of other ErbB receptors, as it is 

always primed, ready for hetero-dimerisation (Appert-Collin et al., 2015; 

Baselga and Swain, 2009).  

Overexpression of HER2 by gene amplification is usually seen in multiple 

malignancies including breast, ovarian, gastric and salivary gland tumours 

(Baselga and Swain, 2009). The overexpression of HER2 is correlated with 

patient chemoresistance and a poor prognosis (Olayioye et al., 2000; Appert-

Collin et al., 2015). It is assumed that high levels of HER2 may result in 

constitutive HER2 homo-dimerisation. On the other hand, it may be that 

overexpressed HER2 may promote oncogenesis by spontaneous ligand-

induced hetero-dimerisation with other ErbBs (Citri et al., 2003). HER2 is 

amplified in 20-25% of invasive BCs and is associated with a shorter disease-

free interval and reduced survival in patients with early and advanced disease 

(Pohlmann et al., 2009). HER2 overexpression is found both in the primary 

breast tumour and in the metastatic sites (Valabrega et al., 2007). 

As well as the function as a cell surface receptor it has also been reported that 

HER2 can be transported to the nucleus and regulate gene expression directly 

(Schillaci et al., 2012). In addition to its proposed function in the nucleus, 

HER2 has also been found in many human cancers in an amino-terminally 

truncated form, known as p95 HER2 or C-terminal fragments, by α-

secretases. This form of HER2 appears to be an active form and can 

upregulate cell-signalling pathways. p95 HER2 expression in BC cells which 

were injected into transgenic mice led to the development of aggressive and 

invasive mammary tumours (Pedersen et al., 2009). 
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3.1.2.1 HER2 C-terminal region 

The HER2 C-terminal domain is predicted as an intrinsically disordered 

domain and contains five pY binding sites. These sites serve for PTB and SH2 

domain-containing adaptor proteins, including Shc, Grb2 and Grb7 (Jones et 

al., 2006). Disordered domains are associated with flexibility and a lack of 

tertiary structure. This flexibility also allows the C-terminal of HER2 to interact 

with multiple targets via linear motifs (Goh et al., 2007). These include proline-

rich motifs, either in conserved sequences or in flanking regions. The side 

chain atoms of P form a pyrrolidine ring with the backbone atoms, which 

facilitates sequence specific recognition in the absence of a high affinity 

interaction (Kay et al., 2000). These areas are therefore used for specific and 

moderate-weak interactions that are essential for cell signalling and 

communication which require fast, reversible reactions. Seven proline-rich 

motifs have been found in the C-terminal tail of HER2 (Figure 3.1.2). The 

identification of a SFK SH3 binding site within the C-terminal domain of HER2 

RTK has been found via biophysical techniques. Here, the proline-rich SH3-

binding site was found to be R₁₁₄₆PQPPSP₁₁₅₂ within HER2 C-terminal tail 

(Bornet et al., 2014). The SFK member Fyn was found to interact with HER2 

proline-rich motif via its SH3 domain with a KD of around 0.9mM, which is 

within the range of moderate-weak interactions already reported for other 

SH3:ligand complexes (Yu et al., 1994).  
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Figure 3.1.2 HER2 amino acid cytoplasmic sequence.  

The cytoplasmic amino acid sequence of HER2 RTK is highlighted in 

yellow and the 8 proline rich motif sequences highlighted in red. 

Sequence from (UniProt, 2021). 

3.1.3 Herceptin 

The HER2 inhibitor, Herceptin (trastuzumab, Genentech Inc.) is a humanized 

IgG1 monoclonal antibody (mAb) and is the standard-of-care to treat HER2-

positive BC patients. Herceptin works by binding to HER2 at the C-terminal 

portion of the extracellular domain IV, at a site that contains the binding pocket 

for the extended domain II loop (Rockberg et al., 2009).  

Herceptin combined with chemotherapy increases response rates, time to 

disease progression and survival. However, a large majority of BCs that 

initially respond to Herceptin treatment begin to relapse within 1 year  (Nahta 

> P04626-ERBB2_HUMAN|P04626|676-1255 

LTSIISAVVG ILLVVVLGVV FGILIKRRQQ KIRKYTMRRL LQETELVEPL  

       710        720        730        740        750 

TPSGAMPNQA QMRILKETEL RKVKVLGSGA FGTVYKGIWI PDGENVKIPV  

       760        770        780        790        800 

AIKVLRENTS PKANKEILDE AYVMAGVGSP YVSRLLGICL TSTVQLVTQL  

       810        820        830        840        850 

MPYGCLLDHV RENRGRLGSQ DLLNWCMQIA KGMSYLEDVR LVHRDLAARN  

       860        870        880        890        900 

VLVKSPNHVK ITDFGLARLL DIDETEYHAD GGKVPIKWMA LESILRRRFT  

       910        920        930        940        950 

HQSDVWSYGV TVWELMTFGA KPYDGIPARE IPDLLEKGER LPQPPICTID  

       960        970        980        990       1000 

VYMIMVKCWM IDSECRPRFR ELVSEFSRMA RDPQRFVVIQ NEDLGPASPL  

      1010       1020       1030       1040       1050 

DSTFYRSLLE DDDMGDLVDA EEYLVPQQGF FCPDPAPGAG GMVHHRHRSS  

      1060       1070       1080       1090       1100 

STRSGGGDLT LGLEPSEEEA PRSPLAPSEG AGSDVFDGDL GMGAAKGLQS  

      1110       1120       1130       1140       1150 

LPTHDPSPLQ RYSEDPTVPL PSETDGYVAP LTCSPQPEYV NQPDVRPQPP  

      1160       1170       1180       1190       1200 

SPREGPLPAA RPAGATLERP KTLSPGKNGV VKDVFAFGGA VENPEYLTPQ  

      1210       1220       1230       1240       1250 

GGAAPQPHPP PAFSPAFDNL YYWDQDPPER GAPPSTFKGT PTAENPEYLG  

 

LDVPV                                                   



- 52 - 

and Esteva, 2006b). The mechanisms of action of Herceptin have not been 

fully elucidated to date and is likely to be multifaceted. The proposed 

mechanisms of action includes inhibiting HER2 signalling via blocking homo-

and/or hetero-dimerisation with other ErbBs, initiating G1 cell cycle arrest, 

induction of apoptosis, inhibition of angiogenesis, inhibition of DNA repair, 

internalisation of HER2 inducing degradation, blocking HER2 extracellular 

domain cleavage and an increased immune response via cell-mediated 

cytotoxicity (Baselga et al., 2001; Nahta and Esteva, 2006b) (Figure 3.1.3) 

There is inconclusive evidence to Herceptin’s optimal use. One of the reasons 

behind this is the lack of conclusive data about the mechanisms of action and 

a lack of knowledge on how primary and acquired resistance to Herceptin 

occurs. Therefore, research into this area will contribute towards the use of 

more selective patient treatments, how to prevent resistance and how to 

manage patients whose breast tumours progress during Herceptin treatment 

(Valabrega et al., 2007).  
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Figure 3.1.3 The proposed mechanisms of action of Herceptin.  

The many different proposed mechanisms of action of Herceptin binding 

to HER2 include the disruption of receptor dimerisation and downstream 

signalling, inhibition of DNA repair, initiation of G1 cell-cycle arrest and 

reduced proliferation, internalisation of HER2 for degradation, induction 

of apoptosis, suppression of angiogenesis, the inhibition of HER2 

extracellular domain proteolysis and the stimulation of natural killer cells 

by cell-mediated cytotoxicity (Nahta and Esteva, 2006b). 

3.1.3.1 Herceptin resistance 

Although Herceptin considerably improves the outcomes of both early stage 

and metastatic BCs, some patients do not respond to Herceptin at all (de novo 

HER2 resistance). The rate of de novo resistance to single-agent Herceptin 

has been found to be as high as 66-88% for HER2-overexpressing metastatic 

BC patients (Baselga et al., 1996; Cobleigh et al., 1999; Vogel et al., 2002).  

Some patients respond initially but become resistant over time (acquired 

HER2 resistance) (Ross et al., 2009; Nahta and Esteva, 2006b). Acquired 

resistance was found in around 70% of patients who initially responded to the 

drug (Vu and Claret, 2012). Most patients with an initial response to Herceptin 



- 54 - 

develop resistance within one year of treatment (Nahta and Esteva, 2006a). 

There is an increased risk of brain metastasis (BM) as the first site of disease 

recurrence in patients with HER2-positive BC, who have been treated with 

Herceptin (Kaplan et al., 2015; Olson et al., 2013a). BM at the time of 

metastatic diagnosis occurs in around 8% of patients with no previous 

exposure to Herceptin treatment. However, after prolonged use of anti-HER2 

therapy, brain metastatic tumours are observed to increase to around one 

third to one half of all cases (Olson et al., 2013a; Olson et al., 2013b; Lin, N.U. 

and Winer, 2007). 

Proposed hypotheses for the brain being the first site of relapse after 

Herceptin treatment includes that the brain is a sanctuary site for metastatic 

tumour cells, that Herceptin cannot penetrate the blood brain barrier (BBB) or 

that some tumour cells lose HER2 overexpression when migrating to the brain 

(Bria et al., 2008). Therefore, it is important to determine the patients who will 

not respond to Herceptin treatment and will develop resistance to the drug, as 

there is an increased risk of central nervous system (CNS) metastasis 

associated with Herceptin use. Determining the particular proteins and 

signalling pathways involved in both de novo and acquired resistance will lead 

to more patient selected therapy and possible drug targets in combination with 

Herceptin. 

3.1.3.2 The roles of PTEN and Src in Herceptin resistance 

The expression of tumour suppressor proteins and oncoproteins have been 

identified as playing a role in both de novo and acquired resistance. These 

include the tumour suppressor protein PTEN and the oncoprotein Src (Vu and 

Claret, 2012). PTEN activity antagonises PI3K function and thus, negatively 

regulates Akt activity. Decreased PTEN expression was found to correlate 

with a lower overall response rate to Herceptin in HER2-positive BC patients. 

A loss of PTEN is observed in 36% of HER2-positive BC patients with stage 

IV disease (Nagata et al., 2004). In a cohort of 55 HER2-overexpressing BC 

patients, 25% had a PI3K activating mutation and 20-25% had a PTEN 

deficiency. Furthermore, patients with activating PI3K mutations had a 

significantly shorter progression-free survival than those without mutations 

(Berns et al., 2007). 
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PTEN deficiency confers resistance to therapy and Src is activated in BC cell 

lines that are associated with de novo and acquired resistance to Herceptin 

(Zhang, S. et al., 2011). A novel mechanism of Src regulation was found which 

involved the activity of PTEN. PTEN was found to directly dephosphorylate 

Src at Y416 when active, and thus Src pY416 levels were higher in cells with 

PTEN deficiency. Therefore, the loss of PTEN phosphatase activity led 

directly to Src activation, which contributed to de novo Herceptin resistance. 

Src was found to be hyperactivated in various Herceptin resistance models. 

Patients with phosphorylated Src correlated with both a lower response to 

Herceptin and poorer survival rates. Src was found to be a central node of 

multiple Herceptin resistance pathways, indicating a promising global 

therapeutic target for patients who are resistant to Herceptin (Zhang, S. et al., 

2011).  

3.1.4 Breast cancer brain metastasis (BCBM) 

BM is an end stage of BC progression and has a very poor prognosis, with a 

median overall survival (OS) ranging from 4-25 months after diagnosis (Darlix 

et al., 2019). The incidence of BCBM differs based on the BC subtype of the 

patient. Between 5 and 10% of patients with oestrogen receptor (ER)-positive, 

HER2-negative tumours (around 70% of BCs) go on to develop BCBM. Those 

with TNBC or HER2-positive tumours have a BM incidence of 20% and 25-

50% respectively (Aversa et al., 2014; Kennecke et al., 2010).The increased 

incidence of BCBM in HER2-positive BC patients is most likely due to the use 

of anti-HER2 chemotherapies, which expands the lifespan of the patients and 

thus, allows time for the cancer cells, which are resistant to the 

chemotherapy, to migrate and metastasise to other areas of the body (Brufsky 

et al., 2011; Gori et al., 2007; Olson et al., 2013a). How the BC cells initially 

develop metastatic properties and in which manner the cells become 

resistant remains relatively unknown.  

3.1.4.1 The BCBM cascade 

Preclinical studies have provided important protein targets within the 

metastatic cascade, from initial primary BC to BM. This cascade includes 

cellular dissemination of metastasis from the primary tumour, intravasation 

into the blood, active and passive migration to the brain, embedding into a 
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capillary bed and attachment to the endothelium, extravasation through the 

BBB and tumour expansion into the brain microenvironment (Eichler et al., 

2011). Most of the preclinical studies carried out investigate the early stages 

of BCBM. These include gene expression analysis of brain seeking and 

primary parental cells arisen from BCBM animal models (Kodack et al., 2015). 

RTKs appear to play roles in multiple stages of BCBM, including HER2, 

vascular endothelial growth factor receptor-2 (VEGFR2), EGFR, insulin-like 

growth factor receptor-1 (IGF-1R), hepatocyte growth factor receptor 

(HGFR/c-Met) and the TK Src, all play a role in BCBM. The brain 

microenvironment appears to be a unique ‘safe haven’ for metastatic cells to 

survive and proliferate (Kodack et al., 2015). Knowing the protein expression 

signature and particular cellular pathways which alter the cancer cells to 

complement tumour growth in the brain microenvironment, will be important 

therapeutic targets for BC patients with increased risk of BM.  

3.1.5 Other HER2 targeted therapeutics 

Other HER2 targeted therapies currently in the clinic include the use of small-

molecule TK inhibitors (TKIs), which directly inhibit the kinase activity of 

HER2. They bind to the ATP-binding site of the TK, preventing downstream 

signal transduction. The most clinically advanced TKI used to target HER2-

positive BCs is Lapatinib (Tykerb, GlaxoSmithKline) (Spector et al., 2005). 

Lapatinib has been approved for use in combination with another 

chemotherapeutic, Capecitabine (an anti-metabolite drug used to treat many 

cancer types) to treat BC patients. In a Phase III trial this combination of drugs 

given to HER2-positive advanced BC patients increased the progression-free 

survival rate. It was also found that fewer patients that were treated with 

Lapatinib developed BM (Geyer et al., 2006). Due to the small size of 

Lapatinib, it is thought that it can penetrate the BBB and thus, leads to fewer 

cases of BCBM (Iwata et al., 2013). 

It has been suggested that Lapatinib may work for some HER2-positive BC 

patients with Herceptin resistant tumours. This may be due to the fact that 

Lapatinib can bind and stop signalling with truncated versions of HER2 (p95 

HER2) or HER2 C-terminal fragments which lack the extracellular binding 
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domain (Pedersen et al., 2009). Approximately 20% of human BC tumours 

express this truncated version of HER2 (Baselga et al., 1996).  

Pertuzumab (Perjeta, Roche) is another anti-HER2 immunotherapeutic given 

to treat HER2-positive BC patients. Pertuzumab is a recombinant humanized 

mAb which binds to the dimerisation domain II of HER2. This binding inhibits 

heterodimerisation of HER2 with other ErbB family members. Dual HER2 

blockade of Herceptin treatment with the addition of Pertuzumuab has 

improved the outcome of patients with HER2-positive metastatic BC. This dual 

treatment is the standard of care as first-line therapy for patients with 

advanced HER2-positive disease. This form of treatment has been shown to 

significantly prolong both progression-free survival and OS rates (Hurvitz et 

al., 2018).  

3.1.6 HER2-Src interaction hypothesis 

Our laboratory group has previously shown that non-homeostatic interactions 

between proline-rich regions within the C-terminal tail of non-activated 

monomeric RTKs and the SH3 domains of signalling proteins, under basal 

conditions, is important in the development of certain cancers. These 

interactions occur when the relative levels of the proteins involved are at high 

expression concentrations. It has also been established that an interaction 

occurs between the proline-rich motif of HER2 and the SH3 domain of SFK 

member, Fyn (Bornet et al., 2014). Fyn bound to the proline rich motif, 

R₁₁₄₆PQPPSP₁₁₅₂, within the C-terminal tail of HER2. Fyn shares a high level 

of homology to Src (74.4%) (Ulmer et al., 2002).  Src signalling is known to 

stimulate invasion, migration and metastasis (Summy and Gallick, 2006) and 

Src activation has been found to be a central node in Herceptin resistance 

pathways in BC cells (Zhang, S. et al., 2011). Therefore, under HER2 

inhibition via Herceptin, when it is proposed that HER2 receptor co-

dimerisation is abrogated and thus, HER2 is in a monomeric state, may trigger 

the non-canonical activation of a Tier 2 mechanism under HER2-therapeutic 

stress-conditions. Here, the non-canonical activation of Src-kinase under 

basal conditions, is investigated within this chapter. BC cells with HER2 

overexpression and a high Src expression level (SkBr3 cells) were used in all 

the following experiments.  
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Therefore, the possibility of aberrant Tier 2 signalling pathways being 

activated downstream of non-canonical Src activation in response to HER2-

inhibition, may contribute towards anti-HER2 drug-resistance and cancer 

progression in BC through this mechanism.  

If our hypothesis is correct, this research could explain the increased risk of 

metastasis seen in HER2-positive BC patients, after treatment with Herceptin 

via the aberrant activation of Tier 2 Src signalling pathways (Olson et al., 

2013a; Kaplan et al., 2015).  
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3.1.7 Experimental objectives 

In this chapter the following objectives were investigated: 

1) To determine the effective concentration of Herceptin to administer to 

SkBr3 cells (HER2-overexpressing breast cancer cells), by choosing a 

dose which gives a phenotypic effect but not a lethal dose.  

2) To identify whether the inhibition of HER2 RTK via Herceptin treatment  

in SkBr3 cells, upregulates pY416 Src levels using immunoblotting to 

determine relative phosphorylation levels in SkBr3 cells after 

treatments with Herceptin and compared to vehicle-treated control 

cells. 

3) To determine if Herceptin treatment of HER2-overexpressing BC cells 

leads to a change in the cellular localisation of HER2 and Src via 

fluorescence microscopy.  

4) To establish if changes in non-canonical Src activation via Herceptin 

treatment leads to a migratory outcome in HER2-overexpressing BC 

cells, through the use of a scratch migration assay. 

5) To identify the time-point at which Src becomes phosphorylated after 

treatment with Herceptin in SkBr3 cells via the use of immunoblotting 

and Src phosphorylation assay.  
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3.2 Results 

3.2.1 Effective concentration of Herceptin determined via MTT 

assay  

To investigate the effect of Herceptin treatment on non-canonical activation of 

pY416 Src, via the inhibition of HER2 RTK, the HER2 overexpressing cell line, 

SkBr3, which also has a high level of Src expression, was utilised in all the 

following experiments within this chapter.  

The optimal concentration of Herceptin was determined using an MTT cell 

viability assay, with the SkBr3 cell line. This assay determines the number of 

viable cells in each well by the conversion of MTT into formazan crystals, 

which occurs as a consequence of metabolic activity. The presence of crystals 

can be determined calorimetrically by dissolving the crystals in DMSO and 

using a plate reader at a wavelength of 570nm to detect this. The varying 

concentrations of Herceptin were dosed as a five-fold decrease in 

concentration to SkBr3 cells, ranging from 20µg/ml to 2.56x10-4 µg/ml. This 

assay was used to determine the concentration of drug to use in future 

experiments whereby, the drug would not be administered to the SkBr3 cells 

at a toxic dose. 

Following a drug incubation of 72 hours in serum-deprived media, at 37°C 

(21% O2, 5% CO2), cell viability was measured in SkBr3 cells to obtain a dose-

response curve (Figure 3.2.1). Absorbance values were normalised to the 

vehicle-treated control (PBS only) cells. All cells were serum-starved 24 hours 

prior to drug treatment, to allow for serum-deprivation to take effect before the 

addition of Herceptin. A dose-dependent decrease in cell viability was 

observed, with a maximum cell reduction of around 60%. This was in 

agreement with other studies (Sun et al., 2018; Tseng et al., 2006). 4µg/ml 

concentration was determined as a suitable concentration to use in further 

experiments as this gave the highest phenotypic effect on the cells but 60% 

of them were still viable.   
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Figure 3.2.1 Dose-response curve of SkBr3 cells treated with Herceptin, 

under serum-deprived conditions, n=4. 

A dose-response curve obtained by MTT cell viability assay, where five-

fold serial dilutions of Herceptin were administered in serum-deprived 

(0% FBS) media to SkBr3 cells for 72hrs and normalised to the vehicle-

treated control (PBS only) cells. SkBr3 cells were serum-starved for 24 

hours prior to the addition of Herceptin.  Each individual point was an 

average of n=4 +/- SD.  
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3.2.2 Herceptin treatment activates Src-kinase in SkBr3 cells, 

under serum-deprived conditions 

The effect of Herceptin treatment on the cellular protein levels of HER2 and 

Src was investigated via immunoblotting of SkBr3 cells, treated with 

increasing concentrations up to a maximum dose of 4µg/ml of Herceptin, 

under serum-deprived (0% FBS) conditions. The cells were serum-starved for 

24 hours prior to drug treatment. SkBr3 cells were dosed with the drug for 72 

hours at 37°C (21% O2, 5% CO2), (Figure 3.2.2a.). This length of incubation 

was chosen to correlate with the viable cells observed in the MTT assay. The 

data was then quantified by densitometry (Figure 3.2.2b.-d.).   

In the vehicle-control treated SkBr3 cells, it was observed that there was a 

basal phosphorylation maintained on the HER2 receptor, which was 

phosphorylated at Y877 (Figure 3.2.2c.) and Y1221 (Figure 3.2.2d.) when 

grown under serum-deprived conditions. To obtain visible bands a long 

exposure of the blots was required. Src expression was observed, but no Src 

phosphorylation at Y416 was visualised in the vehicle-treated control cells 

(Figure 3.2.2b.). Basal HER2 phosphorylation was maintained in the 

Herceptin treated SkBr3 cells at all concentrations, but a fairly lower total 

protein expression of HER2 was observed after drug treatment, compared to 

the vehicle-control. The phosphorylation of Src at Y416 was visualised in 

SkBr3 cells upon treatment with Herceptin at all concentrations up to 4µg/ml. 

Total Src expression levels remained relatively the same at all concentrations 

of Herceptin treatment, compared to the vehicle-treated control. Densitometry 

was performed to normalise the phosphorylated protein levels to the total 

amount of protein and to the loading control, β-actin. The overall trend showed 

that activated Src phosphorylation at Y416 was found to occur, following 

Herceptin treatment in HER2-overexpressing SkBr3 BC cells.  
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Figure 3.2.2 The effect of Herceptin treatment on Src and HER2 protein 

levels in SkBr3 cells, under serum-deprived conditions, n=3.  

a. A representative blot of Src and HER2 phosphorylation and total 

protein levels in SkBr3 cells, grown under serum-deprived (0% FBS) 

conditions, after the addition of Herceptin at increasing concentrations. 

The cells were treated with 0 (C and M), 2, 3 and 4µg/ml Herceptin for 

72 hours. The cells were serum-starved for 24 hours prior to the addition 

of Herceptin. C shows the vehicle-treated control (PBS only) cells and M 

shows cells grown in serum-free media only. Representative of n=3 

blots. b.-d. Levels of phosphorylated protein were compared to total 

protein expression levels and normalised to the β-actin loading control. 

Phosphorylated Src and HER2 levels were calculated as a fold increase 

from the vehicle-treated control (C). Densitometry results were obtained 

from n=3 repeats of Herceptin treated SkBr3 cells with the same batch 

of Herceptin.  

  

a. b. 

c. d. 
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3.2.3 HER2 TKI, Lapatinib, has no effect on activated Src levels in 

SkBr3 cells, under serum-deprived conditions 

Having observed that the activating pY416 of Src occurs under Herceptin 

treatment in SkBr3 cells, we wanted to investigate the effects of another 

clinically relevant HER2 inhibitor, Lapatinib. Lapatinib is known to abrogate 

HER2 autophosphorylation, either alone or when paired with Herceptin in 

SkBr3 and BT474 BC cells (Zhang, D. et al., 2008; Diermeier-Daucher et al., 

2011). Lapatinib is a dual inhibitor of EGFR and HER2 and an approved 

treatment for HER2-positive metastatic BC patients. This drug differs to 

Herceptin in that it is a direct kinase inhibitor, which binds intracellularly to the 

ATP-binding pocket of the TKD, rather than externally to HER2 (Baselga and 

Swain, 2009). We carried out these experiments to investigate whether Src 

was activated at Y416 in the absence of basal phosphorylation of HER2, after 

treatment with Lapatinib. 

To determine the correct dose of Lapatinib to treat SkBr3 cells an MTT cell 

viability assay was firstly performed to obtain a dose-response curve. 

Lapatinib was dosed to SkBr3 cells at a five-fold decrease in concentration 

ranging from 65nM to 8.32X10-4 nM in serum-deprived media (0% FBS), and 

the cell viability determined after 72 hours of drug treatment. The cells were 

serum-starved for 24 hours prior to addition of the drug. The dose response 

curve obtained (Figure 3.2.3a.) showed a large reduction in cell viability 

compared to that of Herceptin. Absorbance values were normalised to the 

vehicle-treated control (DMSO only) cells. The cells were reduced to around 

40% viability compared to the vehicle-treated control cells, with the highest 

concentration of Lapatinib used, 65nM. The full viability curve was not 

established, as higher concentrations were needed, however, a dose-

dependent decrease in cell viability was observed in the SkBr3 cells. This was 

enough to show that at the recommended concentration from the vendor, 

13nM (BioVision), gave an effect on the SkBr3 cells but was not a toxic dose 

and thus, could be used in further experiments.  

13nM Lapatinib was dosed to SkBr3 cells under serum-deprived conditions to 

determine at which time-point HER2 phosphorylation was abrogated and to 

determine whether Src phosphorylation at Y416 occured in response to this 
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(Figure 3.2.3b.). SkBr3 cells were serum-starved for 24 hours prior to the 

addition of Lapatinib. We observed that HER2 phosphorylation at Y877 and 

Y1221/Y1222 was reduced after 1 hour of incubation with Lapatinib and was 

eradicated after around 3 hours of incubation, compared to the vehicle-treated 

control. The total HER2 protein expression level remained the same after 

Lapatinib treatment at all the different time-points of the experiment, compared 

to the vehicle-control. Phosphorylation of Src at Y416 and total Src levels did 

not differ to the vehicle-treated control at all time-points of Lapatinib addition, 

even when HER2 basal autophosphorylation was abrogated. This indicated 

that inhibiting the basal phosphorylation of HER2 via Lapatinib does not 

activate Src kinase.  
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Figure 3.2.3 Dose-response curve and protein expression of SkBr3 

cells treated with Lapatinib, under serum-deprived conditions.  

a.Serial dilutions of Lapatinib were dosed to SkBr3 BC cells for 72 hours, 

under serum-deprived conditions and a dose-response curve obtained 

via MTT cell viability assay. Here, each concentration was normalised to 

the vehicle-treated control (DMSO only) cells. Cells were serum-starved 

for 24 hours prior to drug treatment. Each individual point was an  
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average of n=4 +/- SD. b. Immunoblot of SkBr3 cell lysates to determine 

the protein expression and phosphorylation levels of HER2 and Src after 

exposure to 13nM Lapatinib treatment, under serum-starved conditions. 

The cells were serum-starved for 24 hours prior to drug treatment. The 

cells were incubated for 0.25, 0.5, 1, 2 and 3 hours with Lapatinib and 

compared to the vehicle-treated control (DMSO only) cells. c. – e. show 

the relative protein expression levels of pY877 HER2, pY1221/1222 

HER2 and pY416 Src obtained via densitometry. Phosphorylation levels 

were normalised to total protein and β-actin levels, n=1.  

3.2.4 Herceptin treatment induces HER2 internalisation after 6 

hours in SkBr3 cells, under serum-deprived conditions 

The effect of Herceptin on the cellular distribution of HER2 and Src and thus, 

whether HER2 and Src could co-localise after treatment with Herceptin was 

investigated in SkBr3 cells. It has been proposed that HER2 is internalised 

upon Herceptin exposure, which is thought to increase the levels of HER2 

degradation (Nahta and Esteva, 2006b; Baselga et al., 2001). However, it is 

unknown what happens to Src-kinase once Herceptin has been administered 

to HER2-positive BC cells. Thus, the localisation of Src and HER2 were 

determined via IF.   

The cells were treated with 4ug/ml Herceptin (a fresh vial of Herceptin was 

used) for 3 and 6 hours in serum-deprived media, to see whether changes to 

the cellular localisation of HER2 and Src occurs rapidly after Herceptin 

treatment. The treated cells were compared to vehicle-treated control (PBS 

only) cells. The cells were serum-starved for 24 hours prior to drug treatment. 

The cellular localisation of Src and HER2 was investigated by probing the 

Herceptin-treated SkBr3 cells with anti-Src (mouse) and anti-HER2 (rabbit) 

primary antibodies and GFP-conjugated (anti-mouse) and RFP-conjugated 

(anti-rabbit) secondary antibodies. The cell nucleus was stained using DAPI 

stain mountant medium. The localisation of HER2 and Src was visualised 

using IF via an inverted confocal microscope (Zeiss). HER2 localisation was 

visualised by exciting the RFP conjugate at 594nm and emission detected at 

614nm and Src localisation visualised by exciting the GFP conjugate at 488nm 

and emission detected at 510nm (Figure 3.2.4.).  
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The vehicle-control cells showed distinct expression of HER2 within the 

plasma cell membrane of SkBr3 cells and Src was mainly distributed within 

the cytosol. Upon Herceptin treatment, after 3 hours of treatment there 

appeared to be no difference in the cellular localisation of both HER2 and Src, 

compared to the vehicle-treated control. At 6 hours of treatment with 

Herceptin, the distribution of HER2 changed compared to the vehicle-treated 

control and HER2 was distributed both within the cytosol and at the plasma 

membrane. Src was visualised to remain mainly within the cytosol. These 

results demonstrate that the cellular distribution of HER2 is altered upon 

Herceptin treatment and that both HER2 and Src are localised within the 

cytosol after 6 hours of Herceptin treatment in SkBr3 BC cells.  

 

 

 

DAPI, HER2, Src 

Figure 3.2.4 The effect of Herceptin treatment on HER2 and Src cellular 

localisation in SkBr3 cells, under serum-deprived conditions, n=1. 

SkBr3 cells were serum-starved for 24 hours prior to the treatment of 

Herceptin. Cells were dosed with 4µg/ml Herceptin in serum-deprived 

media for 3 and 6 hours, compared to vehicle-treated control (PBS only) 

cells. Cells were fixed and probed with anti-HER2 (rabbit) and anti-Src 

(mouse) primary antibodies and their corresponding secondary 

fluorophores (anti-rabbit RFP and anti-mouse GFP), following with DAPI. 

IF images were taken using an inverted LSM700 confocal microscope. 

Scale bar = 20µm, n=1.  

  

Control 3 hours  6 hours  
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3.2.5 Herceptin treatment inhibits SkBr3 cell migration 

HER2-positive BC patients have prevalent rates of both de novo and acquired 

resistance to Herceptin treatment (Baselga et al., 1996; Cobleigh et al., 1999; 

Vogel et al., 2002). The activation of Src-kinase has been found to be centrally 

implicated in activating resistance pathways to Herceptin treatment (Zhang, 

S. et al., 2011). The activation of Src is implicated in upregulating migration 

and invasion cell signalling pathways, which can contribute towards tumour 

metastasis (Mayer, E.L. and Krop, 2010; Finn, 2008; Summy and Gallick, 

2003). HER2-positive BC patients who are treated with Herceptin also have a 

higher risk of BCBM (Kaplan et al., 2015; Olson et al., 2013a). Therefore, the 

migratory effects of Herceptin treatment on HER2-overexpressing SkBr3 cells 

was investigated via a scratch wound migration assay, using an IncuCyte 

(Sartorius). 

A scratch was made to confluent SkBr3 cells in a collagen coated 96 well plate 

after growth under serum-supplemented conditions for 24 hours to confluency, 

prior to the addition of Herceptin (a fresh vial of Herceptin was used). The cells 

were then washed with PBS. Herceptin was then dosed to the cells at 2 

different concentrations, 4µg/ml and 20µg/ml, in serum-deprived (-) or serum-

supplemented (+) media and compared to the vehicle-treated control (PBS 

only) cells. The scratched cells in the 96 well-plate were then added to the 

IncuCyte incubator and images of the SkBr3 cells were taken every hour 

(Figure 3.2.5a.). The average wound confluence (%) and average wound 

closure (µM) was calculated over 48 hours of Herceptin treatment (Figure 

3.2.5b. and c. respectively).  

The vehicle-treated control cells grown under serum-supplemented or serum-

deprived conditions were observed to have a higher overall wound closure 

and percentage wound confluence compared to BC cells treated with 

Herceptin. Cells treated with 4µg/ml Herceptin under serum-supplemented 

conditions did not give a significant difference in average wound closure or 

wound confluence compared to the serum-supplemented vehicle-control 

cells. At 20µg/ml Herceptin treatment under serum-supplemented conditions 

there was a significant difference compared to the serum-supplemented 

vehicle-control cells with regards to average wound closure, but no significant 
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difference seen in wound confluence (121.7µM +/- 19.18) (P=0.031) and 

(17.48% +/-3.40) (P=0.182) respectively. SkBr3 cells treated with 4µg/ml 

Herceptin under serum-deprived conditions showed a significant difference in 

average wound closure, but no significant difference seen in wound 

confluence compared to the serum-deprived vehicle-control cells, (68.79µM 

+/- 16.41) (P=0.030) and (21.36% +/-7.32) respectively. SkBr3 cells treated 

with 20µg/ml of Herceptin under serum-deprived conditions showed no 

significant difference for both average wound closure and wound confluence 

compared to the serum-deprived vehicle-control cells. These results establish 

that SkBr3 cell migration is inhibited upon Herceptin treatment.  
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Figure 3.2.5 The effect of Herceptin treatment on SkBr3 cell migration, 

n=3. 

a. Representative images of SkBr3 cells grown in a collagen-coated 96 

well plate under serum-deprived (-) conditions. Cells were serum-

starved for 24 hours prior to Herceptin treatment. The cells were 

scratched and dosed with 4µg/ml or 20µg/ml of Herceptin in serum-

deprived media for 48 hours and compared to vehicle-treated control 

(PBS only) cells. The representative images were taken at 0hrs, 

24hrs and 48hrs after Herceptin treatment using an IncuCyte. 

Representative of n=3 repeats. b. Average wound closure (µM) was 

determined for Herceptin-treated SkBr3 cells after 48 hours of drug 

treatment, grown under serum-supplemented (+) or serum-deprived 

(-) conditions compared to vehicle-treated control (PBS only) cells. A 

a. b.

. 

c.

. 
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 significant difference was observed at 20µg/ml Herceptin treatment 

grown under serum-supplemented conditions (*=P=0.031) compared 

to the serum-supplemented vehicle-control cells and at 4µg/ml 

Herceptin treatment grown under serum-deprived conditions 

(*=P=0.030) compared to the serum-deprived vehicle-control cells, 

n=3. c. Percentage wound confluence (%) of SkBr3 cells grown with 

(+) and without (-) serum, after the addition of Herceptin at both 

4µg/ml and 20µg/ml concentration, compared to the serum-

supplemented and serum-deprived vehicle-treated control cells, n=3.  
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3.2.6 Herceptin time-point treatment of SkBr3 cells gives no effect 

on activated Src levels, under serum-deprived conditions 

Having observed that Src phosphorylation at Y416 occurs in the SkBr3 BC 

cells, after Herceptin treatment (Figure 3.2.2), we wanted to investigate the 

specific time-point after dosage that this phosphorylation event occurred.   

The specific time-point that Src was phosphorylated at Y416 in response to 

Herceptin treatment was investigated via immunoblotting SkBr3 cell lysates 

grown under serum-deprived conditions, after Herceptin dosage of 4µg/ml at 

different drug-incubation times (a new vial of Herceptin was used). The time-

course ranged between 6 and 96 hours of drug incubation. Cells were serum-

starved for 24 hours prior to drug treatment. Herceptin treated SkBr3 cells 

were compared to vehicle-treated control (PBS only) cells (Figure 3.2.6a.). 

Src activation is also implicated in inducing a proliferative cellular outcome, 

via the activation of the downstream Erk/MAPK signalling pathway (Mayer, 

E.L. and Krop, 2010; Finn, 2008; Summy and Gallick, 2003). Therefore, the 

relative cell viability was also determined via MTT assay at the different time 

points post Herceptin treatment, to see if there was any correlation with the 

time Herceptin was administered to the cells and whether this had an effect 

on SkBr3 cellular proliferation (and thus, a higher cell viability compared to the 

vehicle-treated control cells) and if a proliferative outcome was possibly 

correlated with the time of Src activation via pY416.  

In the vehicle-treated control cells (Figure 3.2.6a.) a basal phosphorylation of 

Src was present at Y416 and at the inhibitory site of Y527. There was also a 

basal phosphorylation of HER2 at Y877 and Y1221/Y1222, which was seen 

previously (Figure 3.2.2). The HER3 receptor was also phosphorylated in the 

vehicle-treated control, which suggests possible co-dimerisation with the 

HER2 receptor. After treatment with Herceptin, the phosphorylated Src levels 

at both Y416 and Y527 seemed to remain relatively the same at all time-points 

of Herceptin treatment, compared to the vehicle-control (Figure 3.2.6b. and 

Figure 3.2.6c.). The total levels of Src were also maintained after drug 

treatment compared the vehicle-treated control. Phosphorylation of HER2 at 

Y877 and Y1221/Y1222 remained the same as the vehicle-control after 

Herceptin treatment and only seemed to be reduced slightly after around 72 
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to 96 hours of Herceptin treatment. The total HER2 protein levels were slightly 

reduced after Herceptin treatment. Phosphorylated HER3 levels were lower 

after Herceptin treatment which suggests that the HER2 inhibitor blocks co-

dimerisation with the HER3 receptor, which is a proposed Herceptin 

mechanism of action (Baselga et al., 2001; Nahta and Esteva, 2006b). These 

results contrast with the findings at the beginning of the study in Figure 3.2.2, 

as activated Src, visualised via Y416 phosphorylation, was not observed after 

Herceptin treatment at any time-point in the SkBr3 cells, under serum-

deprived conditions. 

SkBr3 cells were then treated with 4µg/ml Herceptin under serum-deprived 

conditions and incubated for 6, 24, 48, 72, and 96 hours in a 96 well plate and 

an MTT assay performed. Cells were serum-starved for 24 hours prior to drug 

treatment. The viability results (Figure 3.2.6d.) show that there was no 

significant difference observed in viability rates of SkBr3 cells at the different 

incubation times at which Herceptin was administered, compared to the 

vehicle-control cells. At all time-points, except for 24 hours of Herceptin 

treatment, the relative cell viability was lower than the vehicle-treated control 

cells. At 24 hours of Herceptin treatment the relative cell viability increases to 

123.2% +/- 14.51%, which suggests that cellular proliferation of SkBr3 cells 

may increase at this time-point after Herceptin treatment.  

Overall, these results demonstrated that Herceptin treatment of SkBr3 cells 

appeared to not effect pY416 Src levels under serum-deprived conditions as 

was seen previously in Figure 3.2.2. The cells also appeared to have higher 

proliferation rates at 24 hours of Herceptin treatment. Therefore, the 

differences seen between Figure 3.2.6 and Figure 3.2.2 was investigated 

further.  
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Figure 3.2.6 Relative protein expression levels and the effect of cellular 

proliferation after time-point Herceptin treatment of SkBr3 cells, 

under serum-deprived conditions. 

 a. Immunoblot of SkBr3 cell lysates after exposure to 4µg/ml Herceptin 

incubated for 6, 24, 48, 72 and 96 hours compared to the vehicle-control 

(PBS only) cells.  Here, the cells were treated under serum-deprived 

conditions, after growing in serum-deprived media for 24 hours prior to 

drug-treatment, n=1. b. Relative densitometry of pSrc Y416 levels and c. 

Relative densitometry of pSrc Y527 levels in the Herceptin treated SkBr3 

cells. Phosphorylation levels were compared to total Src expression 

levels and normalised to the β-actin loading control. Phosphorylated Src 

levels were calculated as a fold change from the vehicle-treated control  

a. b. 

c. d. 
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(C) cells, n=1.  d. Relative cell viability determined via MTT assay of 

SkBr3 cells grown under serum-deprived conditions, after the treatment 

of Herceptin at concentrations of 4µg/ml for 6, 24, 48, 72 and 96 hours, 

compared to the vehicle-control (PBS-only) cells, n=4 +/- SD. All cells 

were serum-starved for 24 hours prior to the addition of Herceptin.  
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3.2.7 Herceptin treatment of SkBr3 cells gives no effect on 

activated Src levels determined via sandwich ELISA 

After the contrast in results seen with regards to activated pY416 Src levels in 

time-point Herceptin treated SkBr3 cells (Figure 3.2.6) to those obtained at 

the beginning of the study (Figure 3.2.2), activated Src levels in response to 

Herceptin treatment were further examined. A different method was utilised to 

determine Src pY416 levels in SkBr3 cells after treatment with Herceptin. An 

Enzyme-linked immunosorbent assay (ELISA) Pathscan Phospho-Src (Y416) 

Sandwich kit (Cell Signalling) was used to colorimetrically determine the 

pY416 Src levels in Herceptin-treated SkBr3 cell lysates. ELISA is known for 

its high sensitivity levels and is a quantitative technique compared to 

immunoblotting which is semi-quantitative. Thus, this technique was used to 

validate the results found via western blot.  

Here, a 96 well plate was pre-coated with pSrc Y416 capture antibody and 

incubated with 1mg/ml SkBr3 cell lysates after treatment with 4µg/ml 

Herceptin (using a fresh vial of Herceptin) for 3 and 6 hours alongside vehicle-

treated control (PBS-only) cells. The cells were grown under serum-deprived 

(-) or serum-supplemented (+) conditions. Cells grown under serum-deprived 

conditions were serum-starved for 24 hours prior to drug treatment. A second 

capture antibody and a HRP-linked antibody was used to amplify the signal 

and visual detection of Src phosphorylation at Y416 was determined using a 

plate reader. The magnitude of absorbance at 450nm was directly proportional 

to the levels of pY416 Src in each sample.  

No significant difference was observed with regards to phosphorylated Y416 

Src levels compared to the vehicle-treated control cells, for both the SkBr3 

cells grown under serum-deprived or serum-supplemented conditions for 3 

and 6 hours of Herceptin treatment (Figure 3.2.7). Thus, the treatment of 

SkBr3 cells with Herceptin for up to 6 hours has no effect on pY416 Src 

activation levels.  
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Figure 3.2.7 Phosphorylated Y416 Src levels in SkBr3 cells, after 3 and 

6 hours of Herceptin treatment, n=1.   

Phosphorylated Src (Y416) levels were determined via colorimetric 

sandwich ELISA in SkBr3 cell lysates treated with 4µg/ml Herceptin. The 

SkBr3 cells were treated for 3 and 6 hours compared to vehicle-treated 

control (PBS only) cells, under serum-deprived (-) and serum-

supplemented (+) conditions. Cells treated under serum-deprived 

conditions were serum-starved for 24 hours prior to drug treatment. The 

level of pY416 Src in each sample is proportional to the magnitude of 

absorbance at 450nm, n=1.  

  

Relative pSrc (Y416) levels 
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3.2.8 Herceptin treatment of SkBr3 cells with new vials of 

Herceptin shows batch-to-batch variability  

The contrasting results regarding phosphorylated Src levels at Y416 from the 

ELISA (Figure 3.2.7) and the time-point immunoblot (Figure 3.2.6) using 

different vials of Herceptin, led us to repeat the initial immunoblotting 

experiments to determine if the same results are observed with a fresh vial, 

and thus, batch of Herceptin.  

A new vial and batch of Herceptin was used to determine SkBr3 cell viability 

following a drug incubation of 72 hours in serum-deprived media and 

incubated at 37°C (21% O2, 5% CO2). Herceptin was dosed to SkBr3 cells as 

a five-fold decrease in concentration, ranging from 20µg/ml to 2.56x10-4 µg/ml 

(the same concentrations used in Figure 3.2.1). A dose-response curve was 

obtained (Figure 3.2.8a.) to clarify whether the new vial of Herceptin gives the 

same concentration-dependent viability response as seen in Figure 3.2.1. 

Absorbance values were normalised to the vehicle-treated control (PBS only) 

cells. SkBr3 cells were serum-starved 24 hours prior to the addition of 

Herceptin. It was observed that the SkBr3 cells gave the same dose-

dependent decrease in cellular viability to increasing concentrations of 

Herceptin treatment as those found previously (Figure 3.2.1) giving a 

maximum cell reduction of around 60%. This suggests that this new batch of 

Herceptin produces reproducible toxicity of SkBr3 cells. 

Immunoblotting of SkBr3 cell lysates treated with increasing concentrations of 

the new vial of Herceptin, grown under serum-deprived conditions was also 

performed (Figure 3.2.8b). Cells were serum-starved for 24 hours prior to 

drug treatment. SkBr3 cells were dosed with Herceptin for 72 hours at 37°C 

(21% O2, 5% CO2), under serum-deprived conditions. Total and 

phosphorylated HER2 and Src levels were determined and compared to the 

β-actin loading control. The results obtained here displayed a very different 

immunoblotting outcome to those seen previously, in Figure 3.2.2. HER2 

phosphorylation at Y877 and total HER2 levels were slightly lower after 

Herceptin treatment, compared to the vehicle-control, which is similar to the 

results seen previously (Figure 3.2.2). There was no difference seen in 

comparison to the vehicle-treated control cells in regards to Src 
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phosphorylation levels at Y416 and total Src protein levels, in cells treated 

with Herceptin at any concentration for 72 hours. This suggested that there 

was batch-to-batch variability of Herceptin, from the first vial utilised in Figure 

3.2.1 and Figure 3.2.2. Therefore, the activation of Src first observed in 

Figure 3.2.2 in response to Herceptin treatment, in HER2-overexpressing 

SkBr3 cells under serum-deprived conditions, was found to be an anomaly.  
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Figure 3.2.8 Repeated dose-response curve and immunoblotting of 

SkBr3 cells after treatment with a new vial and batch of Herceptin, 

under serum-deprived conditions.  

A dose-response curve obtained via MTT cell viability assay of SkBr3 

cells treated with five-fold serial dilutions of Herceptin for 72 hours, in 

serum-deprived media with a new vial and new batch of Herceptin. The 

cells were serum-starved for 24 hours prior to drug treatment. Relative 

cell viability (%) was normalised to the vehicle-treated (PBS-only) 

control cells, n=4. b. Immunoblot of SkBr3 cells treated with increasing 

concentrations of the new vial of Herceptin, under serum-deprived 

conditions for 72 hours. The cells were serum-deprived for 24 hours 

prior to drug treatment. Concentrations of Herceptin administered to  

a. b. 

Log [Herceptin (µg/ml)] 

c. d. 
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the SkBr3 cells include, 0 (vehicle-treated control), 2, 3, 4, 10 and 

20µg/ml. Src and HER2 phosphorylation and total protein levels were 

probed and the β-actin loading control, n=1.  

3.3 Discussion 

Herceptin therapy is the standard of care used to treat patients with HER2-

positive BC. Herceptin targets an external domain of the HER2 receptor and  

the proposed mechanism of action prevents the binding to other ErbB family 

members and thus, inhibits canonical HER2 signalling (Baselga et al., 2001). 

However, around 50% of HER2-positive BC patients go on to develop BM 

(Aversa et al., 2014; Kennecke et al., 2010), with a higher incidence of BM 

observed in HER2-positive BC patients, after treatment with Herceptin (Olson 

et al., 2013a). BM is an end-stage of BC progression, where only 20% of 

patients survive up to 1 year after diagnosis (Leyland-Jones, 2009). A 

significant proportion (66-88%) of HER2-positive BC patients have de novo 

resistance to Herceptin treatment (Baselga et al., 1996; Cobleigh et al., 1999; 

Vogel et al., 2002). Around 70% of patients who respond initially, become 

resistant to Herceptin over time (acquired HER2 resistance) (Ross et al., 

2009; Nahta and Esteva, 2006b). There is a lack of conclusive evidence on 

the specific deterministic factors of the high rates of de novo and acquired 

resistance in HER2-positive BC patients after treatment with Herceptin and 

also a lack of conclusive data about Herceptin’s mechanism of action 

(Valabrega et al., 2007). Herceptin de novo and acquired resistance has been 

associated with the expression and activation of the oncoprotein, Src (Zhang, 

S. et al., 2011). Src plays a vital role in many cell signalling pathways, which 

when aberrantly activated can promote tumorigenesis and metastasis 

(Summy and Gallick, 2003).  

The novel mechanism of Tier 2 signalling demonstrates how aberrant 

activation of oncogenic signalling pathways can be initiated by interactions 

between non-activated RTKs and SH3-domain-containing proteins, under 

serum-deprived stress conditions. These interactions occur depending on the 

relative proteome of the cell (Timsah et. al., 2016). Previous research from 

our laboratory has shown that a non-homeostatic Tier 2 mechanism is utilised 

via other types of cancers, whereby the SH3 domain of Plcg1 was found to 
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interact with a proline-rich motif within FGFR2 C-terminal tail. This interaction 

occurred under conditions that promoted the non-canonical binding of Plcg1 

to FGFR2, when relative cellular Grb2 levels were low and when cells were 

under serum-deprived stress (Timsah et al., 2016b). This PPI induced the 

non-canonical activation of Plcg1, which in turn, upregulated the Akt signalling 

pathway. The activation of Akt gave a highly proliferative outcome in ovarian 

cancer cells. It was also found that this Tier 2 signalling mechanism was of 

particular importance as a prognostic factor in lung adenocarcinoma patient 

pathological outcome (Timsah et al., 2015).  

Furthermore, HER2 has already been found to interact with a close family 

member of Src (Fyn) in a HER2 phosphorylation independent manner, via 

HER2 C-terminal proline-rich motif (R₁₁₄₆PQPPSP₁₁₅₂) to the SH3 domain of 

Fyn (Bornet et al., 2014). Src displays a large percentage of homology to Fyn 

(74.4%) (Ulmer et al., 2002). Therefore, Src may also be able to bind via its 

SH3 domain to this same proline-rich binding site when HER2 is in a non-

activated state (under Herceptin inhibition) and under serum-deprived stress. 

The propensity of other RTKs to bind to SH3-domain containing proteins via 

a Tier 2 mechanism is likely, due to the significant levels of RTKs containing 

proline-rich sequences within their intracellular domains and the high levels of 

SH3 domain-containing proteins within cells (Mayer, B.J. and Gupta, 1998). 

Therefore, the aberrant activation of a Tier 2 mechanism via HER2 RTK and 

Src-SH3 domain could be a possible chemoresistance mechanism utilised by 

BC cells and implicated in BC progression, when under HER2-inhibited stress 

via Herceptin treatment.  

The potential for aberrant Tier 2 signalling to be driven by the possible 

interaction and activation of Src-kinase via HER2 RTK, when under the 

inhibition of Herceptin, was investigated. We found in initial experiments that 

the key oncoprotein, Src, was phosphorylated at Y416 in response to 

Herceptin treatment of SkBr3 BC cells. To our knowledge there has not been 

any studies on direct Herceptin mediated activation of Src. Src activation is 

known to be involved in invasion and migration signalling pathways (Summy 

and Gallick, 2003) and has been found to be a common node in Herceptin 

resistance in HER2-positive BCs (Zhang, S. et al., 2011). The non-canonical 

activation of Src, therefore, could be utilised as a mechanism of Herceptin 
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resistance when cancer cells are under Herceptin treatment and under serum-

deprived stress.  

The results presented in this chapter also showed that a basal 

phosphorylation of HER2 RTK was maintained after Herceptin treatment. This 

was in accordance to the findings of Gijsen et al., where they found that HER2 

phosphorylation was maintained by a PKB (Akt) negative feedback loop after 

Herceptin treatment in both SkBr3 cells and BT474 cells (Gijsen et al., 2016). 

HER2 total expression levels were found to decrease after Herceptin 

treatment, which could be via Herceptin mediated HER2 internalisation (Nahta 

and Esteva, 2006b). The internalisation of HER2 in SkBr3 cells was also 

visualised by IF after 6 hours of Herceptin treatment, under serum-deprived 

conditions. Further investigation into the co-localisation of Src and HER2 

needs to be investigated via the use of a higher microscope magnification. 

Here, the use of FRET may have been useful to determine whether the two 

proteins are in close proximity and to further validate whether a PPI occurs 

between Src and HER2, under basal conditions.  

The effect of the TKI HER2-inhibitor, Lapatinib, was investigated in SkBr3 

cells, to determine whether there was an effect on Src activation via 

phosphorylation at Y416. Lapatinib treatment of SkBr3 cells showed a larger 

maximum cell reduction in cellular viability compared to the vehicle-treated 

control (~40%), than seen with Herceptin (~60%). Lapatinib treatment also 

abrogated HER2 autophosphorylation after a few hours of incubation, but it 

did not give any effect on Src phosphorylation at Y416. Thus, the inhibitor was 

not used in further experiments as there was no effect on Src activation in 

SkBr3 cells via Lapatinib induced HER2-inhibition. The results from this 

experiment indicated that basal phosphorylation of HER2 may play a role in 

activating Src at Y416 when under Herceptin inhibition. It would have been 

interesting to see whether dual treatment of both Lapatinib and Herceptin had 

an effect on pY416 Src levels. The effect of Pertuzumab, another approved 

mAb HER2-targeting treatment for HER2-positive BC patients, on SkBr3 BC 

cells would also have been interesting. The mechanism of action of 

Pertuzumab is known and includes that of inhibiting all heterodimerisation with 

other ErbB receptors (Hurvitz et al., 2018). Therefore, it would have been 

interesting to see if abrogation of co-dimerisation (which is a proposed but not 
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validated mechanism of action of Herceptin also) has an effect on Src and 

HER2 phosphorylation and protein levels, in HER2-overexpressing BC cells.  

Unfortunately, later experiments of Herceptin-treated SkBr3 cells showed 

contradictory results to those originally obtained. When the initial experiments 

were repeated with a fresh vial and new batch of Herceptin, different results 

were obtained to those found previously. These initial results were found to 

be anomalous when repeated with further batches of the drug. The first batch 

of Herceptin was used in the initial experiments determining the dose-

response curve of Herceptin-treated SkBr3 cells and the immunoblotting 

results, where Src activation at pY416 was observed upon Herceptin 

treatment of SkBr3 cells over 72 hours, with n=3 repeats. This difference in 

experimental results may have been due to a possible contaminant in the first 

batch of the drug. The vials of Herceptin used in these experiments were only 

of lab grade, compared to the high sterile grade that would be used to treat 

HER2-positive BC patients in hospitals. For further use of Herceptin in 

experiments, a sample could be sent to be analysed via mass spectrometry 

to indicate whether there would be any unknown peaks and thus, unknown 

contaminants in the vial before experimentation.  

The migration assay results also support that the original findings of Src 

activation upon Herceptin treatment were an anomaly, as Src activation is 

implicated in the upregulation of migration signalling pathways (Mayer, E.L. 

and Krop, 2010). Therefore, the expected results would have been to see an 

increase in cellular migration upon Herceptin-mediated non-canonical Src-

activation in SkBr3 cells. The results found here were the opposite, whereby 

Herceptin treatment inhibited cell migration of SkBr3 cells.  

Further work into this project would have been to validate whether Src 

activation occurs through an aberrant Tier 2 mechanism in SkBr3 BC cells, 

via Herceptin inhibition. Here, the utilisation of HER2 protein constructs with 

mutated proline-rich motifs would have been expressed in BC cells. Therefore, 

it would be determined whether the mutation of the proline-rich motif of HER2 

would abrogate the activation of Src-kinase, when HER2 is under the inhibition 

of Herceptin. FRET and co-localisation experiments would have been used to 

validate a PPI between Src-SH3 domain and HER2 proline-rich motif, under 
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Herceptin inhibition. The utilisation of other BC cell lines would have also been 

used to determine whether the same effects are seen in other HER2-

expressing BC cell lines.  

Even though Src was not found to be activated in response to Herceptin 

treatment of HER2-positive SkBr3 cells, it is possible that there could be other 

intracellular SH3 domain-containing proteins which are non-canonically 

activated via a Tier 2 signalling mechanism in HER2-positive BC cells, in 

response to Herceptin treatment. The aberrant activation of a Tier 2 

mechanism in BC cells in response to Herceptin-induced HER2 inhibition 

could contribute towards the high levels of resistance and metastasis 

observed in HER2-positive BC patients, after treatment with Herceptin. The 

SkBr3 cells gave a maximum cell reduction of 60% after drug-treatment with 

Herceptin and thus, many SkBr3 BC cells are able to survive Herceptin 

treatment. The SkBr3 cell line is known to be heterogeneous, therefore, it 

would have been interesting to investigate whether the cells which survive 

Herceptin treatment have something in common, in particular the expression 

and/or activation of SH3 domain-containing proteins. To investigate this, a 

HER2 Co-IP could be performed in BC cell lysates after treatment with 

Herceptin. The elute which would include bound proteins to HER2 would be 

sent for mass spectrometry analysis. Here, any bound proteins containing an 

SH3 domain would be identified and the results could be used for further 

investigation of a possible Tier 2 mechanism occurring in HER2-

overexpressing BC cells under Herceptin-mediated HER2-inhibition and to 

determine whether this possibility contributes to the survival, progression and 

resistance to Herceptin therapy.  

3.3.1 Conclusion 

The findings from this chapter conclude that the original results obtained 

showing non-canonical Src activation via the phosphorylation of Y416 in 

response to Herceptin-inhibition of HER2 in SkBr3 cells, was found to be an 

anomaly. The phenotypic migration assay and subsequent immunoblotting 

and ELISA results contradicted the initial immunoblotting results obtained with 

the first batch of drug used in these experiments. The vials of Herceptin used 

here were only of lab grade and thus, not the sterile high-grade Herceptin used 
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to treat patients in hospitals. Therefore, a possible contaminant in the first vial 

of Herceptin may have given these anomalous results and induced the 

activation of Src-kinase in SkBr3 cells. Due to these original findings being an 

anomaly, a new project was initiated looking at non-canonical Tier 2 signalling 

via VEGFR2 RTK in BC cells, under serum-deprived microenvironmental 

stress.   
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Chapter 4 Exploring the potential of non-canonical Tier 2 

PPIs via VEGFR2-RTK in BC cells 

4.1 Introduction 

4.1.1 Vascular Endothelial Growth Factor Receptor (VEGFR) 

Family 

The VEGFR family of proteins are members of the RTK superfamily and  

consist of three RTKs which are crucial regulators of vascular development 

during embryogenesis (vasculogenesis) and blood vessel formation 

(angiogenesis) (Olsson et al., 2006). VEGFRs are expressed in endothelial, 

stromal cells and are aberrantly expressed in cancer (Butti et al., 2018). In 

mammals, there are five vascular endothelial growth factor (VEGF) ligands 

which bind to the three VEGFRs and co-receptors (e.g. heparan sulphate 

proteoglycan (HSPG) and Neuropilin) in an overlapping fashion (Figure 

4.1.1). The binding of VEGF ligand to a particular VEGFR induces receptor 

co-dimerisation and activation of the TKD. This leads to the subsequent 

phosphorylation of docking sites within the intracellular domain for the binding 

and activation of signal transducers. VEGFRs activate many cellular 

processes that are common to GF receptors, including cell migration, survival 

and proliferation (Shibuya, Masabumi and Claesson-Welsh, 2006).  

VEGFR1 and VEGFR2 canonically bind to VEGF-A ligand (Ferrara, N. et al., 

2003). VEGFR1 also binds to VEGF-B and placental growth factor (PLGF) 

and has an established role in mediating chemotaxis in monocytes and 

macrophages (Barleon et al., 1996). VEGFR1 is both a positive and negative 

regulator of VEGFR2. A splice-variant of VEGFR1 is known to bind to and 

sequester VEGF-A and prevent the binding of VEGF-A to VEGFR2 (Kendall 

and Thomas, 1993). VEGFR2 also binds to VEGF-E and is the main mediator 

of mitogenic signals of the VEGF-A ligand and is involved in both normal and 

pathological vascular-endothelial-cell-biology (Ferrara, N. et al., 2003). 

VEGFR3 on the other hand, does not bind to VEGF-A but binds to VEGF-C 

and VEGF-D (Karkkainen et al., 2002). VEGFR2 can also bind to VEGF-C 

and VEGF-D after proteolytic processing, but with a lower affinity than 
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VEGFR3 (Olsson et al., 2006). VEGFR3 is important for lymphatic-

endothelial-cell development and function.  

 

 

Figure 4.1.1 Canonical VEGFR ligand-binding and consequent 

signalling complexes. 

VEGF ligands bind to three VEGFR RTKs in an overlapping fashion to 

induce homo- or hetero-dimerisation, leading to the activation of different 

downstream signalling pathways. Proteolytic processing of VEGF-C and 

VEGF-D allows for binding to VEGFR2. Adapted from (Olsson et al., 

2006) using BioRender.com. 

4.1.2 VEGFR structure and activation  

VEGFRs contain a large extracellular domain of approximately 750 amino acid 

residues, which makes up seven immunoglobulin (Ig)-like folds. Ig domain-2 

of VEGFR1 constitutes the ligand binding domain (Christinger et al., 2004) 

and Ig domains-2 and -3 of VEGFR2 are important for ligand-binding 

specificity (Fuh et al., 1998). VEGFR3 extracellular domain slightly differs in 

that the fifth Ig domain is replaced by a disulphide bridge. The extracellular 

domain is followed by a single transmembrane domain (TMD), a juxta-
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membrane domain (JMD) and a split TKD, which is interrupted by a 70-amino-

acid kinase insert (KI) and a C-terminal tail (Olsson et al., 2006; Guo, S. et al., 

2010).   

Following ligand-binding, interactions between Ig-like domains 4 and 7, the 

TMD and the JMD between a VEGFR dimerisation pair, stabilise the VEGF-

VEGFR complex (Stuttfeld and Ballmer-Hofer, 2009). Dimerisation of the 

receptors leads to the activation of the TKD, and to the consequent 

autophosphorylation of Y residues within the KI and C-terminal region of the 

receptors (Shibuya, M., 2011). Subsequently, a variety of signalling 

molecules, including SH2 and PTB-containing proteins, are recruited to 

VEGFR dimers and bind to phosphorylated Y residues within the intracellular 

domains. The activation of these signalling effector proteins go on to 

upregulate signal transduction events downstream of VEGFR activation 

(Stuttfeld and Ballmer-Hofer, 2009).  

4.1.3 VEGFR2 

VEGFR2 (also known as kinase domain region (KDR) or Flk-1), encoded by 

the VEGFR2 gene, is a 210-230 kDa glycoprotein that plays a significant role 

in angiogenesis and is the major mediator of the mitogenic, angiogenic and 

permeability-enhancing effects of VEGF in endothelial cells (Ferrara, N. et al., 

2003; Shibuya, Masabumi and Claesson-Welsh, 2006). VEGFR2 has a 10-

fold lower affinity to VEGF-A than VEGFR1 but VEGFR1 TK activity is 

approximately 10-fold weaker than VEGFR2 (Shibuya, M., 2011). VEGFR2 

can form homo-dimers and hetero-dimers with VEGFR1 and VEGFR3, which 

gives substantial differences in signal transduction events, due to the different 

downstream substrates that they activate (Huang, K. et al., 2001). VEGFR2 is 

also found in non-endothelial cells such as pancreatic duct cells, retinal 

progenitor cells, megakaryocytes and haemopoietic cells. VEGFR2 

expression is also aberrantly expressed in pathological processes, such as 

cancer (Koch et al., 2011).  

The VEGFR2 gene encodes a full-length receptor (Figure 4.1.2) of 1356 

amino-acid residues. Within the cell, the VEGFR2 protein is translated as a 

150kDa protein without any significant glycosylation. It is then processed, by 
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a series of glycosylations, to a mature 210-230kDa form, that is expressed on 

the plasma membrane (Takahashi, Tomoko and Shibuya, 1997).  

 

 

Figure 4.1.2 VEGFR2 domain structure.  

VEGFR2 full-length domain structure (proline-rich motif regions are 

indicated by red arrows).  

4.1.3.1 Canonical VEGFR2 signalling 

Ligand-dependent activation and subsequent Y phosphorylation of VEGFR2 

results in the upregulation of mitogenic signalling pathways which mediates 

many different cellular outcomes including cell survival, migration, proliferation 

and permeability (Figure 4.1.3). A unique feature of VEGFR2 activation is the 

upregulation of the Raf-Mek-Erk pathway through the phosphorylation of 

Plcg1 and the subsequent activation of PKC, rather than through the activation 

of Ras. This pathway is preferentially and highly activated by ligand-activated 

VEGFR2 and upregulates proliferation signalling pathways in endothelial cells 

(Takahashi, T. et al., 1999; Takahashi, T. et al., 2001). Plcg1 binds to the 

pY1175 site specifically within the VEGFR2 C-terminal tail. This signalling 

pathway is important for pro-angiogenic signalling.  

The pY951 site within the KI is important for cell migration signals and is 

phosphorylated in active angiogenesis (Matsumoto et al., 2005). T-cell-

specific adaptor molecule (TSAd) binds to this site, which is implicated in actin 

reorganisation and migration signalling pathways. TSAd forms a complex with 

Src in a ligand-dependent manner. The PI3K/Akt pathway is also activated 

downstream which upregulates cell survival and cell permeability pathways 

via the activation of B-cell lymphoma-1 associated death promoter (BAD) and 

caspase-9 and the activation of endothelial nitric-oxide synthase-3 (eNOS). 

The pY1059 site has been shown to bind and activate Src-kinase. The 

activation of Src phosphorylates other residues in VEGFR2 intracellular 

domain, including Y1175 and downstream signal transducers, including IQ-



- 92 - 

motif-containing GTPase-activating protein-1 (IQGAP1) (Meyer et al., 2008). 

IQGAP1 has been implicated in the regulation of cell-cell contacts, 

proliferation and migration (Yamaoka-Tojo et al., 2006). The phosphorylation 

of the Y1175 site has also been known to bind and activate SH2-domain 

containing adaptor protein B (SHB), SHC-transforming protein B (SCK) and 

Shc. The binding of these molecules may recruit the nucleotide exchange 

factor son of sevenless (SOS) to VEGFR2 and therefore, control downstream 

Ras activation (Warner et al., 2000; Kroll and Waltenberger, 1997). The 

phosphorylation of the Y1214 site allows the recruitment of non-catalytic 

region of TK adaptor protein (Nck) to VEGFR2. An Nck-Fyn complex mediates 

the phosphorylation of p21-activated protein kinase (PAK) and the activation 

of cell division cycle 42 (Cdc42) and p38MAPK (Lamalice, Laurent et al., 2006; 

Lamalice, L. et al., 2004).  
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Figure 4.1.3 Canonical VEGFR2 signalling.  

Canonical VEGFR2 activation and signalling after ligand-binding of 

VEGF-A, showing important downstream signal transduction pathways. 

Ligand-binding induces VEGFR2 co-dimerisation. Upon receptor 

dimerisation, the TKD is activated and autophosphorylation of particular 

Y residues within the KI and C-terminal tail occurs. SH2 and PTB 

domain-containing proteins bind to particular pY sites in the intracellular 

domain. Downstream signal transduction of these molecules is 

upregulated, which activate signalling pathways leading to the outcome 

of cellular functions including cell survival, migration, permeability and 

proliferation. The canonical activation of PKC via Plcg1 plays a crucial 

role in mitogenic signalling via the Raf-Mek-Erk pathway inducing cellular 

proliferation and permeability. Cell survival and permeability is mediated 

through PI3K-mediated activation of Akt. The activation of Src, FAK and 

p38 MAPK is implicated in cell migration signalling. Adapted from 

(Matsumoto and Claesson-Welsh, 2001; Koch et al., 2011), using 

BioRender.com. 
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4.1.3.2 VEGFR2 C-terminal region 

There are five major pY sites within the C-terminal tail of VEGFR2, which 

include Y951 in the KI domain, Y1054 and Y1059 within the TKD and Y1175 

and Y1214 in the C-terminal domain (Figure 4.1.4) (Matsumoto et al., 2005; 

Takahashi, T. et al., 2001; Koch et al., 2011). These phosphosites serve as 

SH2 and PTB binding-sites for effector proteins, which activate canonical 

downstream signalling pathways. VEGFR2 also contains two proline-rich 

motifs (PxxP) within the intracellular domain of the receptor. The first PxxP 

motif is located within the first TKD of VEGFR2 at residues P908xxP911. The 

second proline-rich motif is located at residue P1195xxP1198 within the C-

terminal tail of VEGFR2 (Figure 4.1.4).  

 

Figure 4.1.4 VEGFR2 intracellular domain structure and protein binding 

sites.  

The intracellular domain consists of a JMD, a split TKD (TKD 1 and TKD 

2), a KI domain (KID) and a C-terminal tail. pY sites which occur due to 

ligand-activation of the receptor are shown in yellow dots. The significant 

binding sites, their corresponding sequence and their known binding 

proteins are labelled. Adapted from (Holmes et al., 2007), made using 

BioRender.com.  
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4.1.4 VEGFR2 expression in cancer  

Due to the potential role of VEGFR2 in tumour angiogenesis, the expression 

was investigated in cancers soon after it was identified as a RTK for VEGF 

(Waltenberger et al., 1994). Besides the initiation of angiogenesis via 

VEGFR2 signalling in different malignancies, the impact of VEGFR2 

expression on cancer cell signalling is lesser known (De Palma et al., 2017). 

The overexpression of VEGFR2 occurs in many cancer types and the 

expression levels directly relate to the disease stage, recurrence and outcome 

of cancer patients (Guo, S. et al., 2010; Xia et al., 2006; Kim et al., 2008). 

VEGFR2 overexpression has been reported in various cancer types such as 

ovarian (Jang et al., 2017; Chen et al., 2004), brain (Lu-Emerson et al., 2015; 

Puputti et al., 2006), liver (Kim et al., 2008), renal (Pengcheng et al., 2017), 

colon (Takahashi, Y. et al., 1995; Mahfouz et al., 2017), bladder (Zhong et al., 

2017; Xia et al., 2006) and lung cancer (Riquelme et al., 2014; Carrillo de 

Santa Pau et al., 2009) as well as in BCs (Guo, S. et al., 2010; Nakopoulou et 

al., 2002; Rydén et al., 2003; Weigand et al., 2005). VEGFR2 expression was 

detected in 64.5% of invasive breast carcinomas (Nakopoulou et al., 2002). 

Other cancers have different VEGFR2-positive expression levels (Table 

4.1.1) including oesophageal adenocarcinoma and squamous-cell cancer 

where the VEGFR2-positive expression rate was found to be 94% and 100% 

respectively (Gockel et al., 2008). 
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Table 4.1.1 VEGFR2 expression levels in human cancers and cancer 

cell lines.  

Adapted from (Guo, S. et al., 2010). 

Tissue Subtype VEGFR2 

expression 

level 

Reference 

Bladder Carcinoma 50% (Xia et al., 

2006) 

Brain Glioma 6-17% (Puputti et 

al., 2006) 

Breast Adenocarcinoma 64.5% (Nakopoulo

u et al., 

2002) 

Cervix Adenosquamous 

carcinoma 

73.3% (Longatto-

Filho et al., 

2009) 

Colon Adenocarcinoma 40% (Takahashi, 

Y. et al., 

1995) 

Oesophagus/ 

Squamous-cell  

Carcinoma 94%/100% (Gockel et 

al., 2008) 

Kidney Clear cell cancer 35% (Badalian et 

al., 2007) 

Lung Non-small-cell 

carcinoma 

54.2% (Carrillo de 

Santa Pau 

et al., 2009) 

Oral Carcinoma Overexpressed (Sato and 

Takeda, 

2009) 
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Ovary Carcinoma Overexpressed (Chen et al., 

2004) 

Pancreas Carcinoma Overexpressed (Itakura et 

al., 2000) 

Prostate Cancer cell lines 100% (Stadler et 

al., 2004) 

Skin Melanoma Overexpressed (Straume 

and Akslen, 

2003) 

 

4.1.4.1 VEGFR2 expression and significance in BC 

VEGFR2 has been found to be overexpressed in BC tissues and is directly 

correlated with the pathogenesis of BC patients (Guo, S. et al., 2010). In 

malignant breast carcinoma patient tissues, VEGFR2 expression was found 

in all samples, independent of tumour stage and histological grade. When 

malignant BC tissue was compared with the neighbouring non-neoplastic 

tissue, activated VEGFR2 was at a much higher level in the malignant tissue 

samples compared to the non-neoplastic tissue (Kranz et al., 1999). Ligand-

activated VEGFR2 via VEGF has been found to promote breast and lung CSC 

self-renewal via VEGFR2 downstream activation of STAT3. STAT3 activation 

upregulates Myc and Sox2 in TNBC (Zhao, D. et al., 2015). The co-expression 

of VEGF and VEGFR2 have been found in BC (Rydén et al., 2003) and an 

autocrine-loop between secreted VEGF and the activation of VEGFR2 was 

found in BC cell lines and primary BC cultures in vitro (Weigand et al., 2005). 

In another study, the expression levels of VEGFR2 were correlated with lymph 

node metastasis of BC and patients with a high VEGFR2 expression had a 

significantly worse OS. The expression of EMT markers, Twist1 and Vimentin 

was also found to be higher in BC tumours with a high VEGFR2 expression, 

while the epithelial marker, E-cadherin was lower in the same tumours. This 

suggested that VEGFR2 may be a possible mediator of the EMT in BC (Yan 

et al., 2015). VEGFR2 expression levels in BC patient samples were found to 

be significantly correlated with the expression of the proliferation indices Ki-
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67 and Topo-Iiα (Nakopoulou et al., 2002). High levels of VEGFR2 expression 

was found to be a significant characteristic of TNBC. The high levels of 

VEGFR2 in TNBC was found to be significantly correlated with decreased BC-

specific survival (Rydén et al., 2010). Taken together, these data suggests 

that high levels of VEGFR2 may aid in cancer progression and is a potential 

biomarker for BC patients. 

4.1.4.2 Clinical significance and targeting of VEGFR2 

Solid tumour malignancies, including BC, are considered angiogenesis 

dependent (Gupta, 2003). However, anti-angiogenic therapies have shown 

various results due to the different and distinct panel of anti-angiogenic factors 

and expression levels of angiogenesis-specific proteins in different tumour 

types. Tumours develop resistance to anti-angiogenic therapy by turning to 

alternate survival pathways when one is therapeutically inhibited. Therefore, 

research into how cancer cells develop resistance to anti-angiogenic therapy 

and the particular resistance pathways upregulated are important for patient 

selected treatment (Roy and Perez, 2009; Hayes et al., 2007).  

Some anti-angiogenic treatment strategies have entered the clinic to date. 

These agents include Bevacizumab (anti-VEGF-A humanised mAb, Avastin; 

Genentech) which has been approved for the treatment of breast, colorectal, 

lung, renal and glioblastoma cancer patients (Ferrara, Napoleone and Kerbel, 

2005; Diaz, R.J. et al., 2017). The VEGFR2-targeting mAb, Ramucirumab 

(Cyramza, ImClone Stystems Inc) has been approved for the treatment of 

solid tumours, including stomach, colorectal and non-small cell lung cancer. 

Apatinib (Rivoceranib, Elevar Therapeutics), a TKI which also targets 

VEGFR2 directly, was shown when in combination with Ramucirumab to have 

a more favourable benefit in patients when compared to the direct block of 

angiogenesis stimuli by bevacizumab, in the treatment of gastric cancer (Pinto 

et al., 2017). Several other orally active small-molecule TKI of VEGFR2 are 

now in clinical use, including Sunitinib (Sutent) a dual-targeted RTK inhibitor 

to VEGFR2 and PDGFR-β and more in clinical trials (Jiang et al., 2020; 

Holmes et al., 2007). However, many have serious side-effects which limits 

their long-term use.  
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4.1.5 The tumour microenvironment of solid tumours 

Within the tumour microenvironment of solid tumours, the lack of sufficient 

vasculature leads to the development of nutrient and GF deprived conditions 

and hypoxia (Figure 4.1.5). These conditions elicit the activation of different 

signalling pathways which modify the characteristics and behaviour of tumour 

cells (Efeyan et al., 2015; Anastasiou, 2017). Hypoxia is a reduction in the 

normal level of tissue oxygen tension and occurs in cancer. Solid tumours 

develop a severely hypoxic microenvironment (Pugh and Ratcliffe, 2003), due 

to the increasing metabolic demand of the growing mass of tumour cells and 

insufficient tumour vascularisation. Advanced tumours are conditioned to 

survive these harsh growth environments during intravasation, extravasation 

and migration during metastasis when they move away from the vasculature 

to a secondary site and during anti-angiogenic therapy (White, ElShaddai Z. 

et al., 2020). Cancer cells growing under these conditions adapt by activating 

signalling pathways to allow tumour cells to survive and proliferate. These 

processes contribute to a more malignant phenotype and aggressive tumour 

behaviour (Harris, 2002).  

Nutrient deprivation has been correlated to a poorer patient survival, 

suggesting that the lack of nutrients can induce tumour cell survival pathways 

(Moscat et al., 2015). A high expression of Akt was found to be correlated with 

cancer cell line survival under nutrient and serum-deprived conditions (Izuishi 

et al., 2000). In the MCF7 BC cell line, serum-deprivation was found to 

increase cell migration and a number of migration marker mRNA levels 

(Ahmadiankia et al., 2019). In prostate cancer cell lines, serum-deprivation 

initiated the adaptation of cancer cells to oxidative stress and a survival 

mechanism to anti-tumorigenic agents (White, ElShaddai Z. et al., 2020). The 

prolonged serum-deprivation of both MCF7 BC cells and H460 lung cancer 

cells displayed a multi-drug resistance phenotype by activating alternative and 

multiple cell signalling mechanisms (Yakisich et al., 2017). This was found to 

be an important adaptive mechanism for survival under harsh growth 

conditions such as serum-deprivation and exposure to therapeutic drugs. The 

aberrant activation of the Tier 2 mechanism between FGFR2 and Plcg1 in 

ovarian cancer cells is an example of the upregulation of an oncogenic 
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signalling pathway implicated in cancer progression, when tumour cells are 

under serum-deprived stress conditions (Timsah et al., 2016b).  

Tumour hypoxia is associated with a poor patient prognosis and resistance to 

radio- and chemo-therapy (Harris, 2002). Pathways that are regulated by 

hypoxia include angiogenesis, glycolysis, GF-signalling, immortalisation, 

genetic instability, tissue invasion and metastasis, apoptosis and pH 

regulation (Harris, 2002). A key regulator of hypoxic response is the 

upregulation of hypoxia inducible factor-1 (HIF-1). When activated, HIF-1 

activates the transcription of a series of genes including VEGF, erythropoietin 

and anaerobic glycolysis (Izuishi et al., 2000). In situ hybridisation studies 

have shown that VEGF mRNA is up-regulated in human tumours in response 

to hypoxia (Ferrara, N. and Davis-Smyth, 1997). VEGFR2 expression is also 

upregulated during hypoxia, but how expression is regulated remains to be 

clarified (Olsson et al., 2006). Cellular proliferation, migration and 

angiogenesis are linked by signalling pathways that operate physiologically to 

preserve oxygen and nutrient homeostasis (Pugh and Ratcliffe, 2003). Thus, 

tumour growth under these stress conditions can induce the activation of 

signalling pathways involved in angiogenesis, migration and proliferation 

signalling, which can contribute towards cancer progression and 

chemoresistance. The role of VEGFR2 expression in tumour cells under 

tumour microenvironmental stress appears relatively unknown.  
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Figure 4.1.5 The tumour microenvironment of solid tumours. 

Cancer cells within a tumour mass are at different gradients of nutrient 

and oxygen deprivation depending on the distance from the vasculature. 

The cells furthest away from the vasculature have a severe lack of GFs, 

nutrients and are under hypoxia. Nutrient and oxygen deprivation is a 

universal phenomenon in solid tumours, due to the increasing growth of 

the tumour mass and the poor tumour vasculature. Under these stress 

conditions tumour cells adapt by triggering the activation of cell signalling 

pathways, allowing tumour cells to survive, proliferate and metastasise 

from the tissue. Picture adapted from (Graham and Unger, 2018). 

4.1.6 Plcg1  

Phosphoinositide-specific phospholipase C γ-1 (Plcg1) is part of the 

phospholipase C (PLC) family of proteins and plays an important role as a 

downstream effector protein in transmembrane signalling (Singer et al., 1997). 

The multi-domains of Plcg1 cooperate to integrate multiple signals in response 

to extracellular stimuli. Plcg1 is activated by both binding to and being 

phosphorylated by TKs and RTKs. Plcg1 plays a critical role in growth, 

survival, motility, and proliferation pathways in cells (Wells and Grandis, 2003; 

Yamaguchi and Condeelis, 2007; Emmanouilidi et al., 2017). Therefore, the 

regulation of Plcg1 activity is of crucial importance to maintain cellular 

homeostasis.  
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4.1.6.1 Plcg1 structure 

Plcg1 is a 145 kDa effector protein with various different binding-domains 

(Wang et al., 1998) (Figure 4.1.6). The catalytic domain is composed of two 

regions (X and Y boxes) which are separated by an extended linker region (X-

Y linker). Plcg1 is unique among phospholipases in that the X-Y linker 

comprises of a series of discrete binding domains (two SH2 domains and an 

SH3 domain, in-between a split pleckstrin homology (PH) domain) (Timsah et 

al., 2014). The N-terminal SH2 domain (N-SH2) is responsible for complex 

formation with activated RTKs. The C2 and PH domains cooperate with the 

SH2 domain to translocate Plcg1 to the plasma membrane (Lemmon and 

Schlessinger, 2010). 

 

 

 

Figure 4.1.6 Plcg1 domain structure.  

The multiple domains of Plcg1 which co-operate to integrate various 

different signals at the plasma membrane. RTK-mediated 

phosphorylation of Plcg1 at Y775 and Y783 (red arrows), leads to the 

binding of the C-terminal SH2 domain to Y783. This change in protein 

conformation stimulates the enzymatic activity of Plcg1. The C2 and PH 

domains cooperate with the SH2 domain to facilitate the translocation of 

Plcg1 to the membrane. The N-terminal PH domain facilitates binding to 

the membrane by binding to PIP3. Adapted from (Lemmon and 

Schlessinger, 2010; Fearon and Grose, 2014) using BioRender.com.  

4.1.6.2 Plcg1 downstream signalling 

RTK-mediated Y phosphorylation of Plcg1 leads to the intramolecular binding 

of the C-terminal SH2 domain to pY783. This releases Plcg1 autoinhibition 

and changes the conformation, which stimulates the enzymatic activity of 

Plcg1 (Lemmon and Schlessinger, 2010; Gresset et al., 2010). The relocation 

of Plcg1 to the cell membrane is facilitated by the N-terminal PH domain 

binding to PIP3 at the plasma membrane. Plcg1 activation leads to the 
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hydrolysis of PIP2 to generate the secondary messengers IP3 and DAG. These 

secondary messengers are known to stimulate the release of intracellular Ca2+ 

and activate PKC respectively (Nishizuka, 1992; Wahl and Carpenter, 1991). 

IP3 diffuses into the cytosol and initiates Ca2+ release from the endoplasmic 

reticulum. DAG remains in the membrane and goes on to activate PKC. Both 

the increase in intracellular Ca2+ release and activation of PKC induces the 

activation of many signalling pathways and particular cellular outcomes. 

Downstream signalling of  Plcg1 activation includes cell survival, actin 

remodelling, migration and chemotaxis, proliferation, differentiation and 

apoptosis (Rebecchi and Pentyala, 2000; Rhee, 2001; Kölsch et al., 2008; 

Hao et al., 2009; Emmanouilidi et al., 2017). Cancer progression and 

metastasis can therefore occur under the aberrant activation of Plcg1 (Sala et 

al., 2008). 

As discussed in part 1.3, Plcg1 can also undergo non-canonical activation via 

the aberrant activation of a Tier 2 mechanism, binding via its SH3 domain to 

FGFR2 C-terminal proline-rich motif, under serum-deprived conditions. Plcg1 

activation occurred via a change in Plcg1 conformation, exposing the Y783 

residue and thus, was able to activate downstream oncogenic signalling 

pathways. Plcg1 expression levels were found to correlate with Akt 

phosphorylation and a lower patient survival in ovarian cancer patients 

(Timsah et al., 2016). The expression levels of Plcg1, FGFR2 and Grb2 were 

also prognostic factors in lung adenocarcinoma patient outcome (Timsah et 

al., 2015).  

4.1.6.3 Plcg1 expression in BC 

Plcg1 is highly expressed in various tumours, including BCs, and has been 

found to be involved in tumour progression and metastasis (Eccles, 2005; 

Emmanouilidi et al., 2017; Wells and Grandis, 2003). A high expression of 

activated Plcg1 has been found to be associated with worse clinical outcome 

in terms of incidence of distant metastases. The analysis of BC patient 

samples showed an increase in Plcg1 expression in tumour metastases 

compared with the primary tumour in 50% of tissues analysed. The down-

regulation of Plcg1 expression in BC cell lines impaired the activation of small 

GTP-binding protein Rac and cell invasion in vitro and inhibited lung 
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metastasis formation in nude mice (Sala et al., 2008). Plcg1 overexpression 

was also found to be a strong predictive marker in the development of 

metastases in early luminal-A and –B BC patients (Lattanzio et al., 2019). The 

expression levels of PLC enzymes in BC was found to positively correlate with 

patient grade and tumour differentiation. Moderately and poorly differentiated 

breast tumours (grade 2 and 3) had a significantly higher levels of Plcg1 

expression compared with well differentiated breast tumours (Cai et al., 2017). 

Taken together, these findings suggest that Plcg1 plays a role in metastatic 

progression of early stage BC and that Plcg1 could be a potential biomarker 

for BC metastatic progression.  

4.1.7 Nck  

The Nck family consists of Nck1/α and Nck2/β and referred to as Nck. Both 

Nck protein isoforms share an overall 68% amino acid identity (Chen et al., 

2004) and are widely believed to have overlapping functions (Bladt et al., 

2003). Most of the literature does not define Nck1 or Nck2 in their findings but 

use the term Nck to define both proteins. Nck acts as a downstream effector 

protein involved in the transduction of signals from a number of activated 

RTKs and TKs to downstream proline-rich effector molecules which regulate 

cytoskeletal movement (Castello et al., 2013; Aryal et al., 2015). Thereby, Nck 

regulates activation-dependent processes during cell polarisation and 

migration (Lettau et al., 2009). Nck activation is also involved in T-cell receptor 

activation, invadopodia formation and cell adhesion and motility (Chaki and 

Rivera, 2013). 

4.1.7.1 Nck structure 

Nck adaptor proteins are 47kDa and consist of three N-terminal SH3 domains 

followed by a single C-terminal SH2 domain (Figure 4.1.7). The SH2 domain 

binds to a number of activated RTKs and Y phosphorylated docking proteins. 

On the other hand, the Nck SH3 domains engage in binding to proline-rich 

binding sites on a host of effector proteins implicated in cytoskeletal regulation 

(Li et al., 2001; Park et al., 2006). 
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Figure 4.1.7 Nck structure and specific binding partners.  

Schematic of Nck domain structure consisting of three N-terminal SH3 

domains and one C-terminal SH2 domain. The known SH3 and SH2 

domain-specific binding partners are labelled with the particular 

consensus sequences found within the proteins which bind to Nck. 

Adapted from (Chaki and Rivera, 2013).  

 

4.1.7.2 Nck downstream signalling 

Nck links ligand-activated RTKs and integrin’s with the cytoskeleton. Once 

activated, Nck regulates planar cell polarity and directional migration. Nck 

stimulates actin related protein (Arp) 2/3 dependent polymerisation through 

the activation of Wiskott-Aldrich Syndrome protein (WASp) and WASp-family 

verprolin-homologous protein (WAVE) proteins at the leading 

edge/lamellipodium (Eden et al., 2002; Ditlev et al., 2012; Donnelly et al., 

2013). Nck contributes to directional migration through the spatiotemporal 

regulation of Rho GTPases (e.g. Cdc42) and stabilisation of newly formed 

protrusions at the leading edge by strengthening cell-matrix adhesions (Chaki 

et al., 2013). Nck may play an indirect role in the differential 

distribution/activation of polarity complexes at the leading edge through 
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modulation of Rho GTPases. Nck may also contribute to cell polarity through 

the modulation of vesicular/membrane trafficking (Chaki and Rivera, 2013). 

4.1.7.3 Nck expression in BC  

Nck expression was found to be required for the growth and progression to 

metastatic disease of primary BC tumours. The expression of Nck promoted 

lung metastases in a BC xenograft model and extravasation following injection 

in the tail vein. Nck was also found to direct the polarisation of cell-matrix 

interactions for efficient BC cell migration in a 3D matrix. The expression of 

Nck advanced BC cell invasion by regulating actin dynamics at invadopodia 

and enhanced focalised extracellular matrix proteolysis by the accumulation 

of matrix metalloproteinase-14 (MMP-14) at the cell surface, through the Nck 

activation of Cdc42 and transforming protein RhoA (Morris et al., 2017). Nck1 

has also been found to co-localise with cortactin in matrix-degrading 

invadopodia in a metastatic BC cell line, MDA-MB-231 (Oser et al., 2011). The 

overexpression of Nck was also evident in breast carcinoma patient tissue 

samples compared to normal tissue (Chaki et al., 2019). Overall, Nck1 

expression and activation appears to play a role in BC metastasis and 

invasion. Therefore, Nck1 could be a potential biomarker for BC patients who 

may progress to metastatic disease.  

4.1.8 Project rationale 

Under serum-deprived conditions, our laboratory has shown that a secondary 

tier of signalling can occur between SH3 domains of intracellular signalling 

proteins and proline-rich motifs of RTKs, depending on the proteome of the 

cell. This mechanism has been hypothesised to be incorporated in maintaining 

cellular homeostasis when under periods of cell stress. When this signalling 

is perturbed it can lead to pathological outcomes. Aberrant Tier 2 signalling 

involving the non-canonical activation of Plcg1 through the RTK FGFR2, 

under serum-deprived conditions, has been shown to contribute to poorer 

outcomes in ovarian cancer, but it has not been widely explored for other 

RTKs or other types of cancers (Timsah et al., 2016b).  

Cancer cells within the middle of a tumour mass have no access to ligand 

stimulation and have limited access to nutrients, a low pH and low O2 levels 

due to insufficient tumour vascularisation (Harris, 2002). Nutrient and serum-
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deprivation has been found to contribute to a more malignant and aggressive 

tumour phenotype with a poorer patient prognosis and resistance to 

therapeutics (Yakisich et al., 2017). Nutrient and O2 deprived cancer cells are 

known to express VEGFR2 RTK, which has been hypothesised to induce 

angiogenesis under these stress conditions (Olsson et al., 2006; Guo, S. et 

al., 2010). VEGFR2 overexpression has been found in many types of cancer, 

including the breast (Guo, S. et al., 2010) but the role of VEGFR2 expression 

in cancer cell signalling has not been fully elucidated.  

Here, some of the response to growth under tumour microenvironmental 

stress (such as within the middle of a tumour mass) could be through the 

activation of a non-canonical Tier 2 signalling mechanism via VEGFR2 to aid 

in maintaining viability and towards cancer progression. Under stress 

conditions simulating that of the microenvironment of a solid tumour mass, the 

relative protein concentrations of VEGFR2 and the SH3 domain-containing 

proteins Plcg1, Src and Nck1, which are known to bind to VEGFR2 

canonically, may change in response to BC growth under stress. This change 

in relative protein concentration could allow the binding of these proteins to 

occur without the need for VEGFR2 activation, through a Tier 2 mechanism. 

If the non-canonical activation of the SH3 domain-containing proteins occurs 

via a non-canonical PPI via VEGFR2 proline-rich motif, under 

microenvironment-induced stress conditions, aberrant oncogenic signalling 

mechanisms may be upregulated in adaptation to growth under these 

conditions. Thus, these mechanisms may contribute towards BC progression 

and anti-VEGFR2 resistance. This area of research may open new avenues 

to how breast cancer cells can survive and progress under tumour 

microenvironmental stress conditions and when under anti-angiogenic 

therapy. This understanding therefore, may lead to the identification of specific 

patient prognostic factors and towards selective patient treatment.  A 

summary of this hypothesis is visualised in Figure  4.1.8. 
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Figure 4.1.8 VEGFR2 aberrant Tier 2 signalling hypothesis, in BC cells 

under solid tumour microenvironmental stress conditions. 

Within a solid tumour mass, BC cells are under serum deprived and/or 

hypoxic conditions. The relative concentrations of VEGFR2 and the three 

SH3 domain-containing proteins, which are known to bind to VEGFR2, 

may change in response to growth under these microenvironmental 

stress conditions. This change in relative protein concentration could 

allow the binding of these proteins to occur without the need for VEGFR2 

activation through an aberrant Tier 2 mechanism. If the non-canoncal 

activation of these proteins occurs through this mechanism, aberrant 

oncogenic signalling may be upregulated in adaptation to growth under 

microenvironmental stress conditions and contribute towards cancer 

progression and anti-RTK (anti-VEGFR2) drug-resistance. Made using 

BioRender.com.  
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4.1.9 Experimental objectives 

In this chapter the following objectives were investigated:  

1) To determine whether there are changes in cellular morphology and 

therefore, in the proteome of breast cancer cells in response to growth 

under conditions simulating the tumour microenvironment of cancer 

cells within the middle of a tumour mass (serum (GF)-deprived and 

under hypoxia). This will be evaluated using phase contrast microscopy 

of the breast cancer cells under the different tumour 

microenvironmental conditions and changes to protein expression 

observed through immunoblotting.   

2) To identify whether the three SH3 domain-containing proteins, which 

are known to bind to ligand-activated VEGFR2, also bind to basal 

VEGFR2 under GF-deprived conditions, in breast cancer cells. This will 

be determined via immunoprecipitation experiments between 

endogenous VEGFR2 and endogenous SH3-domain containing 

proteins in breast cancer cells and analysed using immunoblotting.  

3) To generate yellow fluorescent protein (YFP) tagged VEGFR2 mutant 

protein constructs for the use of pull-down experiments. Here, the use 

of site-directed mutagenesis will be used to mutate key domain 

residues within the proline-rich motifs on the C-terminal tail of VEGFR2. 

To determine whether the correct mutation were incorporated, the 

plasmids will be validated through sequencing.  

4) To generate cerulean fluorescent protein (CFP) tagged domain protein 

constructs of the SH3 domain-containing proteins for use in FRET. 

Here, each binding domain (SH2, SH3 etc.) will be cloned into a CFP 

vector and the correct sequence of residues validated through 

sequencing of the plasmids and the correct open reading frame (ORF) 

observed through successful transfection.  

5) To establish whether binding of the SH3 domain-containing proteins to 

VEGFR2, observed under serum-deprived conditions in breast cancer 

cells, is via a non-canonical interaction via the SH3 domains of the SH3 

domain-containing proteins to a proline-rich motif within VEGFR2 C-
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terminal tail. This will be analysed by overexpressing mutant VEGFR2-

YFP protein constructs in breast cancer cells and conducting 

immunoprecipitation and pull-down experiments. Protein-protein 

interactions will be examined via immunoblotting. Förster resonance 

energy transfer (FRET) will be performed in intact breast cancer cells 

grown under serum-deprived conditions, using CFP-tagged domain 

constructs and the VEGFR2-YFP mutant constructs to further validate 

protein-protein interactions found through immunoprecipitation 

experiments. This will also confirm that the interactions are occurring 

through the SH3 domain of the SH3-domain containing proteins to a 

particular proline-rich motif within VEGFR2 C-terminal tail.  
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4.2 Results 

4.2.1 The effect of microenvironmental stress on BC cell 

morphology 

The two epithelial BC cell lines SkBr3 and MCF7 were utilised in all the 

following experiments. Both cell lines express VEGFR2 RTK endogenously, 

with SkBr3 having a higher endogenous expression compared to MCF7 cells. 

The cell lines were both derived from the metastatic site of a female caucasian 

BC patient but have different expression profiles (Table 4.2.1) and cellular 

morphologies. SkBr3 cells display a rounded epithelial morphology and grow 

to have a heterogeneous morphology, with both small rounded and larger 

‘cobble-stone’ appearance cells when grown in the presence of serum. MCF7 

cells on the other hand grow in clusters and have a polygonal morphology. 

Under growth, the clusters join each other to form an even layer of cells.  

Table 4.2.1 BC cell line receptor status and subtype. 

The ER, PR and HER2 expression status defines the BC subtype.  

Adapted from (Dai et al., 2017). 

Cell line ER PR HER2 Subtype Tumour type 

SkBr3 - - + HER2 positive Invasive Ductal Carcinoma 

MCF7 + + - Luminal A Adenocarcinoma 

 

The morphology of both BC cell lines was investigated under 

microenvironmental stress of both serum-deprivation (0% FBS) and hypoxia 

(1% O2, 5% CO2) for 24 hours (Figure 4.2.1), using phase contrast images 

obtained using an EVOS microscope (LifeTech) FL system at X20 

magnification. In response to growth under serum-deprivation and under 

normoxic conditions (18% O2, 5% CO2), SkBr3 cells displayed an elongated 

and enlarged cellular morphology, with some rounded cells (Figure 4.2.1a). 

When grown under hypoxia and in the presence of serum (10% FBS), the 

SkBr3 cells appeared to have an enlarged nuclei and an elongated, irregular 

shape. In response to growth under both serum-deprived and hypoxic 
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conditions, the SkBr3 cells displayed prominent protrusions and filopodia, 

which is typical of a more fibroblastic phenotype.  

The MCF7 cell line showed a stark difference in cellular morphology in 

response to serum-deprivation (Figure 4.2.1b). When grown under serum-

deprived conditions and under normoxia, the MCF7 cells appeared smaller 

but elongated with prominent cellular protrusions. In response to growth under 

hypoxia and under the presence of serum, the MCF7 cells did not appear to 

look much different to the cells grown under normoxic conditions in the 

presence of serum, except for a slightly larger cell nuclei. The MCF7 cells  

grown under serum-deprived and hypoxic conditions displayed a fibroblastic 

phenotype with protrusions and filopodia extending from the cells.  

In summary, SkBr3 cells appear to respond morphologically to growth under 

serum-deprivation and hypoxia and MCF7 cells appear to respond 

morphologically to growth under serum-deprivation.  
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Figure 4.2.1 The cellular morphology of SkBr3 and MCF7 BC cells 

grown under microenvironmental stress conditions.  

a. SkBr3 cells and b. MCF7 cells were grown under normoxic (18% O2, 

a. 

b. 
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5% CO2,), hypoxic (1% O2, 5% CO2), serum-supplemented (+, 10% FBS) 

and serum-deprived (-, 0% FBS) conditions at 37°C for 24 hours. 

Representative images were taken under an EVOS microscope at X20 

magnification.   
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4.2.2 The effect of microenvironmental stress on protein 

expression levels in BC cells 

The BC cell lines showed a stark difference in their cellular morphology in 

response to serum-deprivation and hypoxic stress. VEGFR2 expression is 

upregulated in response to tumour growth under conditions when cancer cells 

are deprived of the vasculature (Olsson et al., 2006). It is therefore of interest 

to determine whether these microenvironmental stress conditions have an 

effect on the relative protein expression and phosphorylation levels of 

VEGFR2. The Ladbury laboratory have previously shown that PPIs between 

SH3 domains of intracellular signalling proteins and proline-rich motifs within 

the C-terminal tail of RTKs is important to maintain homeostasis within the 

cell, in periods where there is no external stimulation. Growth under stress 

conditions can have a major impact on the relative expression levels of 

proteins. Interactions between proline-rich sequences on RTKs and the SH3 

domains from effector proteins are dictated by the respective concentrations 

of the interactants. Under stress conditions, normal signalling which is 

associated with maintaining cell homeostasis and with ‘house-keeping’ 

functions can be out-competed by other interactions involving proteins that 

are expressed at elevated levels. The signalling outcome of these interactions 

can give rise to an aberrant oncogenic outcome (Timsah et al., 2016b). Thus, 

the relative protein expression levels of the three SH3 domain-containing 

proteins which are known to bind to VEGFR2 were also investigated, to see if 

the relative protein expression levels change in response to growth under 

microenvironmental stress conditions, simulating the environment of a solid 

tumour mass.  

The effect of serum-deprivation (0% FBS) and/or hypoxia (1% O2, 5% CO2) 

on total protein expression and phosphorylation levels of VEGFR2 was 

determined via immunoblotting in SkBr3 cells (Figure 4.2.2a) and MCF7 cells 

(Figure 4.2.2b) and compared to growth in the presence of serum (10% FBS) 

and under normoxia (18% O2, 5% CO2). The cells were grown under these 

conditions for 24 hours. SkBr3 cells endogenously express a higher total 

protein level of VEGFR2 compared to that of MCF7 cells. The total protein of 

the three SH3 domain-containing proteins Plcg1, Src and Nck1, was also 

determined when grown under each condition. Densitometry was performed 
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to determine the relative protein levels in each cell line under the different 

growth conditions, via normalisation to the β-actin loading control (Figure 

4.2.2c-l).  

Immunoblotting of the SkBr3 cells showed that total VEGFR2 protein levels 

were vastly increased in response to growth under hypoxic conditions (Figure 

4.2.2c.). An increase in VEGFR2 levels was also observed in SkBr3 cells in 

response to growth under serum-deprived conditions. In MCF7 cells, the 

relative total VEGFR2 protein levels were increased in response to growth 

under serum-deprived conditions (Figure 4.2.2d). The levels of VEGFR2 

phosphorylation at Y1175 in SkBr3 cells and in MCF7 cells showed a general 

trend of receptor phosphorylation observed in response to growth in the 

presence serum (Figure 4.2.2e and Figure 4.2.2f respectively). In response 

to growth under serum-deprived conditions, the VEGFR2 receptor Y1175 

phosphorylation levels in both BC cell lines was drastically reduced. 

Relative total Plcg1 levels went down slightly in SkBr3 cells in response to 

growth under microenvironmental stress, from either serum-deprivation or 

hypoxia (Figure 4.2.2g). In MCF7 cells, the Plcg1 total protein levels remained 

the same, if not at slightly increased levels in response to growth under serum-

deprivation or hypoxia stress (Figure 4.2.2h). SkBr3 cells showed that they 

express a similar total expression level of Src under any growth condition, 

except in response to growth under serum-deprived stress and under 

normoxia, where the total levels of Src were observed to increase (Figure 

4.2.2i). MCF7 cells showed an increase in relative total Src levels in response 

to growth under hypoxic conditions (Figure 4.2.2j). Relative levels of Nck1 

showed a slight increase in total protein expression levels in SkBr3 cells in 

response to growth under hypoxia and in the presence of serum. Total Nck1 

levels were seen to be lower in SkBr3 cells in response to growth under 

serum-deprivation (Figure 4.2.2k). MCF7 cells showed that Nck1 total protein 

levels had a similar trend to that of total Src expression levels, in that the total 

Nck1 levels went up in response to growth under hypoxia (Figure 4.2.2l). A 

significant difference between protein expression and phosphorylation levels 

was shown via * = P<0.05, ** = P<0.01, *** = P<0.001, **** = P<0.0001 

between the two indicated values. Phosphorylation levels were normalised to 

the total protein and the β-actin loading control.  
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Figure 4.2.2 Relative protein expression and phosphorylation levels of 

SkBr3 and MCF7 cells grown under microenvironmental stress 

conditions. 

a. A representative immunoblot of SkBr3 cells and b. MCF7 cells grown 

under different microenvironmental stress conditions of serum-

supplementation (5% FBS), serum starvation (0% FBS), normoxic (18% 

O2, 5% CO2) and hypoxic conditions (1% O2, 5% CO2) for 24 hours, to 

determine total protein and phosphorylation levels. Graphs c.-l. show the 

normalised densitometry levels of proteins. Phosphorylated protein was 

normalised to the total protein levels and all compared to the β-actin 

loading control. All levels were calculated as a fold increase/decrease to 

cells grown with serum and under normoxic conditions, (n=3). 
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4.2.3 Changes in the proteome of BC cells is VEGF independent 

when grown under serum-deprived conditions 

Due to the known effects of microenvironmental stress on the induction of 

VEGF expression and autocrine secretion in BC cells (Rydén et al., 2003; 

Zhao, D. et al., 2015), the presence of VEGF-A was investigated in SkBr3 and 

MCF7 cell growth media. The corresponding media after growth under each 

microenvironmental stress condition in Figure 4.2.2 was ran on an SDS gel 

and immunoblotted for the presence of secreted autocrine VEGF-A (22 kDa) 

(Figure 4.2.3). Here, an anti-VEGF monoclonal IgG against VEGF-A was 

utilised. VEGF-A was found in serum-supplemented media of the growing BC 

cells, which was expected as FBS contains many different GFs. Under serum-

deprived conditions, VEGF-A was not found and thus, not secreted by the BC 

cells. This confirms that the changes to the proteome observed in Figure 4.2.2 

is VEGF-A independent and that VEGFR2 is not ligand-activated via VEGF-A 

under serum-deprived conditions. 
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Figure 4.2.3 The presence of VEGF-A in the growth media of BC cells 

grown under conditions simulating micro-environmental stress.  

Representative immunoblot of the corresponding growth media after the 

growth of SkBr3 and MCF7 BC cells grown under serum-supplemented 

(10% FBS), serum-starved (0% FBS), normoxic (18% O2, 5% CO2) and 

hypoxic (1% O2, 5% CO2) conditions for 24 hours and probed for the 

presence of secreted VEGF-A, (n=3).  
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4.2.4 The effect of microenvironmental stress on SkBr3 

downstream kinase signalling  

After concluding that the cellular morphology and protein expression levels of 

BC cells is drastically changed in response to growth under 

microenvironmental stress conditions, the SkBr3 BC cell line was further 

investigated to see whether growth under serum-deprived and/or hypoxia had 

an effect on downstream kinase signalling. SkBr3 cells were grown under the 

different stress conditions of serum-supplementation (10% FBS), serum-

deprivation (0% FBS), normoxia (18% O2, 5% CO2) and hypoxia (1% O2, 5% 

CO2) for 24 hours and corresponding cell lysates obtained. A human phospho-

kinase array kit (R&D systems) was utilised to determine the relative 

phosphorylation levels of 37 human protein kinases and 2 related total 

proteins used as a loading control. SkBr3 cell lysate of the same protein 

concentration (600µg) from growth under each stress condition was 

determined by BCA assay, and was incubated with the membranes. The 

relative phosphorylated protein levels were detected using biotinylated 

antibodies that recognises the phosphorylated sites of bound kinases within 

the particular cell lysate and was visualised using chemiluminescent reagents. 

The intensity of the dot produced on the blot was proportional to the 

phosphorylation levels of the bound analyte from the particular cell lysate 

sample.  

Dot blots were obtained from SkBr3 cell lysates grown under the four different 

microenvironmental stress conditions (Figure 4.2.4a) and compared to 

growth under serum-supplemented and normoxic conditions. The relative 

phosphorylated protein levels were analysed via densitometry and normalised 

to the total protein loading-control on each nitrocellulose membrane (Figure 

4.2.4b). 

The phosphorylation levels of several protein kinases went up in response to 

growth under microenvironmental stress conditions in BC cells. Comparing 

the levels of phosphorylation in response to growth under serum-deprived 

conditions only (and under normoxia), the major changes in phosphorylation 

levels include that of STAT3 and heat shock protein 60 (HSP60) which 

showed lower levels of phosphorylation in response to growth under serum-



- 122 - 

deprivation (and under normoxia) compared to growth with the presence of 

serum (and under normoxia). Upregulated phosphorylation of kinases in 

response to growth under serum-deprived conditions (and under normoxia) 

include Checkpoint kinase-2 (Chk-2), cAMP-response element binding protein 

(CREB), 70kDa ribosomal protein S6 kinase (p70 S6 kinase), p53, proline-rich 

tyrosine kinase-2 (PYK2) and c-Jun compared to the response to growth 

under the presence of serum (and under normoxia). Many kinases were 

phosphorylated in response to growth under hypoxia and in the presence of 

serum and thus, the hyperactivation of intracellular kinases may be via 

receptor activation from GFs present in the serum. This is consistent with 

cellular adaptation of activating cell signalling survival pathways in response 

to growth under hypoxic stress (Harris, 2002). BC cells in response to growth 

under both serum-deprived conditions and under hypoxia, they lose the 

activation of many kinases. This could be due to the cell needing to ‘switch 

off’ non-important signalling pathways to preserve cellular energy, to maintain 

cell survival under serum-deprivation and hypoxic stress. Interestingly, the BC 

cells grown under these conditions mimicking the tumour microenvironment 

of cancer cells within the middle of a solid tumour mass, maintains a high level 

of phosphorylation of FAK, proline-rich Akt substrate of 40kDa (PRAS40) and 

CREB compared to kinase phosphorylation levels in response to growth under 

normoxia and serum-supplemented conditions. The elevated levels of FAK 

phosphorylation in particular are increased by around 80% compared to the 

levels in BC cells grown under normoxia and with serum. FAK activation is 

implicated in Src signalling pathways, in particular within promoting cell 

motility, migration and invasion (Mayer, E.L. and Krop, 2010; Finn, 2008; 

Summy and Gallick, 2003). In response to growth under hypoxia, and both in 

the presence or deprivation of serum the levels of phosphorylation of target of 

rapamycin (Tor or mTOR) is shown to be depleted in SkBr3 cells.  
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Figure 4.2.4 Changes in kinase phosphorylation levels in SkBr3 BC 

cells in response to growth under microenvironmental stress 

conditions. 

a. Human phospho-kinase array of SkBr3 cell lysates grown under 

different stress conditions of serum-supplemented (+, 10% FBS), serum- 

deprived (-, 0% FBS), normoxic (18% O2, 5% CO2) and hypoxic (0% 
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O2, 5% CO2) conditions for 24 hours. The intensity of the dots is directly 

proportional to the kinase phosphorylation levels within the cell lysate b. 

Normalised levels of kinase phosphorylation via densitometry were 

compared to the total protein loading-control. The numbers to each peak 

correspond with the particular paired dots on each blot.  
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4.2.5 SH3 domain-containing proteins bind to VEGFR2 in BC 

cells, under serum-deprived conditions  

Our laboratory has shown that non-canonical Tier 2 signalling occurs in cells 

under serum-deprived conditions, when RTKs are non-stimulated. Under 

microenvironmental stress conditions, the proteome of tumour cells can 

significantly change and therefore, homeostatic Tier 2 signalling could be out-

competed by other interactions of proteins with elevated levels of protein 

expression (Timsah et al., 2016b). In both BC cell lines, VEGFR2 expression 

levels were found to be elevated in response to growth under nutrient and 

serum-deprived stress, therefore the following experiments were carried out 

under serum-deprivation conditions and under normoxia.  

To determine whether non-canonical interactions occur between the VEGFR2 

receptor and the SH3 domain-containing proteins that are known to bind to 

VEGFR2, an endogenous Co-IP of VEGFR2 was performed in BC cells. Here, 

the interaction with the SH3 domain-containing proteins was determined. A 

VEGFR2 antibody was bound to IgG binding agarose beads and added to 

SkBr3 and MCF7 cell lysates after growth under both serum-deprived (0% 

FBS) and serum-supplemented (10% FBS) conditions for 24 hours, under 

normoxia (18% O2, 5% CO2). Endogenous VEGFR2 in the BC cell lysates 

were pulled down with the beads using centrifugation and the bound beads 

denatured and the eluted bound proteins ran on an SDS gel. An immunoblot 

was then performed and probed for the binding of VEGFR2 and SH3 domain-

containing proteins (Figure 4.2.5).  

When the two BC cell lines were grown under serum-supplemented 

conditions, it was expected to see that all three SH3 domain-containing 

proteins (Plcg1, Src and Nck1) bind to the activated VEGFR2 receptor, as 

GFs are present within the FBS serum. An interaction was observed in both 

BC cell lines, with all three SH3 domain-containing proteins to endogenous 

VEGFR2, under growth in the presence of serum. Interestingly, when the BC 

cells were grown under serum-deprived conditions, an interaction was also 

observed with all three SH3 domain-containing proteins to endogenous 

VEGFR2, in both BC cell lines. The beads only control in both BC cell lines 

showed that there was only a small amount of background binding to the 



- 126 - 

beads and therefore, that the interaction bands observed are due to the 

binding to VEGFR2 not to the agarose beads. The PPIs observed under 

serum-deprived growth conditions between the SH3 domain-containing 

proteins and VEGFR2 suggest that this binding could be via a non-canonical 

PPI, whereby the SH3 domains of the intracellular signalling proteins bind to 

a proline-rich motif within the C-terminal tail of the receptor, under serum-

deprived conditions.  
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Figure 4.2.5 SH3 domain-containing proteins bind to endogenous 

VEGFR2 in BC cells, under serum-starved and serum-

supplemented conditions.  

A representative blot of endogenous VEGFR2 Co-IP performed in SkBr3 

and MCF7 cell lysates when grown under serum-supplemented 

conditions (+, 10% FBS) and serum-deprived conditions (-, 0% FBS), for 

24 hours. The interaction of SH3 domain-containing proteins, Plcg1, Src 

and Nck1 were probed to determine if there was a PPI with VEGFR2 

under both serum-supplemented and/or serum-deprived conditions, 

(n=3). 

  

IP: VEGFR2 
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4.2.6 Generation of VEGFR2-YFP mutant constructs  

To determine whether the interaction occurring between the SH3 domain-

containing proteins Plcg1, Src and Nck1 and VEGFR2 under serum-deprived 

conditions is via a non-canonical Tier 2 PPI, mutant protein constructs of 

VEGFR2 were made using 3 different mutations via SDM.  

Specific primers containing the particular mutation were designed and 

implemented into a VEGFR2-YFP vector, kindly gifted and made by the Beech 

Laboratory, University of Leeds. This plasmid encoded a full-length wildtype 

VEGFR2 protein with a YFP tag. Three mutations were made to the VEGFR2-

YFP construct. Firstly, a lysine (K) to methionine (M) at amino acid residue 

858 to make a kinase-dead (KD) mutant, which abrogates VEGFR2 

phosphorylation and thus, abrogates canonical downstream signalling to pY 

sites within VEGFR2 intracellular domain (Figure 4.2.6 and Figure 4.2.7). 

This particular mutation has previously been found by Takahashi et al. where 

it was shown through immunoblotting experiments that this mutation 

generated a kinase-inactive VEGFR2 which showed no autophosphorylation 

of the receptor and no signal transduction was observed through tyrosine 

phosphorylation of Plcg1 or MAPK after VEGF-A stimulation. It was also 

shown that the K868M VEGFR2 mutant could not initiate DNA synthesis in 

response to VEGF-A (Takahashi et al., 2001). Therefore, this mutation was 

chosen to generate a KD VEGFR2 mutant with no autophosphorylation within 

the intracellular domain, abrogating any potential binding to VEGFR2 through 

SH2 or PTB domains of intracellular proteins. 

Secondly, a mutation was made to the first proline-rich motif within the 

intracellular domain of VEGFR2. The two important P residues, P908 and 

P911 of the PxxP motif were mutated to an alanine (A) (P908AP911A) (Figure 

4.2.6). The final mutation was made to the second proline-rich motif within the 

C-terminal tail of VEGFR2. Again, both of the important P residues, P1195 

and P1198, of the PxxP motif were mutated to A (P1195AP1198A) (Figure 

4.2.6 and Figure 4.2.8).  
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Figure 4.2.6 SDM of VEGFR2-YFP vector to implement KD and PxxP 

mutations.  

a. A 1% agarose gel of stained DNA PCR product bands after using 

different Tm annealing temperatures to incorporate SDM mutations into 

the VEGFR2-YFP vector. The mutations incorporated by the specific 

primers include a KD (K868M), first VEGFR2 proline rich motif 

(P908AP911A) and the second VEGFR2 proline rich motif 

(P1195AP1198A) on separate VEGFR2-YFP plasmids. The plasmid 

bands which were successful in implementing the desired mutation and 

their corresponding sequencing results determined are labelled. 

Unsuccessful SDM DNA bands are denoted by an X. b. The 

corresponding sequencing results from the plasmid bands isolated from 

a. using Clustal Omega (EMBL-EBI) software against the full-length wild- 

K868M 

P908P911A 

P1195AP1198A 

a. 

b. 
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type VEGFR2 sequence. The successful mutations implemented are 

highlighted in yellow.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.7 Insertion of the KD mutation into both proline-rich motif 

mutant VEGFR2-YFP construct vectors via SDM.  

a. The PCR DNA products of SDM were ran on a stained 1% agarose 

gel. The mutation incorporated by the SDM primers was a KD mutation 

(K868M) into each VEGFR2-YFP proline-rich motif mutant of VEGFR2-

YFP (P908AP911A and P1195AP1198A respectively). b. The isolated 

plasmid from a. was sent for sequencing and determined via Clustal 

Omega (EMBL-EBI) against the full length wildtype VEGFR2 sequence. 

Successful K868M mutation is highlighted in blue for both the 

P908AP911A VEGFR2-YFP mutant and the P1195AP1198A VEGFR2-

YFP mutant (both previous PxxP mutations are highlighted in pink).  

 

 

  

K868M 

K868M 

P908P911A 

P1195AP1198A 

a. b. 
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Figure 4.2.8 Insertion of the second proline-rich motif mutation 

(P1195AP1198A) into the KD P908AP911A VEGFR2-YFP construct 

vector to make a KD double PxxP mutant VEGFR2-YFP construct 

via SDM.   

a. A stained 1% agarose gel was ran with the SDM DNA PCR products. 

The primers incorporated the second proline-rich motif mutation 

(P1195AP1195A) which was implemented into the KD P908AP911A 

VEGFR2-YFP construct plasmid. A band was visualised in Lane 3. The 

DNA band was isolated, purified and sent for sequencing. An X denoted 

unsuccessful SDM PCR products b. The corresponding sequencing 

results from the DNA band in Lane 3 (a.) for the implementation of the 

P1195AP1198A mutation was determined using Clustal Omega (EMBL-

EBI) against the full length wildtype VEGFR2 sequence. The successful 

mutations within this KD double PxxP motif mutant VEGFR2 construct 

plasmid are highlighted in blue (KD) and pink (proline rich motif).  

  

K868M 

P908P911A 

P1195AP1198A 

a. b. 
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4.2.7 SH3 domain-containing proteins interact with VEGFR2 via 

the second PxxP motif within VEGFR2 C-terminal tail in BC 

cells, under serum-deprived conditions 

To determine whether the SH3 domain-containing proteins Plcg1, Src and 

Nck1, interact with VEGFR2 via binding to a proline-rich motif within the 

intracellular domain of VEGFR2 under serum-deprived conditions, a Co-IP 

was performed via a YFP-pull down, using the VEGFR2-YFP mutant 

constructs (Figure 4.2.9a). The mutant VEGFR2 constructs were transfected 

into both BC cell lines along with a YFP only control (SYFP2). After successful 

transfection, the cells were serum-starved for 24 hours (normoxia) and then 

lysed. A GFP TRAP-A Kit (ChromoTek) was utilised to pull down the YFP-

tagged proteins in the BC cell lysates, as the GFP-TRAP agarose beads 

cross-react with YFP.  

The elute of bound proteins to the GFP-TRAP agarose beads was visualised 

on an immunoblot and probed for binding of the VEGFR2-YFP constructs and 

the SH3 domain-containing proteins (Figure 4.2.9b). In both BC cell lines the 

SYFP2 expressing vehicle-control cells showed no non-specific binding to any 

of the SH3 domain-containing proteins, which validates that the proteins did 

not bind to the YFP tag alone. Phosphorylated VEGFR2 was also determined 

to check whether the KD mutation abrogated the basal phosphorylation of the 

VEGFR2 receptor. Both SkBr3 cells and MCF7 cells showed that basal 

phosphorylation of VEGFR2 was abrogated upon implementation of the KD 

mutation. This mutation was implemented so that the binding of SH3-domain 

containing proteins could not be via their SH2/PTB domains to a 

phosphorylated site within VEGFR2 C-terminal tail. In both BC cell lines, an 

interaction was found to occur with Plcg1, Src and NCK1 with the wildtype 

(WT) VEGFR2-YFP construct, the KD VEGFR2-YFP construct and the KD 

P908AP911A (#1 PxxP) VEGFR2-YFP construct, under serum-deprived 

conditions. The interactions found to occur with the KD VEGFR2-YFP 

constructs indicated that the SH3 domain-containing proteins were binding via 

their SH3 domains to the C-terminal tail of the receptor, when the receptor 

was dephosphorylated. Upon mutation of the second proline rich motif 

(P1195AP1198A) (#2 PxxP) the interactions with all three SH3 domain-
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containing proteins in both cell lines was abrogated. The same abrogation of 

binding was also visualised with the double proline-rich motif KD VEGFR2-

YFP mutant construct. This suggests that the interactions occurring between 

VEGFR2 and the three SH3 domain-containing proteins, under serum-

deprived conditions, occurs via interactions with the second PxxP motif 

(P1195P1198) within VEGFR2 C-terminal tail in BC cells. 
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Figure 4.2.9 VEGFR2-YFP constructs and interactions with SH3 

domain-containing proteins, in BC cells under serum-deprived 

conditions.  

a. Schematic of the VEGFR2-YFP constructs with their particular 

mutations marked by the black arrow (K868M) and red arrows showing 

the corresponding PxxP mutation site (P908AP911A and/or 

P1195AP1195A) b. Representative immunoblots of a Co-IP performed  

a. 

b. 

IP: YFP 

IP: YFP 

IP: YFP 

IP: YFP 
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in SkBr3 and MCF7 cells after transfection with the VEGFR2-YFP 

constructs and compared to the YFP-only vehicle-control (SYFP2).  The 

cells were serum-starved after transfection for 24 hours. The blots were 

probed for the binding of SH3 domain-containing proteins Plcg1, Src and 

Nck1 to the VEGFR2-YFP constructs (n=3).  
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4.2.8 Generation of mutant VEGFR2 C-terminal tail peptide 

To further validate the finding that Plcg1, Src and Nck1 interact with VEGFR2 

via the second C-terminal proline-rich motif under serum-deprived conditions, 

a plasmid which encodes the protein expression of a 193 residue-long C-

terminal tail peptide of VEGFR2 was utilised. This peptide contained the 

second proline-rich motif only. An N-terminal maltose binding protein (MBP) 

tag was attached to the VEGFR2 C-terminal peptide and was expressed in 

BL21 (DE3) E.Coli cells. In addition a mutant VEGFR2 C-terminal proline-rich 

motif peptide construct was made from this vector using SDM 

(P1195AP1198A), to make a mutant proline-rich motif VEGR2 C-terminal tail 

peptide (Figure 4.2.10).  
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Figure 4.2.10 C-terminal VEGFR2 peptide sequence and the insertion of 

the proline-rich motif mutation via SDM.  

a. The wildtype amino acid residue sequence of the VEGFR2 C-terminal 

tail peptide with an N-terminal MBP tag containing an intact proline-rich 

motif, highlighted in red. b. A 1% stained agarose gel ran with the PCR 

DNA products of SDM to implement the P1195AP1198A proline-rich 

motif mutation into the VEGFR2 C-terminal tail peptide vector. A DNA 

band was visualised in Lane 2. Unsuccessful PCR DNA products are 

denoted using an X. The DNA band from Lane 2 was sent for sequencing 

and compared to the VEGFR2 wildtype sequence using Clustal Omega 

(EMBL-EBI). The successful mutation implemented within the C-terminal 

VEGFR2 sequence is highlighted in yellow.   

a. 

b. 

N-terminal MBP tag - L L Q A N A Q Q D G K D Y I V L P I S E T L S M E E D S G 

L S L P T S P V S C M E E E E V C D P K F H Y D N T A G I S Q Y L Q N S K R K 

S R P V S V K T F E D I P L E E P E V K V I P D D N Q T D S G M V L A S E E L 

K T L E D R T K L S P S F G G M V P S K S R E S V A S E G S N Q T S G Y Q S 

G Y H S D D T D T T V Y S S E E A E L L K L I E I G V Q T G S T A Q I L Q P D S 

G T T L S S P P V Stop 

 

P1195AP1197A 
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4.2.9 Validation of SH3 domain-containing proteins binding to the 

second proline-rich motif within VEGFR2 C-terminal tail in BC 

cells, under serum-deprived conditions 

To further investigate and to validate the interaction observed between the 

SH3 domain-containing proteins and the second proline-rich motif within 

VEGFR2 C-terminal tail (residues P1195P1198), under serum-deprived 

conditions, an Co-IP was performed via an MBP-pull down, using the MBP-

tagged VEGFR2 C-terminal peptides. The wildtype and mutant PxxP VEGFR2 

C-terminal tail peptide was expressed in BL21 (DE3) E.Coli cells alongside an 

MBP-tag only vehicle-control. The peptides were isolated and purified using 

amylose MBP-binding beads. After serum-starvation of the BC cells for 24 

hours (under normoxia), SkBr3 and MCF7 cell lysates were added to the 

purified MBP-tagged-proteins and incubated overnight. The MBP-bound 

beads were isolated and any bound protein eluted. The bound proteins were 

determined via immunoblotting and the SH3 domain-containing proteins were 

probed for the binding to the MBP-tagged peptides (Figure 4.2.11).  

In both BC cell lines, an interaction was observed with Plcg1, Src and Nck1 

with the wildtype C-terminal tail, which had an intact proline-rich motif 

(P1195P1198). There was no binding observed with the MBP-tag only vehicle-

control, therefore validating that the binding of these proteins is through 

interactions with the C-terminal peptide and not the MBP-tag alone. When the 

proline-rich motif within the VEGFR2 C-terminal tail peptide was mutated, this 

mutation abrogated the interactions observed with all three SH3 domain-

containing proteins to the wildtype VEGFR2 C-terminal tail peptide, in both BC 

cell lines. Thus, this experiment gives further validation that the SH3 domain-

containing proteins interact with VEGFR2 via the second proline-rich motif 

(P1195P1198) within the C-terminal tail, under serum-deprived conditions in 

both BC cell lines.  

  



- 139 - 

 

 

 

 

Figure 4.2.11 Mutation of the second proline-rich motif within the C-

terminal tail (CTT) of VEGFR2 abrogates interactions with SH3 

domain-containing proteins, in serum-starved BC cells.  

Expressed and purified MBP-tagged peptides including MBP-tag only 

(MBP control), MBP-tagged wildtype VEGFR2 C-terminal tail (WT CTT) 

and MBP-tagged P1195AP1198A motif mutated VEGFR2 C-terminal tail 

(Mutated CTT) were incubated in serum-starved (0% FBS for 24 hours) 

SkBr3 and MCF7 cell lysates. An MBP Co-IP was performed using 

amylose MBP-binding beads and bound proteins were eluted and 

visualised via immunoblotting. An interaction with SH3 domain-

containing proteins Plcg1, Src and Nck1 were probed to determine 

whether an interaction occurred with the MBP-tagged peptides. 

Representative blots of n=3. 

  

IP: MBP IP: MBP 
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4.2.10 Generation of CFP-tagged Plcg1 and Src domain 

constructs 

The PPIs between SH3 domain-containing proteins Plcg1, Src and Nck1 and 

VEGFR2 was elucidated to occur via the second proline-rich motif within 

VEGFR2 C-terminal tail, under serum-deprived conditions. This suggests that 

the proteins were interacting with VEGFR2 via their SH3-domains which are 

known to bind to proline-rich regions (Cicchetti et al., 1992; Ren et al., 1993). 

To validate that the interactions with VEGFR2 occur via their SH3 domains, 

specific protein domains of Src and Plcg1 were cloned into a cerulean 

fluorescent protein (CFP) vector (Cerulean-C1) which expresses an N-

terminal CFP tag. A CFP vector was chosen as CFP-tag is a well-known FRET 

pair with YFP and thus, could be used in further experiments. The constructs 

were made via the insertion of HindIII and EcoRI restriction sites to flank the 

insert domains using designed primers, via Phusion PCR. Restriction digests 

were made of both the construct inserts with the flanking restriction sites and 

the Cerulean-C1 vector in parallel. Both the open Cerulean-C1 plasmid and 

the insert DNA bands (Figure 4.2.12) were purified via gel extraction and 

ligated to reform the plasmid with the specific domain insert. The resulting 

plasmid was sent for sequencing and successful CFP expression was 

determined via transfection in cells (Figure 4.2.13 and Figure 4.2.14). Full 

length Plcg1 was not used in this study as the full Plcg1 sequence from the 

plasmid obtained was not correct, however the corresponding SH2 and SH3 

domains were of the correct sequence. The sequencing results obtained for 

each CFP-domain construct can be found in Supplementary 1.1. 
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Figure 4.2.12 Restriction digest of Plcg1 and Src domain constructs 

and Cerulean-C1 vector.  

a. The HindIII and EcoRI restriction digest products of the different 

domains of Src (Full length (FL), SH2 domain (SH2) and SH3 domain 

(SH3) and Plcg1 (N-terminal SH2 domain (SH2-N), C-terminal SH2 

domain (SH2-C) and SH3 domain (SH3)). The DNA bands were isolated 

and gel purified. b. Restriction digested Cerulean-C1 plasmid via HindIII 

and EcoRI, to be used in a ligation reaction with the purified insert 

products observed in a. 

 

 

 

 

 

 

a. 

b. 
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Figure 4.2.13 Successful transfection of the Src Cerulean-C1 cloned 

plasmids in BC cells.  

The successful ligation and sequence open reading frame (ORF) was 

determined via the transfection of each cloned Src domain plasmid into 

SkBr3 and MCF7 cells and the fluorescence visualised in the green 

channel (470-525nm) on an EVOS (LifeTech) FL system at X10 

magnification. The domains transfected include CFP-tag only (Cerulean-

C1), Src SH3 domain-CFP (Src SH3 CFP), Src SH2 domain-CFP (Src 

SH2 CFP) and full length wildtype Src-CFP (Src FL CFP) via 

Lipofectamine 3000. Scale bar = 400nM.  

SkBr3 

MCF7 
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Figure 4.2.14 Successful transfection of the Plcg1 Cerulean-C1 cloned 

plasmids.  

The successful ligation and sequence open reading frame (ORF) was 

determined via the transfection of each cloned Plcg1 domain plasmid 

into SkBr3 and MCF7 cells and the fluorescence in the green channel 

(470-525nm) detected on an EVOS (LifeTech) FL system at X10 

magnification. The domains transfected include CFP-tag only (Cerulean-

C1), Plcg1 N-terminal SH2 domain CFP (Plcg1 N-SH2 CFP) CFP, Plcg1 

C-terminal SH2 domain CFP (Plcg1 C-SH2 CFP) and Plcg1 SH3 domain 

CFP (Plcg1 SH3 CFP) via Lipofectamine3000. Scale bar = 400nM. 

 

SkBr3 

MCF7 
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4.2.11 Src SH3 domain binds to endogenous VEGFR2 in BC cells, 

under serum-deprived conditions  

To determine the specific binding domain of the SH3 domain-containing 

proteins in the interaction observed between Plcg1 and Src to VEGFR2, under 

serum-deprived conditions, a Co-IP was performed via a CFP pull-down. The 

SkBr3 and MCF7 BC cells were transfected with the CFP-tagged domain 

constructs (Figure 4.2.13 and Figure 4.2.14) and serum-starved for 24 hours 

(under normoxia) and lysed. A CFP pull-down was performed using a GFP-

TRAP-A kit (ChromoTek). The GFP-TRAP agarose beads also cross-react 

with CFP-tagged proteins and was utilised to pull down the CFP-tagged 

domains expressed in the BC cell lysate. The elute of bound proteins was 

visualised on an immunoblot and probed for VEGFR2 binding to each CFP-

tagged domain construct. Phosphorylated VEGFR2 at Y1175 was also 

probed, to determine if the domains bind to basal phosphorylated wildtype 

VEGFR2 endogenously expressed in BC cells (Figure 4.2.15).  

In both BC cell lines an interaction was observed between C-terminal SH2 

domain of Plcg1 to basal phosphorylated VEGFR2 at Y1175. In SkBr3 cells 

the binding of full length Src was observed to bind to phosphorylated VEGFR2 

at Y1175 and a faint band visualised in MCF7 cells. Endogenous VEGFR2 

was observed to interact with Src SH2 domain, Src SH3 domain, full length 

Src, Plcg1 N-terminal SH2 domain and Plcg1 C-terminal SH2 domain in both 

SkBr3 cells and MCF7 cells. The bands indicating an interaction with VEGFR2 

appear fainter in MCF7 cells than those seen in SkBr3 cells as they have a 

lower endogenous expression level of VEGFR2 protein. It was observed that 

the CFP-tag vehicle-control showed no binding to VEGFR2 and thus, 

validating that the binding effects observed with VEGFR2 and the CFP-

domain constructs are not due to non-specific binding to the CFP-tag only. A 

band for Plcg1 SH3 domain interacting with VEGFR2 was absent in both BC 

cell lines. Therefore, this PPI may be weaker than the PPI interaction 

observed with Src-SH3 domain. Thus, the interaction observed in this 

experiment between Src-SH3 domain and VEGFR2 was further investigated.  

 

 



- 145 - 

 

 

 

 

 

 

 

 

Figure 4.2.15 Src and Plcg1 domain binding to endogenous VEGFR2 in 

BC cells, under serum-starved conditions. 

A representative immunoblot of SkBr3 and MCF7 cells transfected with 

CFP-Plcg1 and CFP-Src domain constructs and a CFP-tag only vehicle-

control, after serum-starvation of 24 hours. A GFP-TRAP pull-down of 

the CFP-tagged constructs was performed with the BC cell lysates. The 

agarose GFP-binding beads cross-react to bind to CFP-tagged proteins. 

The blots were probed for the binding of the particular protein domains 

to phospho-VEGFR2 (Y1175) and total VEGFR2 under serum-deprived 

conditions (n=3).  

  

SkBr3 MCF7 

IP: CFP 
IP: CFP 
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4.2.12 Src SH3 domain interacts with the second proline-rich 

motif of VEGFR2 in SkBr3 cells, under serum-deprived 

conditions  

To  investigate further the non-canonical PPI between Src-SH3 domain and 

VEGFR2 seen in Figure 4.2.15, Förster resonance energy transfer (FRET) 

was utilised to assess the interaction between the Src-CFP constructs and the 

VEGFR-YFP constructs in SkBr3 BC cells, under serum-deprived conditions.  

FRET is a very sensitive technique to study molecular interactions occurring 

in intact cells, therefore the technique allows for spatial resolution and 

localisation of molecular protein-protein interactions (Sekar and Periasamy, 

2003). The technique is distance-dependent by which energy is transferred 

from an excited donor fluorophore to an acceptor fluorophore by 

intermolecular long-range dipole-dipole coupling. FRET is an accurate 

measurement of molecular proximity when positioned within the Förster radius 

(the distance at which half the excitation energy of the donor is transferred to 

the acceptor, typically within 3-6nm). YFP and CFP are a widely-used and 

well-known FRET donor-acceptor pair, with YFP as the acceptor molecule and 

CFP as the donor. The pairing works well due to the spectroscopic properties 

of the two fluorophores. These are selected based on their sufficient 

separation in excitation spectra for selective stimulation of the donor 

fluorophore, an overlap (>30%) with the emission spectrum of the donor and 

the excitation spectrum of the acceptor to obtain efficient energy transfer and 

sufficient separation in emission spectra between the donor and acceptor, to 

allow independent measurement of each fluorophore (Pollok and Heim, 1999). 

If FRET occurs, the donor channel signal will be quenched and the acceptor 

channel signal will be sensitised or increased. This therefore, gives validation 

that the proteins associate and interact within a very small distal range, in 

intact cells. 

Before carrying out the FRET experiments, control measurements were taken 

to validate that the interactions we observed through the FRET channel were 

correct and to determine the YFP and CFP crosstalk into the FRET channel. 

Here, cells expressing YFP construct only were used and measured the signal 

intensity in each channel (YFPex/YFPem, CFPex/CFPem, CFPex/YFPem). In this 
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case YFP only was visualised with minimal bleed through into the CFP 

channel. There was no/very low signal in the FRET channel (CFPex/YFPem) 

determining that there is no crosstalk from the YFP into the FRET channel. 

Cells expressing CFP construct only were used and measured the signal 

intensity in each channel. In this case, a signal was only observed in the CFP 

channel and very minimal/low signal seen in the YFP channel. Signal in the 

FRET channel was also not observed and thus, the signals in the FRET 

channel were not due to crosstalk of the CFP into the FRET channel. The 

same exposure time was used in all three channels and cells expressed the 

same level of fluorescent protein as the same amount of DNA was transfected 

of each fluorescent vector for each independent experiment in the BC cells.  

The CFP fluorescence was excited at 436nm and the emission detected at 

470-510nm. The YFP fluorescence was excited at 516nm and the emission 

detected at 520-540nm. FRET was thus measured by exciting the donor 

(CFP) and if the YFP-tagged proteins were in close enough proximity (within 

10nM) to the CFP-tagged proteins, emission from the acceptor (YFP) FRET 

channel was observed. SkBr3 cells were transfected with each plasmid (YFP-

tagged and CFP-tagged) and the cells were then grown under serum-deprived 

conditions for 24 hours. The cells were fixed on coverslips and mounted on 

slides to be imaged under the inverted LSM880 + airyscan confocal 

microscope (Zeiss). 

When full length wildtype VEGFR2-YFP (VEGFR2-WT-YFP) was expressed 

alongside the different Src-CFP constructs (Figure 4.2.16), FRET was 

observed and thus a PPI detected, between wildtype VEGFR2-YFP and full 

length wildtype Src-CFP (Src-WT-CFP). A FRET signal was also visualised 

between wildtype VEGFR2-YFP and Src-SH2 domain-CFP (Src-SH2-CFP) 

and Src-SH3 domain-CFP (Src-SH3-CFP). This indicates that the binding of 

Src to wildtype VEGFR2 can occur via both the SH2 and SH3 domain of Src. 

when the wildtype VEGFR2 receptor has basal phosphorylation, under serum-

deprived conditions. The vehicle-control vector CFP-tag only (CFP-control) 

showed no background FRET signal. 

When the VEGFR2 KD construct (VEGFR2-KD-YFP) was expressed in SkBr3 

BC cells alongside the Src-CFP domain constructs a different pattern of FRET 
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signal was visualised within the SkBr3 cells (Figure 4.2.17). FRET signal was 

observed between the VEGFR2 KD-YFP construct and full-length Src 

wildtype-CFP and Src SH3 domain-CFP. A very low or no FRET signal was 

detected between Src SH2-domain-CFP and VEGFR2-KD-YFP when there is 

no basal phosphorylation of the VEGFR2 receptor. The CFP-tag only vehicle-

control (CFP-control) showed no background FRET signal. 

After determining that Src binds to VEGFR2 under serum-deprived conditions 

via its SH3 domain in a VEGFR2-phosphorylation independent manner, we 

wanted to validate that the binding of the SH3 domain of Src to VEGFR2 was 

via the second proline rich motif (P1195P1198). To investigate this, the 

VEGFR2-YFP construct containing a KD mutation and mutated proline-rich 

motif (P1195AP1198A) was transfected into SkBr3 BC cells alongside the Src-

CFP domain constructs (Figure 4.2.18). No FRET signal was observed 

between the KD + P1195AP1198A mutant VEGFR2-YFP construct (VEGFR2-

PXXP-#2-YFP) and any of the Src-CFP constructs. This confirmed that the 

binding of Src SH3 domain occurs via binding to the second proline rich motif 

(P1195P1198) within VEGFR2 C-terminal tail, under serum-deprived 

conditions, as the interaction observed is abrogated via the implementation of 

the P1195AP1198A mutation. The vehicle-control vector CFP-tag only (CFP-

control) showed no background FRET signal. 
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Figure 4.2.16 Wildtype VEGFR2 binds to Src SH3 and SH2 domain in 

SkBr3 cells, under serum-deprived conditions.  

Förster Resonance Energy Transfer of SkBr3 cells transfected with both 

YFP-tagged full-length wildtype VEGFR2 (VEGFR2 WT-YFP) and CFP-

tagged Src domain constructs alongside a CFP-tag only vehicle-control 

(CFP-control). CFP-constructs transfected include full-length wildtype 

Src-CFP (Src-WT-CFP), Src SH2 domain-CFP (Src-SH2-CFP) and Src 

SH3 domain-CFP (Src-SH3-CFP). The cells were serum-starved (0% 

FBS) for 24 hours, after transfection. The cells were fixed and imaged 

under an LSM880 + airyscan confocal microscope at X40 magnification. 

CFP signal was excited at 436nm and emission was detected at 470-

510nm. YFP signal was excited at 516nm and emission was detected at 
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 520-540nm. FRET signal was detected by the excitation of the CFP 

donor at 436nm and detection of the YFP emission at 520-540nm. 

Gain=1.0. 

 

 

Figure 4.2.17 KD VEGFR2 binds to Src SH3 domain only in SkBr3 cells, 

under serum-deprived conditions.  

Förster Resonance Energy Transfer of SkBr3 cells transfected with both 

YFP-tagged full-length KD VEGFR2 (VEGFR2 KD-YFP) and CFP-

tagged Src domain constructs alongside a CFP-tag only vehicle-control 

(CFP-control). CFP-constructs include full-length wildtype Src-CFP (Src-

WT-CFP), Src SH2 domain-CFP (Src-SH2-CFP) and Src SH3 domain-

CFP (Src-SH3-CFP). The cells were serum-starved (0% FBS) for 24 

hours, after transfection. The cells were fixed and imaged under an 

LSM880 + airyscan confocal micro-cope at X40 magnification. CFP  



- 151 - 

signal was excited at 436nm and emission was detected at 470-510nm. 

YFP signal was excited at 516nm and emission was detected at 520-

540nm. FRET signal was detected by the excitation of the CFP donor at 

436nm and detection of the YFP emission at 520-540nm. Gain=1.0. 

 

 

Figure 4.2.18 Mutation of the second proline rich motif (P1195P1198) of 

VEGFR2 abrogates the binding of Src in SkBr3 cells, under serum-

deprived conditions. 

Förster Resonance Energy Transfer of SkBr3 cells transfected with both 

YFP-tagged full-length KD VEGFR2 with a second proline rich motif 

mutation (P1195AP1198A) (VEGFR2-PxxP#2-YFP) and CFP-tagged 

Src domain constructs alongside a CFP-tag only vehicle-control (CFP-

control). CFP-constructs include full-length wildtype Src-CFP (Src-WT-

CFP), Src SH2 domain-CFP (Src-SH2-CFP) and Src SH3 domain-CFP  
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(Src-SH3-CFP). The cells were serum-starved (0% FBS) for 24 hours, 

after transfection. The cells were fixed and imaged under an LSM880 + 

airyscan confocal microscope at X40 magnification. CFP signal was 

excited at 436nm and emission was detected at 470-510nm. YFP signal 

was excited at 516nm and emission was detected at 520-540nm. FRET 

signal was detected by the excitation of the CFP donor at 436nm and 

detection of the YFP emission at 520-540nm. Gain=1.0. 
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4.3 Discussion 

The uncontrolled growth of tumour cells can give rise to a mass of tumour cells 

that surpasses the aberrant tumour vasculature and thus, leads to nutrient and 

oxygen deprived tumour cells in the middle of a tumour mass (Hanahan and 

Weinberg, 2011). Nutrient and oxygen deprivation also occurs during tumour 

cell metastasis, when cancer cells disengage from the vasculature to move 

into a new secondary site and when patients are treated with anti-angiogenic 

therapy (White, ElShaddai Z. et al., 2020). Advanced tumour cells are known 

to survive and proliferate under these conditions via the activation of signalling 

pathways which contribute to a more malignant and aggressive phenotype 

(Harris, 2002; Izuishi et al., 2000). Nutrient deprivation has been found to be 

correlated to poor patient survival (Moscat et al., 2015) and hypoxia 

associated with a poor patient prognosis and chemoresistance (Graham and 

Unger, 2018). Therefore, tumour cells that survive and adapt to growth under 

microenvironmental stress are the particular tumour phenotype that 

progresses to malignancy.  

Many cancer types express VEGFR2 (Guo, S. et al., 2010) and the expression 

is upregulated in response to hypoxia (Olsson et al., 2006). VEGFR2 is 

implicated in tumour angiogenesis but its impact in cancer cell signalling has 

not been fully elucidated (De Palma et al., 2017). The overexpression of 

VEGFR2 has been found to be directly linked to the pathogenesis of breast 

tumours (Guo, S. et al., 2010). High VEGFR2 expression levels in BC have 

been correlated with the expression of migration markers, proliferation 

markers and decreased survival in TNBC (Yan et al., 2015; Nakopoulou et al., 

2002; Rydén et al., 2010). Our laboratory group have previously demonstrated 

that interactions between SH3 domain-containing proteins and proline-rich 

motifs of RTKS are important for maintaining cellular homeostasis. These 

interactions are determined upon the relative protein concentrations within the 

cell. Cellular stress can severely alter protein expression levels and thus, give 

rise to an aberrant signalling outcome when normal homeostatic signalling is 

out-competed by interactions involving proteins with elevated protein 

expression levels, in response to growth under microenvironmental stress. 

This aberrant Tier 2 signalling outcome was found to give a highly proliferative 
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phenotype in ovarian cancer cells and the invasive potential in lung cancer 

cells, upon conditions which promoted the non-canonical activation of Plcg1 

(Timsah et al., 2015; Timsah et al., 2016b). The elevated protein expression 

levels of Plcg1 and FGFR2 were also correlated with a worse prognosis in 

ovarian cancer patients and a worse recurrence-free survival in lung 

adenocarcinoma cancer patients.  

In this study we investigated the effect of nutrient and oxygen deprivation and 

thus, simulating microenvironmental tumour stress, on BC cell morphology 

and protein expression levels. Additionally, the presence of a non-canonical 

Tier 2 mechanism between VEGFR2 and SH3 domain-containing proteins, 

under serum-deprived conditions, was investigated. Aberrant activation of a 

Tier 2 mechanism under these conditions could aid in BC cell survival, 

progression and chemoresistance when under periods of microenvironmental 

stress and under anti-angiogenic therapy. We observed that in both BC cell 

lines the cellular morphology drastically changed when grown under 

microenvironmental stress conditions. SkBr3 cells tended to respond 

morphologically to growth under both hypoxia and serum-starved conditions, 

whereby the cells displayed an elongated, irregular shape with prominent 

protrusions and filopodia. MCF7 cells responded predominantly to serum-

deprivation alone, showing a smaller, elongated morphology with protrusions 

and filopodia also visualised. Filopodia was observed in both BC cell lines 

when under microenvironmental stress, simulating growth within a tumour 

mass and are important for cell adhesion and migration. Filopodia are plasma 

membrane protrusions and are formed of tightly bundled parallel actin 

filaments (Mattila and Lappalainen, 2008). This process of actin elongation by 

actin polymerisation pushes the cell edge forward and thus, induces cellular 

migration (Arjonen et al., 2011). Ten filopodia linked genes were found to be 

upregulated in malignant human BCs, including MYO10 (Myosin-X) and 

ACTR2 (Arp2). Myosin-X translocation to filopodia is regulated by PIP3 and 

PIP2 and therefore implicated in the PI3K/Akt signalling pathway. Arp2 is 

activated downstream of Nck. Both Src and Nck have been implicated in 

activating cell motility and migration signalling pathways and thus, may be 

implicated in the formation of filopodia in BC cells (Aryal et al., 2015; Finn, 

2008).  
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Moreover, our findings showed that BC cell growth under serum-deprivation 

and/or hypoxic conditions gave rise to differences in relative protein 

expression levels. Serum-deprivation abrogated VEGFR2 phosphorylation in 

both BC cell lines and thus, VEGFR2 is expected to be in its monomeric basal 

state under these conditions. Interestingly, the relative total levels of VEGFR2 

changed in both cell lines in response to growth under microenvironmental 

stress conditions. SkBr3 cells showed a highly elevated increase in VEGFR2 

expression levels in response to growth under hypoxia. An increase in 

VEGFR2 expression was also visualised in SkBr3 cells in response to growth 

under serum-deprivation. MCF7 cells however, showed an increase in 

VEGFR2 expression in response to growth under serum-deprivation 

conditions only. VEGFR2 expression has been implicated in BC patient 

metastasis (Yan et al., 2015) and the expression of proliferation markers 

(Nakopoulou et al., 2002), thus, the elevated VEGFR2 expression levels may 

upregulate proliferation and migration pathways in response to growth under 

a stress environment. The relative expression levels of Plcg1, Src and Nck1 

all change in response to growth under serum-starvation and oxygen-

deprivation. Most strikingly, both Src and Nck1 expression levels went up in 

response to growth under hypoxia in MCF7 cells and Src and Nck1 levels 

were elevated in response to serum-starvation in SkBr3 cells. These 

differences in protein expression levels in response to growth under 

microenvironmental stress shows the high tumour heterogeneity between BC 

subtypes (Aleskandarany et al., 2018). Thus, particular subtypes of BC 

respond differently to different environmental stress within the tumour 

microenvironment. Under serum-deprived conditions, VEGF was not present 

in the media and therefore, VEGF was not secreted in response to growth 

under microenvironmental stress. Thus, changes to the proteome of SkBr3 

and MCF7 cells under serum-deprived conditions is VEGF independent. Tier 

2 signalling occurs under nutrient and GF-independent conditions and can 

upregulate oncogenic signalling pathways in response to changes in protein 

expression levels, thus, this supports the presence of a Tier 2 signalling 

mechanism as a possible adaptation to growth under nutrient and serum-

deprived stress conditions.  
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The activation of particular intracellular kinases in SkBr3 BC cells in response 

to growth under serum-deprivation and hypoxia was observed to be different 

for each growth condition. This indicates that growth under each particular 

stress condition elucidates a different cell signalling response. SkBr3 growth 

under hypoxia activated many cellular kinases, when in the presence of 

serum. This hyperactivation may be driven by the hyperactivation of GF 

receptors and thus, activation of their downstream signalling pathways by GFs 

present in serum, in response to hypoxia-mediated cell stress. 

In response to growth under serum-deprivation (and under normoxia), the 

SkBr3 cells phosphorylation levels of STAT3 and HSP60, was found to be 

lower compared to growth in the presence of serum (and under normoxia). 

STAT3 is activated via GF activation, which are present in FBS. Thus, it 

appears to be only activated when serum is present, and plays a role in cell 

survival and proliferation (Bharti et al., 2018). STAT3 is also hyperactivated in 

response to growth under hypoxia and in the presence of serum and therefore, 

may be activated downstream of hyperactivated RTKs in the presence of GF 

to induce cell survival under oxygen-deprived stress conditions. HSP60 

maintains protein homeostasis (Caruso Bavisotto et al., 2020) and therefore, 

may not be activated under serum-deprived conditions as the cell tries to 

adapt and ‘switch off’ certain cellular processes to conserve cellular energy 

into processes that the cell needs to adapt and survive without access to 

nutrients and GFs.  

Chk-2 and C-Jun showed higher levels of phosphorylation in SkBr3 cells 

grown under serum-deprived conditions (and under normoxia) compared to 

growth under serum-supplemented conditions (and under normoxia). Chk-2 is 

phosphorylated in response to DNA-damage (Antoni et al., 2007), therefore, 

the activation of this protein could be via tumour cell survival through DNA-

repair, due to microenvironmental induced DNA damage. C-Jun is a 

component of the transcription factor activator protein 1 (Vleugel, M. M. et al., 

2006) and activates TRE/AP-1 elements. C-Jun was found to be expressed in 

38% of BC cases and its expression was associated with activating 

proliferation and tumour angiogenesis in invasive BCs. C-Jun is also 

hyperactivated in response to SkBr3 cell growth under hypoxia and in the 

presence of serum (thus, GF) and therefore, may also be activated 
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downstream of RTK hyperactivation via GFs in response to growth under 

hypoxic-mediated stress. CREB is upregulated in response to growth under 

serum-deprivation and is a nuclear transcription factor which regulates cell 

differentiation, proliferation and survival pathways. CREB is involved in tumour 

initiation, progression and metastasis, and therefore, has a role as a proto-

oncogene. The overexpression of CREB was implicated in inducing tumour 

proliferation in BC patients (Xiao et al., 2010). P70 S6 kinase was also 

activated under serum-deprived conditions (and under normoxia), compared 

to cells grown under serum-supplemented conditions (and under normoxia). 

P70 S6 kinase is a downstream effector of the PI3K signalling pathway and 

plays a role in cell survival signalling. The overexpression of p70 S6 kinase 

has been found to activate the EMT in ovarian cancers (Pon et al., 2008). P53 

was observed to be highly phosphorylated in response to growth under serum-

deprived conditions (and under normoxia) compared to growth in the presence 

of serum (and under normoxia). The tumour suppressor protein is activated in 

response to DNA-damage and cellular stress (Vogelstein et al., 2000). The 

activation of p53 in SkBr3 BC cells may contribute towards cell survival in 

response to growth under harsh microenvironmental stress conditions and in 

response to stress-induced DNA damage. Plcg1 activation was also observed 

in response to growth under serum-deprived conditions. Plcg1 

phosphorylation and downstream signalling activates proliferation and 

survival pathways (Emmanouilidi et al., 2017) and the expression and 

activation is associated with BC metastatic progression. A high expression of 

Plcg1 has been correlated with a worse clinical outcome in terms of incidence 

of distant metastases in BC cells (Sala et al., 2008). When Plcg1 is activated 

via an aberrant Tier 2 signalling mechanism, via FGFR2, Plcg1 is not 

phosphorylated but it changes its protein conformation such that the protein is 

in an activated state. Thus, the phosphorylation of Plcg1 here may be 

downstream to other signalling pathways activated in response to serum-

deprivation stress. It is possible, however, that the aberrant phosphorylation 

of Plcg1 could be though a non-canonical tier 2 interaction which exposes the 

Y783 site to be phosphorylated via intracellular TKs. PYK2 levels of 

phosphorylation are also elevated in response to growth under serum-

deprivation compared to growth in the presence of serum. PYK2 is a well-
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known mediator of signalling pathways involved in cell proliferation, migration 

and invasion. The expression of PYK2 in HER2-positive BC cells has been 

found to promote BC cell invasion and chemoresistance (Al-Juboori et al., 

2019).  

When the BC cells were grown under both serum-deprivation and hypoxic-

mediated stress the cells were observed to lose the activation of many of their 

intracellular kinases. This may also be due to the cell needing to ‘switch off’ 

non-important signalling pathways under periods where there is no access to 

nutrients or GFs, as a way of preserving energy for the pathways the cells 

need to survive and progress. 

Interestingly however, the cells do maintain a high level of phosphorylation of 

both FAK and PRAS40. The level of FAK activation increased by around 80% 

compared to the levels in BC cells grown under normoxia and in the presence 

of serum. FAK plays a crucial role in cell motility and survival and is implicated 

in the Src signalling pathway. Here, active FAK promotes cell migration and 

invasion downstream of Src activation (Mayer, E.L. and Krop, 2010; Finn, 

2008; Summy and Gallick, 2003). FAK phosphorylated at Y397 can bind, 

phosphorylate and activate Src kinase itself through binding to Src-SH2 

domain (Aleshin and Finn, 2010). Activated Src then in turn, fully activates 

FAK at Y576, Y577, Y861 and Y925 (Mitra and Schlaepfer, 2006). Several 

studies have noted that increased FAK expression and activation is correlated 

with enhanced tumour malignancy and poor prognosis (Avizienyte and Frame, 

2005). In BC in particular, the activation of FAK has been correlated with BC 

initiation, progression and metastasis (Luo and Guan, 2009). FAK promotes 

cancer cell migration by regulating focal adhesion formation and turnover, 

through multiple signalling cascades (Mitra and Schlaepfer, 2006). Overall, 

this is an exciting and novel finding that growth under tumour 

microenvironmental stress conditions stimulates the activation of FAK and 

possible downstream signalling dynamics may play a role in BC cell migration 

when under tumour microenvironmental stress conditions of hypoxia and 

nutrient-deprivation. FAK activation can also promote cellular viability in 

response to stress and is commonly overexpressed in breast cancer (Dawson 

et al., 2021).  
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PRAS40 is a substrate of Akt and a component of the mammalian target of 

rapamycin (mTOR). PRAS40 phosphorylation is associated with tumour 

progression and mediates the signalling of the PI3K/Akt pathway. PRAS40 

activation promotes tumorigenesis via the dysregulation of cellular 

proliferation, apoptosis, metastasis and senescence (Lv et al., 2017). In 

response to growth under both hypoxic-mediated stress and under serum-

deprivation in SkBr3 showed a loss of phosphorylation of the kinase Tor or 

mTOR. mTOR phosphorylation occurs downstream of the PI3K/Akt pathway 

and plays a critical role in cell survival. mTOR proteins regulate protein 

synthesis and protein degradation and are active in response to the presence 

of sufficient nutrients to fuel protein synthesis. Thus, under hypoxic-stress and 

under nutrient-deprivation mTOR phosphorylation is downregulated.  

Overall, it appears that SkBr3 BC cells respond to growth under hypoxia and 

in the presence of serum, and thus GF, by the elevated hyperactivation and 

phosphorylation of a number of intracellular kinases. These kinases may be 

activated through the hyperactivation of GF receptors in the presence of GFs 

in the serum. The kinases that are activated in response to serum-deprivation 

stress (and under normoxia) in SkBr3 cells, compared to cells grown under 

the presence of serum (and under normoxia) are proteins that are involved 

with DNA-repair, survival, proliferation, chemoresistance, migration, tumour 

angiogenesis and tumour progression. Proteins that are highly 

phosphorylated in SkBR3 cells in response to growth under both serum-

deprivation and hypoxic stress conditions are involved with cell survival, 

motility, migration, apoptosis, senescence and proliferation signalling 

pathways. Therefore, these results show that different proteins are 

phosphorylated and thus, activated in response to growth under serum-

deprivation and/or hypoxic stress conditions. The activation of these kinases 

may play a role in the survival and progression of tumour cells in response to 

adaptation of growth under the harsh conditions of the tumour 

microenvironment. It would have been interesting to compare the activation of 

kinases in MCF7 cells in response to growth under each microenvironmental  

stress condition also, but unfortunately due to lack of experimental time this 

experiment was not repeated in MCF7 cells.  
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SkBr3 and MCF7 BC cells express endogenous levels of VEGFR2, with SkBr3 

cells showing an overexpression of the receptor. VEGFR2 has been found to 

have a possible role in the upregulation of BC cell migration, proliferation and 

survival (Yan et al., 2015; Nakopoulou et al., 2002; Rydén et al., 2010). Under 

GF and serum-deprived conditions, non-homeostatic Tier 2 signalling is 

dependent on relative protein concentrations and occurs when RTKs are non-

activated. Non-canonical interactions can occur between proline-rich-motifs 

within RTK C-terminal tails and the SH3-domains of intracellular signalling 

molecules, and in turn, can non-canonically activate oncogenic signalling 

pathways (Timsah et al., 2014; Lin, C.C. et al., 2021). Growth under 

microenvironmental stress conditions has shown that the proteome of both 

SkBr3 and MCF7 BC cells change in response to adaptation of growth under 

serum-deprived and hypoxic conditions. In particular the elevation of VEGFR2 

protein expression was observed in response to growth under serum-

deprivation stress in both BC cell lines. Therefore, the aberrant utilisation of a 

Tier 2 mechanism, under serum-deprived conditions, could upregulate 

survival, resistance and progression pathways in BC cells in adaptation to 

growth under microenvironmental stress. Here, we investigated whether a 

non-canonical PPI occurs between VEGFR2 RTK and SH3 domain-

containing proteins, known to bind to VEGFR2, in response to growth under 

nutrient and serum-deprived conditions, in BC cells.  

The data presented here determined that the three SH3-domain containing 

proteins Plcg1, Src and Nck1, all interact with VEGFR2 RTK under serum-

deprived conditions in BC cells. Non-canonical PPIs between SH3 domains 

and proline-rich motifs can occur without GF activation of the RTK (Timsah et 

al., 2014). Thus, this data suggests that the proteins may bind through a non-

canonical Tier 2 SH3-domain:proline-rich interaction with VEGFR2, when 

under GF and nutrient-deprived conditions. VEGFR2 contains two proline-rich 

motifs within its intracellular domain, one within the TKD (P908P911) and one 

within the C-terminal tail (P1195P1198). To elucidate whether the proteins 

were interacting with VEGFR via binding to an intracellular proline-rich motif 

of VEGFR2, under serum-deprived conditions, different VEGFR2 constructs 

were made and utilised. These constructs were made to abrogate SH2-

domain binding by implementing a KD mutation which inhibited the 
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phosphorylation of VEGFR2. Mutation of the two proline-rich motifs (whereby, 

the important P residues were mutated to A) within VEGFR2 intracellular 

domain were also implemented. P residues have a distinct structure in 

peptides and when found as a proline-rich motif exhibit a PPII helix structure 

that SH3 domains recognise and bind (Teyra et al., 2017). The mutation of P 

residues to A would abrogate this structure and therefore, SH3 domain binding 

to this specific SH3-binding site. Both P and A are small non-polar, 

hydrophobic, amino acid residues, therefore the substitution of P to A should 

not affect the whole protein conformation. Our findings show that Plcg1, Src 

and Nck1 all interact with dephosphorylated (KD) VEGFR2 under serum-

deprived conditions, in both BC cell lines. The PPIs observed with all three 

SH3 domain-containing proteins with VEGFR2, under serum-deprived 

conditions, was abrogated via a second proline-rich motif mutation to the 

P1195P1198 motif, within the C-terminal tail of VEGFR2. This indicated that 

this was the protein binding site for the SH3 domain-containing proteins, under 

serum-deprived conditions. This binding event through the second proline-rich 

motif of VEGFR2 was further validated with the results obtained from the 

VEGFR2 C-terminal tail peptide Co-IP. The wildtype VEGFR2 C-terminal tail 

peptide, which has an intact P1195P1198 proline-rich motif, was observed to 

interact with all three SH3 domain-containing proteins in both BC cell lines, 

under serum-deprived conditions. The mutation of the same proline-rich motif 

(P1195P1198) within the C-terminal peptide of VEGFR2 abrogated the 

interactions observed between the SH3 domain-containing proteins to the 

wildtype VEGFR2 C-terminal tail peptide. Plcg1, Src and Nck1 expression 

have all been found to play a role in BC tumour progression and metastasis 

(Ottenhoff-Kalff et al., 1992; Lattanzio et al., 2019; Morris et al., 2017). 

Therefore, these non-classical binding events under serum-deprived stress 

conditions, via VEGFR2 RTK, may upregulate non-canonical signalling 

pathways that play a role in tumour cell survival, progression and motility.  

It is well-known that SH3 domains bind to proline-rich motifs embedded in the 

structures of cellular proteins (Yu et al., 1994) and therefore, the results 

indicated that the binding observed via this proline-rich site of VEGFR2 was 

through their SH3 binding-domains, under serum-deprived conditions. Further 

experiments using CFP-tagged domain constructs of both Src and Plcg1 was 
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used to validate this. The protein expression and Co-IP pull down of CFP-Src 

domain constructs in both BC cell lines showed that Src SH3 domain was 

indeed binding to VEGFR2 under serum-starved conditions, in both SkBr3 and 

MCF7 cells. Src SH2 domain was also observed to bind to VEGFR2 under 

serum-deprived conditions, but the pY1059 site on VEGFR2 was not probed 

for, which is the known binding site of Src to VEGFR2 when phosphorylated. 

Therefore, the binding of Src SH2 domain may occur by binding to basal 

phosphorylation of pY1059 of VEGFR2 but this could not be elucidated from 

these results.  

The results observed via FRET validated that a non-canonical PPI occurred 

between the SH3 domain of Src and the P1195P1198 proline-rich motif within 

VEGFR2 C-terminal tail, in SkBr3 cells, under serum-deprived conditions. The 

non-canonical PPI via Src SH3 domain was found to be abrogated upon 

mutation of the P1195P1198 proline-rich motif, further validating that this 

interaction occurs through this specific proline-rich motif within VEGFR2 C-

terminal tail. FRET, is a well-known and validated technique in elucidating 

PPIs (Kenworthy, 2001) and allows the detection of PPIs via the energy 

transfer of one excited fluorescent molecule to a fluorescent acceptor 

molecule, when in the close proximity of up to 10nM in living or fixed cells, 

using carefully selected donor pairs. However, there are limitations of FRET 

as a technique to detect PPIs which includes the tag possibly altering the 

location, conformation and function of the protein of interest and the presence 

of signal contamination. The interaction between VEGFR2 and Src was via 

the C-terminal P1195P1198 proline-rich motif, therefore the YFP tag 

expressed at the N-terminal of the VEGFR2 protein would not disturb the PPI.  

Therefore, the novel interaction between Src via its SH3-domain to VEGFR2 

P1195P1198 proline-rich motif has been validated in BC cells, under serum-

deprived conditions. The binding of Src via its SH3 domain is one of the 

mechanisms in which Src can become activated (Martin, 2001). Thus, the 

non-canonical activation of Src and the downstream activation of Src 

signalling pathways may occur in these BC cells, under serum-deprivation 

stress. Here, the aberrant activation of a Tier 2 mechanism via the non-

canonical activation of Src may contribute towards BC survival, progression 

and chemoresistance.  
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Figure 4.3.1 Proposed model for Src and VEGFR2 interaction under 

serum-deprived conditions  

Src interacts via a non-canonical PPI through its N-terminal SH3 domain 

to the second proline rich motif, P1195P1198, within the C-terminal tail 

of VEGFR2, under serum-deprived conditions. This interaction may non-

canonically activate Src-kinase through changes to its protein 

conformation to an active form, via SH3-domain binding to VEGFR2. 

Therefore, downstream Src-kinase signalling pathways may be 

upregulated under these microenvironmental stress conditions, in BC 

cells. The non-canonical activation of a Tier 2 signalling mechanism may 

contribute towards BC cell survival, progression and resistance.  

 

The CFP Co-IP results showed that Plcg1 was interacting with VEGFR2 via 

its N-SH2-domain and C-SH2-domain under serum-deprived conditions, in 

BC cells. Plcg1 was also observed to bind via its C-SH2 domain to basal 

pY1175 VEGFR2, in both SkBr3 cells and MCF7 cells. This goes against the 

literature which states that Plcg1 binds through its N-SH2 domain to 

phosphorylated RTKs (Lemmon and Schlessinger, 2010; Timsah et al., 

2016b), whereas the C-SH2 domain is utilised in the activation of Plcg1 via 
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binding to pY783 on the protein itself, to release autoinhibition and to give 

Plcg1 its active conformation (Lemmon and Schlessinger, 2010; Gresset et 

al., 2010). Although, it has not been fully elucidated which particular SH2-

domain binds to pY1175 of VEGFR2 and is thus, possible that the binding 

could be through the C-SH2 domain of Plcg1 interacting with VEGFR2, to 

induce the activating Y783 and Y775 phosphorylation of Plcg1. The binding 

of Plcg1 SH3 domain to VEGFR2 was not evident in the CFP pull-down 

experiment. A limitation to the Co-IP CFP pull-down experiment was the use 

of a full-length Plcg1 construct and the use of Nck1 domain and full-length 

constructs. Both Src and Plcg1 constructs were available in the laboratory and 

after sequencing of the Src construct was found to be correct for all domains 

and the full-length construct (checked against REFSEQ: accession 

NM_005417.5). Therefore, these were utilised in making the CFP-tagged 

constructs to be used in FRET. The Plcg1 SH2-N, SH2-C and SH3 domain 

sequencing was found to be correct but the full length construct including the 

PH, X-box and Y-box domains were not and thus, the full length construct was 

not utilised in these experiments (checked against REFSEQ: accession 

NM_002660.3). Further study via the use of Nck1 domain constructs with 

VEGFR2 in BC cells needs to be performed, to further validate the PPI 

observed between Nck1 and VEGFR2, under serum-starved conditions.  

4.3.1 Conclusion 

Overall, evidence presented here shows that BC cells change their proteome 

in response to growth under nutrient-deprivation and hypoxic-induced stress 

conditions. These conditions simulate the tumour microenvironment of solid 

tumours, tumours under anti-angiogenic therapy and migrating cancer cells 

(White, E. Z. et al., 2020). Our results show that BC cells may utilise a Tier 2 

mechanism in response to growth under serum-deprived stress conditions. 

Plcg1, Src and Nck1 are all implicated in oncogenic signalling pathways that 

upregulate cell survival, proliferation and migration in BC (Sala et al., 2008; 

Morris et al., 2017; Myoui et al., 2003). The novel non-canonical PPI between 

Src via its N-terminal SH3-domain to VEGFR2 C-terminal P1195P1198 

proline-rich motif, under serum-deprived conditions, was validated from this 

study. SH3-domain binding of Src kinase is a mode of Src activation (Martin, 

2001). Therefore, the non-canonical activation of Src-kinase and downstream 

https://www.ncbi.nlm.nih.gov/nuccore/NM_005417.5
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signalling may occur in these BC cells, under serum-deprived stress 

conditions. Thus, the aberrant activation of a Tier 2 mechanism, downstream 

of non-canonical Src activation, may contribute towards BC survival, 

progression and chemoresistance, under microenvironmental stress 

conditions.  
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Chapter 5 The downstream signalling and phenotypic effects 

of non-canonical Tier 2 activation of Src-kinase via VEGFR2-

RTK in BC cells 

5.1 Introduction 

5.1.1 Erk 

Extracellular signal-regulated kinase 1/2 (Erk 1/2), are ubiquitous serine-

threonine kinases that belong to the MAPK family of proteins. Erk 1/2 

(thereafter referred to as Erk) relay mitogen-activated and GF-induced signals 

as part of a phosphorylation cascade (Anjum and Blenis, 2008; Keshet and 

Seger, 2010). Erk is a central regulator of an array of cellular processes and 

activates a diverse cellular response with a large repertoire of downstream 

substrates. Erk is generally located within the cytoplasm and exists as a 

homologous dimer. Erk 1/2 are important members of the MAPK/Erk pathway, 

with molecular weights of 44 and 42kDa, respectively. The aberrant 

upregulation of this pathway is correlated to tumorigenesis as several 

upstream activators of Erk are frequently activated in human tumours. The 

hyperactivation of Erk plays a key role in activating oncogenic signalling 

pathways and contributes towards cancer progression (Guo, Y.J. et al., 2020).  

5.1.1.1 The Erk signalling pathway 

The Erk/MAPK signalling pathway has various different activating 

mechanisms. These include activation in response to changes in intracellular 

Ca2+ levels and through activated RTKs, activation of PKC and through G 

protein-coupled receptors (Lawrence et al., 2008). MAPK cascades are 

important cell signalling pathways which regulate many cellular processes, 

including proliferation, differentiation, apoptosis, and stress response (Keshet 

and Seger, 2010; Sabio and Davis, 2014; Plotnikov et al., 2011). There are 

three main kinases within the signalling pathway. These include, MAPK kinase 

kinase, MAPK kinase and MAPK, which activate downstream effector 

molecules to relay a signalling response. The Ras/Raf/MEK/Erk pathway is 

an important MAPK signalling cascade which is aberrantly activated in cancer 

and plays a crucial role in the survival and development of cancer cells (Figure 
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5.1.1) (Guo, Y.J. et al., 2020). MEK directly interacts with Erk and catalyses 

the phosphorylation of Y and threonine (T) residues in the 8 ‘TEY box’ of the 

sub-functional region of Erk, which gives full catalytic activity. 

Upon activation of Erk via phosphorylation and dimerisation, Erk can 

translocate to the nucleus where it regulates transcription factor activity and 

gene expression (Boulton et al., 1991). Activated Erk also promotes 

cytoplasmic target protein phosphorylation and regulates the activity of other 

intracellular protein kinases and the further phosphorylation of downstream 

substrates. These include the phosphorylation of cytoskeletal components 

within the cytoplasm which regulate cell morphology and cytoskeletal 

distribution. Activated Erk within the cytoplasm can also phosphorylate a 

series of other protein kinases upstream of the Erk pathway in a negative 

feedback regulatory mechanism. In the nucleus, activated Erk induces the 

phosphorylation of nuclear transcription factors such as proto-oncogene c-

Jun, c-Fos, ETS domain-containing protein (Elk-1), c-Myc and cyclic AMP-

dependent transcription factor (ATF2). These factors activate gene 

expression which regulates cell proliferation, cell cycle progression, survival, 

migration, and invasion (Eblen, 2018; Kolch, 2000; Schulze et al., 2001; 

Deming et al., 2008; O'Neill and Kolch, 2004). The large repertoire of 

signalling pathways and proteins activated via Erk phosphorylation is 

summarised in Figure 5.1.2.  
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Figure 5.1.1 The Erk/MAPK signalling pathway.  

RTK-RAS-induced activation of the kinase-mediated Erk/MAPK 

signalling cascade via phosphorylation. Erk is the terminal kinase 

activated within the MAPK cascade and can translocate to the nucleus 

to activate transcription programmes that mediate proliferation, survival 

and migration. Erk phosphorylation can activate upstream protein 

kinases by a negative feedback mechanism (dotted arrows). 

Cytoskeletal components are activated by pErk within the cytoplasm, 

which activates cell migration and motility. Adapted from (Guo, Y.J. et 

al., 2020; Liu, F. et al., 2018), using BioRender.com.  
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Figure 5.1.2 The diverse repertoire of downstream targets and cellular 

outcomes of Erk activation.  

Erk activation is implicated in the upregulation of many different 

signalling mechanisms and cellular outcomes. These include cell 

proliferation and self-sufficiency, cell-cycle progression, EMT, invasion 

and migration, senescence evasion, angiogenesis and interactions with 

tumour microenvironment and cell survival and apoptosis evasion 

(Neuzillet et al., 2013).  

 

5.1.1.2 Erk signalling in BC tumorigenesis 

Elevated levels of Erk expression have been found in many different human 

tumours, including breast, ovarian, colon and lung cancers (Bhartiya and 

Singh, 2015; Bang et al., 1998; Rao and Herr, 2017; Tang et al., 2017).  High 

Erk expression levels have been found to correlate with a lower survival in 

TNBC patients (Bartholomeusz et al., 2012). Erk expression has been 

reported to confer chemoresistance in breast and other cancers, utilising the 

activation of different evasion mechanisms including reduction of apoptosis, 

increased cellular proliferation and the up-regulation of drug efflux 
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transporters (Salaroglio et al., 2019). The expression and activation of Erk 

was found to be a key factor in patient BC tumorigenesis and BC progression. 

The expression of Erk increased significantly in BC tissue samples in 

comparison to the normal tissues. The overexpression of Erk was also found 

to be correlated with the clinical stage of BC, with higher levels of expressed 

and activated Erk present in patients of a higher stage of BC (Zhang, X.-m. et 

al., 2004). Taken together, these data suggests that Erk activation is 

implicated in BC progression and resistance.  

5.1.2 Akt 

Protein kinase B or Akt plays a pivotal role in multiple interconnected cell 

signalling pathways which are implicated in cell metabolism, cell growth, 

apoptosis suppression and angiogenesis (Bellacosa et al., 1995; Bellacosa et 

al., 2005; Fresno Vara et al., 2004; Zhao, G.X. et al., 2015; Duronio, 2008). 

Akt is a serine/threonine kinase consisting of three isoforms (Akt1, Akt2 and 

Akt3), with molecular weights of 60kDa. Akt plays a critical role downstream 

of activated RTKs and PI3K. The aberrant activation of Akt and its subsequent 

downstream signalling is implicated in human cancer and models of 

tumorigenesis. Akt activation has been found to be one of the most common 

molecular alterations in human malignancy (Bellacosa et al., 2005).  

5.1.2.1 The Akt signalling pathway 

The Akt cascade can be upregulated by various signals including through the 

activation of RTKs, integrins, B and T cell receptors, cytokine receptors and 

G-protein-coupled receptors. Upstream of Akt activation, PIP3 is generated as 

an effect of PI3K activation (Scheid and Woodgett, 2003; Brazil et al., 2004). 

PIP3 alters Akt protein conformation via binding to its PH domain and recruiting 

it to the plasma membrane. This allows phosphoinositide-dependent kinase 1 

(PDK1) to phosphorylate Akt at the T308 residue within the TK domain. The 

full activation of Akt requires a second phosphorylation at regulatory Serine 

(S) 473 (Song et al., 2005; Altomare and Testa, 2005; Conus et al., 2002; 

Mora et al., 2004). A number of intracellular kinases have been found to 

activate Akt to full catalytic activity, including PDK1, integrin-linked kinase 

(ILK) or an ILK-associated kinase, mTOR and Akt itself (Memmott and Dennis, 

2009). Activated Akt upregulates many different downstream signalling 
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pathways, including the control of cell growth and survival (Figure 5.1.3). 

Such downstream targets of Akt phosphorylation include PRAS40, Paladin, 

mTOR, cell cycle inhibitors p21 and p27 and Vimentin, all which enhance 

tumour motility, invasion and metastasis growth (Hers et al., 2011; Liu, P. et 

al., 2009).  

mTOR is a key element in the Akt signalling network. mTOR is a downstream 

member of the Akt signalling pathway and a key regulator of cell growth and 

metabolism and can also act as an activator of Akt (Laplante and Sabatini, 

2012). Akt directly regulates cell survival by inhibiting pro-apoptotic signals, 

such as BAD and Forkhead box O (FOXO) transcription factors (Zhang, X. et 

al., 2011). Tumour suppressor PTEN is the most important negative regulator 

of Akt function. The phosphatase activity of PTEN acts as an antagonist of 

PI3K, dephosphorylating PIP3 to PIP2 (Newton and Trotman, 2014; Haddadi 

et al., 2018). Mutations leading to amplification of proteins involved in the 

PI3K/Akt pathway also include the loss of function of PTEN and are found 

frequently in cancer tissues. This results in pathologically enhanced PI3K 

signalling and a loss of cell growth control by evasion of apoptosis (Ouyang 

et al., 2017).  
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Figure 5.1.3 PI3K/Akt signalling pathway.  

RTK activation of PI3K induces the hydrolysis of PIP2 to PIP3, which is 

antagonised by PTEN. PIP3 within the plasma membrane allows the 

recruitment of Akt to the membrane and the consequent phosphorylation 

of Akt by PDK1. Activation of Akt mediates the activation of many 

different cell signalling pathways including those involved in cell survival 

migration, metastasis, autophagy, cell cycle progression and 

angiogenesis. Adapted from (Mitchell and Engelbrecht, 2017), using 

BioRender.com.  

 

5.1.2.2 Akt signalling in BC tumorigenesis 

The hyperactivation of Akt via different pathogenic mechanisms of the 

PI3K/Akt pathway, have been found in many different cancers and in some 

cases have been associated with tumour aggressiveness (Nitulescu et al., 

2018). The PI3K/Akt pathway has been correlated with resistance to 

endocrine therapy, chemotherapy and cytotoxic therapy in BC (Nahta, 2012; 

Paplomata and O'Regan, 2013). Approximately 30-40% of BC patients 

present PI3K mutations, which induce hyperactivation of the α isoform of PI3K. 

High levels of Akt activation and PTEN loss have been associated with a poor 

disease outcome in BC patients (Miricescu et al., 2020). High activation levels 
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of Akt were found to correlate with increasing levels of cytoplasmic p53 and 

was associated with a reduced disease-free survival in BC patients (Vestey et 

al., 2005). BC patients with activated Akt overexpression were significantly 

correlated with a worse OS and disease-free survival. Activated AKT-

overexpressing BC patients also had a 50% higher risk of death and a 30% 

higher risk of disease recurrence compared to those without phosphorylated 

Akt overexpression (Yang et al., 2015). 

5.1.3 Project rationale 

The non-canonical PPI observed between Src-SH3 domain and VEGFR2 

P1195P1198 proline-rich motif was validated through the use of  Co-IP 

experiments and FRET in BC cells under serum-deprived conditions in 

Chapter 4. SH3 domain binding of Src-kinase is known to be a mode of Src 

activation (Martin, 2001). Therefore, the possible Tier 2 downstream signalling 

and the physiological relevance of the non-canonical activation of Src is to be 

explored within this chapter.  

Fully activated Src-kinase upregulates many different cellular mechanisms 

which lead to several phenotypic outcomes, including those promoting cell 

proliferation, survival, metastasis, invasion and migration (Summy and 

Gallick, 2006). Active Src leads to the phosphorylation and activation of 

downstream target proteins which include the PI3K/Akt and Erk/MAPK 

oncogenic signalling pathways. Thus, whether Src is fully activated through 

phosphorylation at Y416 (Martin, 2001) in response to the non-canonical 

binding event with VEGFR2 under serum-deprived conditions in BC cells, is 

to be elucidated. The aberrant downstream activation of Akt and Erk signalling 

pathways as a consequence of non-canonical Src activation, is also to be 

investigated.  

High levels of activated Src-kinase have been associated with the 

development, progression and metastasis of BCs and correlated with a worse 

prognosis for BC metastasis-free survival (Ottenhoff-Kalff et al., 1992) and 

with the increased propensity of metastases in animal models of BC (Myoui 

et al., 2003). Elevated Src activity has also been found in invasive carcinoma 

BC patient tissues compared with the non-neoplastic tissues (Diaz, N. et al., 

2006). These data suggests that high levels of Src activation may aid in a 
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more malignant and migratory phenotype in BC. Thus, the role of non-

canonical Src activation in contributing towards the activation of a migratory 

phenotype in BC cells under serum-deprived stress is to be investigated. The 

aberrant activation of a Tier 2 signalling mechanisms as a consequence of the 

non-canonical activation of Src-kinase through VEGFR2, may contribute 

towards survival, progression and anti-RTK (ani-VEGFR2) drug-resistance in 

BCs, when under tumour microenvironmental stress conditions. A schematic 

of the chapter project rationale is shown in Figure 5.1.4. 
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Figure 5.1.4 Hypothesised aberrant Tier 2 downstream signalling of 

non-canonical Src activation via VEGFR2 in BC cells.  

Under serum-deprived conditions, VEGFR2 C-terminal P1195P1198 

proline rich motif can interact with Src SH3 domain in BC cells. 

Therefore, the binding of Src via its SH3-domain could change the 

conformation of Src to an active form and allow the full activation of Src 

to occur via phosphorylation at Y416, this could be through a 

conformation change of Src allowing the phosphorylation of Src to occur 

via intracellular kinases. Active Src can lead to the upregulation of 

downstream signalling pathways, including the PI3K/Akt and Erk/MAPK 

mechanisms. The activation of a Tier 2 downstream signalling pathway 

via non-canonical Src activation could therefore lead to aberrant 

oncogenic phenotypic outcomes. These outcomes could be implicated 

in BC survival, progression and anti-VEGFR2 therapy-resistance, when 

under microenvironmental stress conditions.  

  

? 

? 
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5.1.4 Experimental objectives 

In this chapter the following objectives were investigated:  

 

1) To examine whether the non-canonical protein-protein interaction 

observed in Chapter 4 between Src-SH3 domain and VEGFR2 C-

terminal P1195P1198 proline-rich motif, under serum-deprived 

conditions, leads to the full activation (phosphorylation) of Src-kinase 

in breast cancer cells. This will be conducted by determining relative 

active Src phosphorylation levels (Y416) in breast cancer cells 

overexpressing the mutant VEGFR2-YFP constructs and grown under 

serum-deprived conditions, via the use of immunoblotting experiments.  

2) To determine whether the non-canonical interaction between Src and 

VEGFR2 observed under serum-deprived conditions in breast cancer 

cells activates aberrant Tier 2 downstream oncogenic signalling 

pathways, in particular the Erk and Akt signalling pathways which are 

both downstream of canonical Src activation. Here, the relative 

phosphorylation levels of both Erk and Akt will be determined in breast 

cancer cells with overexpression of the mutant VEGFR2-YFP protein 

constructs and grown under serum-deprived conditions via 

immunoblotting.  

3) To establish whether the non-canonical interaction between Src and 

VEGFR2 under serum-deprived conditions in breast cancer cells incurs 

a migratory phenotypic outcome. To investigate this, a scratch wound 

migration assay will be performed using the breast cancer cells 

overexpressing both the VEGFR2-YFP mutant constructs and full 

length Src-CFP, when grown under serum-deprived conditions  

4) To identify whether there is a prognostic significance between protein 

expression levels of VEGFR2 and Src and breast cancer patient overall 

survival (OS). Here, the Kaplan Meier Plotter database will be utilised 

to analyse whether there is any correlation between VEGFR2 and Src 

protein expression in breast cancer tissue specimens within The 

Cancer Genome Atlas (TCGA) database and the overall survival levels 

using clinical information obtained of the corresponding breast cancer 

patients.   
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5.2 Results 

5.2.1 Src and Erk are activated in response to non-canonical 

Src:VEGFR2 PPI 

The validation of the non-canonical PPI between Src SH3 domain and the 

second proline-rich motif (P1195P1198) within the C-terminal tail of VEGFR2 

in BC cells, under serum-deprived conditions, was shown in Chapter 4 via 

molecular biology and biochemical techniques. The non-canonical interaction 

of the SH3-domain of Plcg1 and proline-rich motif within the FGFR2 C-

terminal tail, under serum-deprived conditions, was found to activate the 

oncoprotein Akt and activate the Akt downstream signalling pathway, in 

ovarian cancer cells (Timsah et al., 2016b). This resulted in the excessive 

cellular proliferation of ovarian cancer cells and tumour progression observed 

in a xenograft mouse model. The activation of Akt through FGFR2-mediated 

non-canonical activation of Plcg1 and the consequent inhibition of PTEN was 

founded to be a novel cell signalling mechanism. Canonical activation of 

FGFR2 via FGF ligand-binding phosphorylates Plcg1, which canonically 

activates PKC and the downstream RAF/MEK/Erk pathway (Touat et al., 

2015). Therefore, the non-canonical binding and possible activation of Src-

kinase via VEGFR2, under serum-deprived conditions, may activate alternate 

signalling pathways than when canonically activated through ligand-activated 

VEGFR2. To determine whether SH3-domain binding of Src to VEGFR2 

results in the activation of its full catalytic activity via Y416 phosphorylation 

(Martin, 2001), under serum-deprived conditions, the phosphorylation status 

of Src at Y416 was investigated. The overexpression of each mutant 

VEGFR2-YFP construct was utilised in MCF7 and SkBr3 BC cells. The 

phosphorylation status of oncoproteins Erk and Akt were also investigated, as 

their downstream signalling pathways are implicated in RTK oncogenesis 

(Lemmon and Schlessinger, 2010) and are both phosphorylated downstream 

of Src activation (Summy and Gallick, 2006).  

The effect of overexpression of each mutant VEGFR2-YFP construct, and 

possible downstream activation was determined via immunoblotting of MCF7 

cells (Figure 5.2.1a.) and SkBr3 cells (Figure 5.2.2a.) and compared to the 

overexpression of a YFP-tag only vehicle-control (SYFP2) in each cell line. 
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The cells were grown under serum-deprived conditions (0% FBS) and 

normoxia for 24 hours. The phosphorylation levels of VEGFR2, Src, Erk and 

Akt were determined. Densitometry was performed to normalise the relative 

phosphorylation levels in MCF7 (Figure 5.2.1b.-e.) and SkBr3 cells (Figure 

5.2.2b.-e.) compared to total protein, total YFP and the β-actin loading-control. 

Immunoblotting of the BC cells grown under serum-deprived conditions, 

showed that overexpression of the wildtype VEGFR2 construct gave a basal 

phosphorylation of VEGFR2 at Y1175 in both MCF7 (Figure 5.2.1b.) and 

SkBr3 cells (Figure 5.2.2b.), which has been seen previously (Figure 4.2.9). 

In both BC cell lines, Src is phosphorylated at the activating phosphorylation 

site, Y416 at higher levels when the WT, KD and KD P908AP911A VEGFR2 

constructs were overexpressed in both MCF7 (Figure 5.2.1c) and in SkBr3 

cells (Figure 5.2.2c.), under serum-deprived conditions, compared to the 

YFP-only vehicle-control cells. In both BC cell lines, the relative levels of 

phosphorylated Src at Y416 goes down in cells when the KD P1195AP1198A 

and the KD 2X PxxP VEGFR2 mutant constructs were overexpressed and 

thus, when the non-canonical binding of Src SH3 domain to P1195P1198 

proline-rich motif within the VEGFR2 C-terminal tail is abrogated, under 

serum-deprived conditions.  

Relative phosphorylated Erk (T202/Y204) levels in MCF7 cells (Figure 

5.2.1d.) and SkBr3 cells (Figure 5.2.2d.) were found to be higher when the 

WT, KD and KD P908AP911A VEGFR2 constructs were overexpressed, 

compared to the YFP-tag vehicle-control cells. In both BC cell lines, 

phosphorylated Erk levels at T202/Y204 was lower when both the KD 

P1195AP1198A and KD 2x PxxP motif VEGFR2 constructs were 

overexpressed in both BC cell lines, and thus, also in response to abrogated 

non-canonical binding of Src via its SH3 domain to the P1195P1198 VEGFR2 

C-terminal proline-rich motif, under serum-deprived conditions.  

The BC cells gave different results however, for the activation of Akt in 

response to the overexpression of the different VEGFR2 constructs, under 

serum-deprived conditions. In MCF7 cells, the relative phosphorylated Akt 

levels at T308 showed that the phosphorylation levels were higher when the 

WT VEGFR2 construct was overexpressed compared to the YFP-only 
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vehicle-control cells (Figure 5.2.1e.). Phosphorylated T308 Akt levels went 

down considerably in comparison to the overexpression of the WT VEGFR2 

construct when the KD, KD P908AP911A, KD P1195AP1198A and KD 2x 

PxxP VEGFR2 mutant constructs were overexpressed. Thus, the 

phosphorylation of Akt at T308 was found to be at lower levels in response to 

the KD mutation of VEGFR2 in MCF7 cells. In SkBr3 cells however, the 

relative levels of phosphorylated T308 Akt levels went up when all VEGFR2 

constructs were overexpressed, compared to the YFP-only vehicle-treated 

control cells (Figure 5.2.2e.). The overexpression of KD, KD P908AP911A 

and KD 2x PxxP VEGFR2 constructs showed very high levels of 

phosphorylated T308 Akt compared to the vehicle-control and WT VEGFR2 

construct. Therefore, Akt phosphorylation at T308 appeared to go up in 

response to the KD mutation, and therefore, dephosphorylation of the 

VEGFR2 receptor in SkBr3 cells.   

Overall, these results imply that Src is phosphorylated at Y416 in response to 

the VEGFR2-mediated non-canonical interaction of Src via its SH3 domain to 

VEGFR2 P1195P1198 proline-rich motif, under serum-deprived conditions. 

Erk also appears to be phosphorylated downstream of the VEGFR2-mediated 

non-canonical activation of Src-kinase.  
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Figure 5.2.1 The effect of VEGFR2-construct overexpression on non-

canonical downstream signalling in MCF7 cells, under serum-

deprived conditions. 

a. An immunoblot of transfected MCF7 cells with each VEGFR2 mutant 

YFP-construct, to simulate the overexpression of each VEGFR2 mutant 

variant, grown under serum-deprived (0% FBS) and normoxic (18% O2, 

5% CO2) conditions, for 24 hours. The blots were probed for the 

phosphorylation levels of VEGFR2, Src, Erk and Akt. Graphs b.-e. show  
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the normalised densitometry of phosphorylation levels of proteins. 

Phosphorylated protein were normalised to the total protein expression 

levels, total YFP levels and all compared to the β-actin loading-control. 

All phosphorylation levels were calculated as a fold increase/decrease to 

cells transfected with the SYFP2-tag only vehicle-control. 
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Figure 5.2.2 The effect of VEGFR2-construct overexpression on non-

canonical downstream signalling in SkBr3 cells, under serum-

deprived conditions. 

a. An immunoblot of transfected SkBr3 cells with each VEGFR2 mutant 

YFP-construct, to simulate the overexpression of each VEGFR2 mutant 

variant, grown under serum-deprived (0% FBS) and normoxic (18% O2, 

5% CO2) conditions for 24 hours. The blots were probed for the 

phosphorylation levels of VEGFR2, Src, Erk and Akt. Graphs b.-e. show 

the normalised densitometry of phosphorylation levels of proteins. Pho- 
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sphorylated protein were normalised to the total protein expression 

levels, total YFP levels and all compared to the β-actin loading-control. 

All phosphorylation levels were calculated as a fold increase/decrease 

to cells transfected with the SYFP2-tag only vehicle-control. 
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5.2.2 Non-canonical activation of Src via VEGFR2 activates a 

migratory response when VEGFR2 is dephosphorylated 

The non-canonical full-catalytic activation of Src in response to binding via its 

SH3 domain to VEGFR2, under serum-deprived conditions, was found in both 

breast cancer cell lines. Src activation is implicated in many cell signalling 

pathways, including motility, migration, and invasion pathways (Mayer, E.L. 

and Krop, 2010). Erk activation which is downstream of Src activation has 

been implicated in different cellular outcomes including proliferation, 

angiogenesis, migration and invasion (Summy and Gallick, 2006). Erk 

phosphorylation can activate MLCK and Myosin to promote cellular migration 

and invasion (Webb et al., 2004). The elevation of activated Src levels have 

been associated with the development, progression and metastasis of BCs 

and have been correlated with a low metastasis-free survival in BC patients 

(Ottenhoff-Kalff et al., 1992) and increased metastasis of the lung and bone 

in animal models of human BC metastasis (Myoui et al., 2003). High levels of 

activated Src have also been found in invasive carcinoma BC patient tissues 

compared with the neighbouring non-neoplastic tissues (Diaz, N. et al., 2006). 

Therefore, the cellular response of VEGFR2-mediated non-canonical 

activation of Src and possible downstream activation of Erk in BC cells, under 

serum-deprived conditions, could be implicated in upregulating a migratory 

outcome. Thus, the relative migration of BC cells expressing each VEGFR2-

YFP construct and full-length Src-CFP was performed using a scratch wound 

migration assay.  

BC cells were transfected with VEGFR2-YFP constructs and a YFP only 

(SYFP2) vehicle-control, alongside full-length Src-CFP in a collagen-coated 

96-well plate, growing in serum-supplemented conditions. After transfection, 

a scratch was made to confluent transfected MCF7 and SkBr3 cells and the 

cells were grown in serum-deprived media. Images of the MCF7 (Figure 

5.2.3a) and SkBr3 cells (Figure 5.2.4a) were taken every hour via an 

IncuCyte. The average wound confluence (%) and wound closure (µM) was 

calculated over 48 hours of serum-deprivation.  

The vehicle-control (SYFP2 + Src-CFP) cells showed the lowest percentage 

wound confluence for both MCF7 cells (Figure 5.2.3b.) and SkBr3 BC cells 



- 185 - 

(Figure 5.2.4b.), when grown under serum-deprived conditions. When both 

WT VEGFR2-YFP and Src-CFP constructs were co-expressed, the 

percentage wound confluence went up slightly in comparison to the vehicle 

control BC cells in MCF7 cells and stayed at a relatively similar level in SkBr3 

cells. Interestingly, when both the KD VEGFR2-YFP and Src-CFP constructs 

were co-expressed and when both the KD P908A VEGFR2-YFP and Src-CFP 

constructs were co-expressed, the relative percentage wound confluence 

went up considerably in both BC cell lines, compared to the WT VEGFR2-YFP 

+ Src-CFP BC cells and the vehicle-control BC cells. A significant difference 

was found with respect to the WT VEGFR2-YFP + Src-CFP cells compared 

to the KD P908A VEGFR2-YFP + Src-CFP cells in the MCF7 cell line (27.57% 

+/- 2.98) (P=0.045). When both the KD P1195AP1198A VEGFR2-YFP and 

Src-CFP constructs were co-expressed and when both the KD 2x PxxP 

VEGFR2-YFP and Src-CFP constructs were co-expressed, the relative 

percentage wound closure was found to be lower in both BC cell lines in 

comparison to the KD VEGFR2-YFP + Src-CFP and KD P908AP911A 

VEGFR2-YFP + Src-CFP BC cells and was at a similar percentage wound 

confluence to that seen by the WT VEGFR2-YFP + Src-CFP BC cells.  

The average wound closure (µM) was also investigated in both BC cell lines. 

In MCF7 cells (Figure 5.2.3c.) they followed a similar pattern to the 

percentage wound confluence, showing the highest wound closure when both 

the KD VEGFR2-YFP and Src-CFP constructs were co-expressed and when 

both the KD P908AP910A VEGFR2-YFP and Src-CFP constructs were co-

expressed in comparison to the WT-VEGFR2-YFP + Src-CFP BC cells and 

the vehicle-control BC cells. In SkBr3 cells (Figure 5.2.4c.) however a higher 

average wound closure was observed when both the WT VEGFR2-YFP and 

Src-CFP constructs were co-expressed and when the KD VEGFR2-YFP and 

Src-CFP constructs were co-expressed, but both had large standard error 

bars. When SkBr3 cells co-expressed KD P908A VEGFR2-YFP and Src-CFP 

a lower average wound closure was observed compared to both the WT 

VEGFR2-YFP + Src-CFP BC cells and the KD VEGFR2-YFP + Src-CFP 

constructs BC cells. When both the KD P1195A VEGFR2-YFP and Src-CFP 

constructs were co-expressed and when the KD 2x PxxP VEGFR2-YFP and 

Src-CFP constructs were co-expressed a lower average wound closure was 
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observed when compared to the KD-VEGFR2-YFP + Src-CFP cells in both 

cell lines. Therefore, these results appear to follow the same pattern to that 

seen with the average percentage wound closure results, whereby, the 

implementation of the P1195AP1198A mutation of VEGFR2 shows lower 

migration compared to the expression of the KD VEGFR2 mutant in both BC 

cell lines.  

Overall, migration appears to be upregulated in BC cells upon implementation 

of the KD mutation and therefore, dephosphorylation of the VEGFR2 receptor, 

under serum-deprived conditions. Upon mutating the second proline-rich motif 

within VEGFR2, the migration of BC cells is observed to be much lower in 

comparison to the cells with expression of the KD and KD P908AP911A 

VEGFR2 receptor and are observed to be at similar levels to those seen with 

expression of the WT VEGFR2 receptor.  
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Figure 5.2.3 Cell migration effects of VEGFR2:Src Tier 2 signalling in 

MCF7 cells, under serum-deprived conditions.  

a. Representative images of MCF7 cells grown in a collagen-coated 96 

well plate (Essen) under serum-deprived conditions. The cells were 

transfected with plasmids encoding the expression of VEGFR2-YFP 

constructs and a YFP only (SYFP2) vehicle-control, alongside a plasmid 

encoding full-length Src-CFP in each 96-well. A scratch was made to the 

transfected and confluent cells using a Wound Maker 96 (Essen) and 

cells were then grown in serum-deprived media. Representative images 

of the cells were taken at 0hrs and 48hrs after making the scratch. b. 

Average wound confluence (%) of the MCF7 cells normalised to the YFP-

only (SYFP2) vehicle-control cells over 48 hours of serum-deprivation. c. 

Average wound closure (µM) of the MCF7 cells normalised to the YFP-

only (SYFP2) vehicle-control cells over 48 hours of serum-deprivation.  
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Figure 5.2.4 Cell migration effects of VEGFR2:Src Tier 2 signalling in 

SkBr3 cells, under serum-deprived conditions  

a. Representative images of SkBr3 cells grown in a collagen-coated 96 

well plate (Essen) under serum-deprived conditions. The cells were 

transfected with plasmids encoding the expression of VEGFR2-YFP 

constructs and a YFP only (SYFP2) vehicle-control, alongside a plasmid 

encoding full-length Src-CFP in each 96-well. A scratch was made to the 

transfected and confluent cells using a Wound Maker 96 (Essen) and 

cells were then grown in serum-deprived media. Representative images 

of the cells were taken at 0hrs and 48hrs after making the scratch. b. 

Average wound confluence (%) of the SkBr3 cells normalised to the YFP-

only (SYFP2) vehicle-control cells over 48 hours of serum-deprivation. c. 

Average wound closure (µM) of the SkBr3 cells normalised to the YFP-

only (SYFP2) vehicle-control cells over 48 hours of serum-deprivation.  

a. b. 

c. 

S
Y
FP

2+
S
rc

-C
FP

W
T-V

E
G
FR

2-
Y
FP

 +
 S

rc
-C

FP

K
D
(K

M
)-V

E
G
FR

2-
Y
FP

 +
 S

rc
-C

FP

K
D
(K

M
)-
P
90

8A
-V

E
G

FR
2-

Y
FP

 +
 S

rc
-C

FP

K
D
(K

M
)-
P
11

95
A
-V

E
G

FR
2-

Y
FP

 +
 S

rc
-C

FP

K
D
(K

M
)-
2X

P
xx

P
-V

E
G
FR

2-
Y
FP

 +
 S

rc
-C

FP

0

5

10

15

S
k

B
r3

 w
o

u
n

d
 c

o
n

fl
u

e
n

c
e
 (

%
)

S
Y
FP

2+
S
rc

-C
FP

W
T-V

E
G
FR

2-
Y
FP

 +
 S

rc
-C

FP

K
D
(K

M
)-V

E
G
FR

2-
Y
FP

 +
 S

rc
-C

FP

K
D
(K

M
)-
P
90

8A
-V

E
G

FR
2-

Y
FP

 +
 S

rc
-C

FP

K
D
(K

M
)-
P
11

95
A
-V

E
G

FR
2-

Y
FP

 +
 S

rc
-C

FP

K
D
(K

M
)-
2X

P
xx

P
-V

E
G
FR

2-
Y
FP

 +
 S

rc
-C

FP

0

100000

200000

300000

S
k

B
r3

 a
v

e
ra

g
e

 w
o

u
n

d
 c

lo
s

u
re

 (
μ

M
)



- 189 - 

5.2.3 Independent VEGFR2 and Src expression are associated 

with a lower OS probability in BC patients  

The prognostic value of VEGFR2 (KDR) and Src protein expression levels in 

BC patients was examined using the Kaplan Meier plotter database. The 

Kaplan Meier plotter can be used to analyse protein expression and correlate 

with OS levels using the clinical information from a total of 873 BC patients. 

OS curves were plotted for all BC patients within the database (n=873) of The 

Cancer Genome Atlas-reverse phase protein array (TCGA-RPPA) data using 

UniProt ID: P35968 and ID: P12931 which encodes Human VEGFR2 (KDR) 

and Human Proto-oncogene tyrosine-protein kinase Src. The plots cover all 

BC subtypes (ER, PGR and HER2 status, stage, grade, lymph node status, 

Tumour Node Metastasis stage (TNM)) and all cohorts (race, menopausal 

status, previous radiation therapy, hormone therapy and chemotherapy).  

The Kaplan Meier survival plots obtained showed a lower OS probability in BC 

patients with a high expression level of VEGFR2, but was not significantly 

correlated (hazard ratio (HR) = 1.44, 95% confidence interval (95% CI) = 0.97-

2.13 and log-rank p value = 0.07) (Figure 5.2.5a.). A lower median OS of 

97.03 months was calculated in BC patients with high VEGFR2 protein 

expression compared to a median survival of 148.53 in BC patients with low 

protein expression of VEGFR2. 

A lower OS probability was also found in BC patients with a high expression 

of Src, but was not significantly correlated (HR = 1.25, 95% CI = 0.87-1.8 and 

log-rank p value = 0.22) (Figure 5.2.5b). A lower median OS of 124.53 months 

was calculated in BC patients with high Src protein expression compared to a 

median survival of 142.23 in BC patients with low protein expression of Src. 
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Figure 5.2.5 Independent association of VEGFR2 and Src protein 

expression levels and overall BC patient survival.  

Kaplan Meier OS plots using TCGA-RPPA protein expression BC patient 

data (n=873 patients). a. OS plot of BC patients in respect to VEGFR2 

(KDR) low vs. high expression levels and corresponding median OS 

(months) and b. OS plot of BC patients in respect to Src low vs. high 

expression levels and corresponding median OS (months). Data 

obtained from http://www.kmplot.com/. 
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 5.3 Discussion 

Non-canonical signalling interactions between SH3-domains of intracellular 

proteins and RTKs, under serum-deprived conditions, has been found to be 

implicated in upregulating an oncogenic signalling outcome upon changes to 

relative protein expression levels of the particular proteins involved. When the 

non-canonical interaction between Plcg1-SH3 domain and FGFR2 C-terminal 

proline-rich motif occurred at a higher frequency under conditions where Grb2 

binding to FGFR2 could be out-competed, Plcg1 non-canonical activation via 

FGFR2 upregulated the Akt oncogenic signalling pathway via the inhibition of 

PTEN. This contributed to the excessive proliferation of ovarian cancer cells 

and towards tumour progression (Timsah et al., 2016b). The prognostic value 

of the relative protein expression levels of Plcg1, Grb2, and FGFR2  correlated 

with a higher invasive potential in lung cancer (Timsah et al., 2015). The 

activation of Akt through non-canonical activation of Plcg1 was found to be a 

novel signalling mechanism. Therefore, the non-canonical binding and 

activation of Src-kinase via VEGFR2, under serum-deprived conditions, may 

activate alternative cell signalling pathways than when canonically activated 

via ligand-induced VEGFR2 activation in BC cells. Src is known to be 

implicated in multiple downstream signalling pathways which include the 

oncogenic signalling pathway Erk/MAPK as well as the PI3K/Akt mechanism. 

Both signalling cascades upregulate many cellular outcomes including cell 

survival, angiogenesis, proliferation, cell migration, and invasion (Summy and 

Gallick, 2006; Finn, 2008). Therefore, the activation of one of these signalling 

mechanisms may be used to initiate tumorigenesis, progression and 

chemoresistance under conditions where cancer cells are under nutrient and 

serum-deprivation stress, via a Tier 2 mechanism of Src activation through 

VEGFR2.  

In this chapter we investigated whether Src-kinase is fully activated via the 

non-canonical interaction between Src SH3 domain and the P1195P1198 

motif of VEGFR2 in BC cells, under serum-deprived conditions. We also 

examined whether oncogenic signalling mechanisms were upregulated in BC 

cells when grown under serum-deprived stress conditions, downstream of the 

Tier 2 non-canonical PPI between Src SH3 domain and the P1195P1198 



- 192 - 

proline-rich motif of VEGFR2. Additionally, we investigated whether 

downstream signalling of the Tier 2 non-canonical PPI between Src and 

VEGFR2 incurs a migratory outcome in BC cells, under serum-deprived 

conditions. The prognostic significance of both VEGFR2 and Src expression 

levels in correlation with clinical data of BC patients was also explored. We 

observed that in both BC cell lines, that Src is phosphorylated at its activating 

Y416 site in response to binding through its SH3 domain to the intact 

P1195P1198 proline-rich motif within VEGFR2 C-terminal tail, under serum-

deprived conditions. Binding through its SH3 domain is one of the 

mechanisms of Src activation, but phosphorylation at Y416 gives Src its full 

catalytic activity (Martin, 2001). The non-canonical PPI between Src SH3 

domain and VEGFR2 may render Src to be in its ‘open’ conformation and thus, 

leaves the Y416 site free to be phosphorylated by an intracellular kinase. Src 

can be phosphorylated by the direct binding of FAK and CAS through binding 

to its SH2-domain within the cytosol (Aleshin and Finn, 2010). FAK is 

autophosphorylated following the engagement of integrin’s at Y397. Y397 is 

part of a pY-A-E-I motif which binds to Src SH2 domain with a higher affinity 

than the pY527 site within the C-terminal tail of Src itself, which holds Src in 

an inactive conformation. Therefore, the binding of activated FAK to Src-SH2 

domain displaces the binding of Src via its C-terminal inhibitory phosphosite 

and leads to the full activation of Src-kinase (Thomas and Brugge, 1997). In 

turn, Src is known to then fully activate FAK at a number of Y phosphosites to 

give it full catalytic activity. It has been found that under conditions simulating 

the breast tumour microenvironment and under anti-angiogenic therapy, BC 

growth under microenvironmental stress induces c-Met/β1 integrin complex 

formation which promotes features crucial to overcoming stressors during 

metastasis or anti-angiogenic therapy (Jahangiri, Arman et al., 2017). The 

formation of this integrin complex was associated with BC metastases and 

glioblastoma invasive resistance to bevacizumab. Brain metastases is a 

common occurrence in  BC patients with resistance to bevacizumab (Bergers 

and Hanahan, 2008; Carbonell et al., 2013; Jahangiri, A. et al., 2013; DeLay 

et al., 2012; Pàez-Ribes et al., 2009; Kreisl et al., 2009). C-Met/β1 formation 

was up-regulated in response to growth under hypoxia and under VEGF 

sequestration, in the presence of bevacizumab. β1 integrin activation is 
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implicated in mediating metastatic growth of BC cells and leads to the 

phosphorylation of FAK (Lahlou and Muller, 2011). Therefore, FAK could be 

activated via this mechanism, mediated by microenvironmental and anti-

angiogenic stress in BC cells. We also previously found that FAK 

phosphorylation levels were high in SkBr3 cells in response to growth under 

microenvironmental stress conditions. Moreover, the VEGFR2-mediated non-

canonical Src activation via Src SH3-domain binding to VEGFR2 C-terminal 

tail, under serum deprived conditions, appears to be a novel activation 

mechanism of Src-kinase. Phosphorylated Erk levels were also found to be 

higher in response to the non-canonical PPI between Src-kinase and 

VEGFR2, under serum-deprived conditions. Therefore, Erk may be 

phosphorylated downstream of this VEGFR2-mediated non-canonical PPI. 

Erk phosphorylation is implicated downstream of Src activation via the 

phosphorylation of Shc. The phosphorylation of Erk activates multiple 

downstream signalling pathways and cellular outcomes, including 

proliferation, angiogenesis and motility, migration and invasion (Summy and 

Gallick, 2006). In contrast, activated Akt levels in response to overexpression 

of the VEGFR2 constructs was found to be different for each BC cell line. In 

MCF7 cells Akt appeared to lose phosphorylation at T308 in response to the 

dephosphorylation of VEGFR2. On the other hand, SkBr3 cells showed 

elevated levels of phosphorylated Akt upon dephosphorylation of VEGFR2. 

However, both of these responses were found to be VEGFR2 P1195P1198 

proline-rich motif independent and thus, independent of the non-canonical PPI 

between Src SH3 domain and VEGFR2 P1195P1198 proline-rich motif within 

the C-terminal tail. Therefore, Akt is not activated in response to non-canonical 

activation of Src via VEGFR2. These results were unfortunately only n=1 due 

to laboratory time restrictions and thus, need to be repeated to obtain 

statistical validation of these results.  

Elevated Src levels have been seen in multiple solid tumours, including BC 

(Finn, 2008). In models of epithelial cancer, Src activation promotes a more 

migratory and invasive phenotype, including morphologic and biochemical 

changes more commonly associated with fibroblasts and cells of 

mesenchymal origin (Avizienyte and Frame, 2005). Activated Src is 

associated with the development, progression and metastasis of BCs and a 
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high expression has been correlated with a low-metastasis-free survival rate 

in BC patients (Ottenhoff-Kalff et al., 1992). Src activity was also found to be 

elevated in invasive carcinoma BC patient tissues compared with the 

neighbouring non-neoplastic tissues (Diaz, N. et al., 2006). Phosphorylated 

Src has also been found to activate VEGF under hypoxic conditions, to 

stimulate angiogenesis (Mukhopadhyay et al., 1995), but we found that under 

serum-deprived conditions, the BC cell lines MCF7 and SkBr3 did not secrete 

VEGF and therefore our findings under serum-deprived conditions are VEGF 

independent. Overall, aberrantly high Src activity has been found to be 

implicated in BC progression, invasion and metastasis. The activation of Erk 

downstream of non-canonical Src phosphorylation, may also be implicated in 

a migratory response. Erk activates migration and invasion signalling 

pathways via regulating cell motility. Erk phosphorylation leads to the 

activation of MLCK and Myosin. MLCK is implicated in the formation of 

lamellipodia via the formation of focal adhesions and stress fibres (Vicente-

Manzanares et al., 2009). MLCK phosphorylates MLCs which regulate 

actomyosin contractility at focal adhesions, at the leading edge, which 

sustains cellular movement (Vicente-Manzanares et al., 2009). Erk also plays 

a role in focal adhesion turnover at the leading edge of a migrating cell 

(Drosten et al., 2010; Klein et al., 2008). Here, integrin clustering activates 

FAK which recruits Src kinase. FAK and Src activate a number of focal 

adhesion proteins downstream which stimulates actin polymerisation, 

including Paxillin. Erk is recruited to Paxillin and activated, leading to further 

phosphorylation of FAK and RAC1 activation (Fincham et al., 2000; Ishibe et 

al., 2003; Slack-Davis et al., 2003). This promotes actin filament extension 

and focal adhesion turnover at the leading edge (Ishibe et al., 2004; Woodrow 

et al., 2003). Erk in turn, phosphorylates FAK at its inhibitory phosphosite, 

S910 (Zheng et al., 2009). This dual effect of Erk allows for swift turnover of 

focal adhesions for rapid cell migration. 

Here, we investigated the migratory potential of the VEGFR2-mediated non-

canonical activation of Src-kinase in BC cells, under serum-deprived 

conditions and the possible downstream activation of migration signalling 

pathways. The results from the scratch wound migration assay showed that 

upregulation of migration of BC cells appeared to be associated with the 
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VEGFR2-mediated non-canonical activation of Src, when the receptor was 

dephosphorylated. The migration of the BC cells was upregulated upon 

dephosphorylation of the VEGFR2 receptor. Upon mutating the second 

proline-rich motif within VEGFR2 C-terminal tail, and therefore abrogating 

non-canonical Src activation, the migration levels were found to be lower 

compared the both the KD VEGFR2 mutant and KD P908AP911A VEGFR2 

mutant and of similar levels to that seen with the expression of the WT 

VEGFR2 receptor. These results indicate that when the VEGFR2 receptor is 

dephosphorylated and the signalling between VEGFR2 and Src is through 

SH3 domain:proline-rich VEGFR2 interactions only, a migratory outcome is 

seen in BC cells. This could be due to this particular interaction occurring more 

frequently upon dephosphorylation of the receptor, and thus, promotes the 

binding of Src to occur through its SH3 domain to VEGFR2. Upon mutating 

the P1195P1198 proline-rich motif within VEGFR2 C-terminal tail, and 

therefore abrogating non-canonical activation of Src-kinase, the migration is 

reduced in both BC cell lines compared to the KD receptor and therefore, the 

upregulation of migration visualised upon dephosphorylation of VEGFR2 

occurs via the VEGFR2-mediated non-canonical activation of Src and 

downstream Tier 2 signalling in BC cells, under serum-deprived conditions. 

The average wound closure results of the SkBr3 cells were not taken into 

account in this overall conclusion due to the very large standard error bars for 

both the WT VEGFR2-YFP + Src-CFP cells and KD VEGFR2-YFP + Src-CFP 

cells, and thus, the results obtained were not reliable. The standard error bars 

for the SkBr3 scratch migration assay are in general larger than the MCF7 

error bars due to the SkBr3 cells not migrating as much as the MCF7 cells in 

this experiment. SkBr3 cells did not appear to cope as well with the co-

transfection process compared to MCF7 cells, thus a future direction would 

be to make and utilise VEGFR2 stably expressing BC cell lines of the VEGFR2 

mutant constructs and Src, therefore preventing the use of transfection 

reagents in this experiment.  

The patient data obtained from the Kaplan Meier Plotter Database showed an 

association with independent high levels of VEGFR2 and Src protein 

expression in BC patients and a lower OS. A significant correlation was not 

found however, this data indicates a poorer prognosis for BC patients with 
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higher protein expression levels of VEGFR2 and Src. It would be interesting 

to see whether dual expression of both VEGFR2 and Src affects BC patient 

outcome and whether this is correlated with invasive and malignant BC 

tumours and a worse patient prognosis.  

5.3.1 Conclusion 

The work presented here shows the utilisation of a novel Tier 2 mechanism in 

BC cells under serum-deprived stress conditions, via the non-canonical 

interaction of Src SH3 domain to the P1195P1198 proline-rich motif within 

VEGFR2 C-terminal tail, which was validated in the previous chapter. The 

non-canonical activation of Src and Erk was observed in response to the non-

canonical PPI between Src and VEGFR2. Non-canonical Src-kinase 

activation via VEGFR2 was found to play a role in BC cell migration when 

VEGFR2 was dephosphorylated, and therefore promoting the Src-

SH3:VEGFR2-PxxP interaction to occur. Thus, the non-canonical activation 

of Src may play a role in the phenotypic response of increased cell motility, 

when BC cells are nutrient and serum-deprived within the middle of a tumour 

mass and when under anti-angiogenic therapy. Utilisation of this mechanism 

therefore, has the potential to lead to metastasis in BC cells. Further work 

needs to be implemented in whether the activation of Erk plays a role in a 

phenotypic outcome and into the role of non-canonical Src activation and Tier 

2 signalling via VEGFR2, in other phenotypic outcomes and chemoresistance. 

The independent protein expression levels of VEGFR2 and Src were 

associated with a worse OS in BC patients. Overall, the evidence presented 

here indicates a role for Tier 2 signalling via VEGFR2-mediated non-canonical 

activation of Src-kinase, in BC progression and migration and suggests that 

the relative expression levels of these proteins could provide markers for BC 

patient metastatic outcome and survival.  
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Chapter 6 Final discussion 

BC has now surpassed lung cancer as the most commonly diagnosed cancer 

globally and is the leading cause of cancer death among women (Sung, H. et 

al., 2021). In the UK, around 55,200 new BC cases arise each year, and is the 

second highest cause of cancer death in women, with around 11,500 deaths 

a year (CancerResearchUK, 2021). One of the main reasons for the poor 

prognosis in women is the prevalent rates of BC metastasis (Yan et al., 2015). 

Despite many advances in treatment, metastatic BC remains essentially 

incurable (Roy and Perez, 2009). Invasion and metastasis is driven by 

aberrantly activated cell mechanisms which drive a motile and invasive 

phenotype (Hanahan and Weinberg, 2011). One way in which BC cells can 

undergo tumorigenesis and progression is via the aberrant activation of RTKs. 

RTKs have been found to play a crucial role in tumour progression of BCs. 

The overexpression of RTKs are implicated in increased BC aggressiveness 

and disease-free survival (Templeton et al., 2014). The dysregulation of RTK 

signalling has been implicated in inducing cancer stemness, angiogenesis and 

metastasis of BCs (Butti et al., 2018). Several RTK inhibitors have been 

approved for use in BC patient treatment and clinical benefits have been 

demonstrated in BC patients (Arora and Scholar, 2005). Unfortunately 

however, BC patients have a high prevalence of de novo and/or acquired 

resistance to RTK-targeted therapy. These tumour recurrences limit the use 

of anti-RTK therapeutics for treatment of BC and have been explained by the 

acquisition of certain cellular characteristics at the molecular level that drive a 

resistant phenotype (Gonzalez-Angulo et al., 2007). Therefore, potential 

mechanisms that give rise to BC resistance to anti-RTK therapy need to be 

investigated for successful therapeutic regimens for personalised BC 

treatment and anti-RTK therapy-resistant BCs. 

Our laboratory group discovered a novel signalling mechanism which appears 

to be initiated in response to perturbation of environmental conditions and 

cellular stress. This non-classical signal initiation has been termed Tier 2 

signalling and is hypothesised to be involved in the maintenance of 

homeostatic conditions of the cell under periods when there is no external 

stimulation. Aberrant Tier 2 signalling in response to stress-induced changes 

in cell protein expression is implicated in tumorigenesis (Timsah et al., 2016a; 
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Timsah et al., 2015; Lin et al., 2021). Aberrant Tier 2 signalling has been seen 

to contribute towards oncogenesis and tumour progression in ovarian and 

lung cancer cells. Non-canonical signalling via FGFR2 RTK and Plcg1 was 

found to give prognostic significance in ovarian and lung cancer patients. Tier 

2 signalling involves the non-canonical activation of intracellular proteins upon 

binding to proline-rich sites within RTK C-terminal tails via their SH3 domain. 

There are 58 known RTKs expressed in human cells (Lemmon and 

Schlessinger, 2010) and around 70% of these receptors express proline-rich 

sites with the PxxP motif known to be recognised by SH3 domains (Teyra et 

al., 2017). These sites have the propensity to bind to over 200 intracellular 

proteins that have over 300 SH3 domains embedded within their structures 

(Mayer and Gupta, 1998). Proline-rich:SH3 binding events have been found 

to facilitate specific, moderate to weak interactions that are essential for cell 

signalling and communication which requires fast, reversible reactions (Bornet 

et al., 2014). SH3 domains are also highly promiscuous and bind to a wide 

variety of motifs (Teyra et al., 2017). Therefore, the probability of other 

proteins binding in such a manner to proline-rich motifs within C-terminal tails 

of RTKs, under periods of cellular stress is likely. Since Tier 2 signalling does 

not involve a post-translational modification, as seen via Y phosphorylation in 

canonical Tier 1 signalling, there is no effective on-off switch for Tier 2 

signalling. Tier 2 signalling is thus, dependent solely on the relative 

intracellular concentrations of SH3 domain-containing proteins and RTKs. 

Therefore, Tier 2 signalling is able to respond to the changes in protein 

expression profiles induced by exposing the cell to stress conditions.  

This non-canonical signalling between SH3 domain-containing intracellular 

proteins and RTKs occurs under conditions where there is no external 

stimulation through binding of extracellular ligands (e.g. GFs). Therefore, this 

signalling mechanism appears to be physiologically relevant to tumour cells 

that are under cellular stress of nutrient deprivation through a lack of access 

to nutrients, GFs and ligands from the tumour vasculature. This can occur 

within the tumour microenvironment of solid tumours, where a lack of sufficient 

vasculature leads to a deficiency of nutrients and hypoxia (Anastasiou, 2017). 

Tumour growth under these conditions can activate signalling pathways which 

modify tumour behaviour and allow cancer cells to adapt to growth under 
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stress conditions (Efeyan et al., 2015). These adaptive signalling mechanisms 

are utilised by advanced tumour cells to enable metastatic-dissemination and 

growth under anti-angiogenic therapy (White, E. Z. et al., 2020). These 

adaptive processes have been found to contribute to a more malignant and 

aggressive cancer phenotype and have been associated with resistance to 

therapy (Harris, 2002). Consequently, in solid tumour malignancies, including 

the breast, growth of tumour cells under microenvironmental stress may lead 

to the aberrant activation of a non-classical Tier 2 signalling mechanism, 

between RTKs and SH3 domain-containing proteins. Cellular stress can 

severely alter protein expression levels and thus, give rise to an aberrant 

signalling outcome when normal homeostatic Tier 2 signalling is out-competed 

by interactions, whereby the particular proteins involved have elevated 

expression levels. The activation of oncogenic pathways through non-

canonical Tier-2 signalling could aid in cancer progression, survival and drug 

resistance mechanisms. The role of aberrant RTK expression in BC 

tumorigenesis and the pathogenesis of BC patients and the high levels of anti-

RTK therapy resistance suggest that Tier 2 signalling via RTKs may play a 

role in BC progression and resistance, under conditions where BC cells are 

nutrient and serum-deprived. The investigations within this thesis demonstrate 

the potential of Tier 2 signalling to play a role in BC progression.  

Herceptin treatment in BC cells showed batch-to-batch 

variability concerning Src activation  

The initial experiments investigated whether non-canonical activation of Src, 

via HER2 RTK, could occur under the inhibition of Herceptin in HER2-

overexpressing BC cells. The original findings showed promising results, 

whereby the full catalytic activation of Src occurred under serum-starved 

conditions, when HER2 was inhibited. The findings here were of particular 

physiological relevance due to the high levels of Herceptin resistance found 

in HER2-positive BC patients (Nahta and Esteva, 2006b) and the high levels 

of relapse and metastasis to the brain after Herceptin therapy (Olson et al., 

2013a). HER2 is overexpressed in around 20-25% of invasive breast tumours 

and has been associated with reduced BC patient survival (Pohlmann et al., 

2009). HER2 has previously been validated to bind to a close family member 
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of Src (Fyn) via HER2 C-terminal proline rich motif to the SH3 domain of Fyn, 

in a phosphorylation independent manner (Bornet et al., 2014). Src activation 

was also found to be implicated in Herceptin resistance mechanisms (Zhang, 

S. et al., 2011) and is known to upregulate cell migration and invasion 

pathways (Summy and Gallick, 2003). Unfortunately, the original findings 

were found to be an anomaly which was due to a possible contaminant found 

in the first batch of drug. After the use of the first batch of drug, the results 

thereafter showed no activation of Src and thus, our hypothesis was found to 

be null. Another PhD lab member was investigating the Src-SH3:HER2 

proline-rich motif interaction under serum-deprived conditions, in HER2 

overexpressing BC cells. The findings concluded that Src could bind via its 

SH2 and SH3-domain to HER2 under serum-deprived conditions, but no 

downstream studies were performed on whether these particular interactions 

gave rise to the activation of an aberrant Tier 2 signalling mechanism via Src 

SH3 domain and a tumorigenic outcome.  

Future work 

Further investigation into the activation of downstream oncogenic 

mechanisms of the Src:HER2 interaction via Src-SH3 domain and HER2 

found by another and whether these incur a pathological outcome, could be 

an important finding for the possibility of the activation of a non-canonical Tier 

2 signalling mechanism via HER2 RTK with Src-kinase, under serum-deprived 

conditions. Thus, a non-canonical Tier 2 mechanism downstream of Src 

activation in HER2-positive BC cells, under serum-deprived conditions may 

contribute towards Herceptin resistance and cancer progression when cells 

are growing under microenvironmental stress. Further study into this 

possibility needs to be performed. 

Non-canonical VEGFR2 interaction with Src-kinase validated 

in BC cells  

VEGFR2 is an RTK which is upregulated in tumour cells in response to growth 

under conditions which simulate that of the tumour microenvironment within a 

tumour mass (Olsson et al., 2006; Kranz et al., 1999). Many studies have shed 

light on the role of VEGFR2 in the initiation of angiogenesis in endothelial 

cells, but the impact on VEGFR2 expression and signalling in tumour cells has 
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not been fully elucidated to date (De Palma et al., 2017). The overexpression 

of VEGFR2 however, has been found in many types of cancer, including the 

breast and has been linked to the pathogenesis of BC patients (Guo, S. et al., 

2010). The upregulation of VEGFR2 mRNA was found earlier in invasive 

primary and metastatic BCs (Brown et al., 1995). However, how VEGFR2 

overexpression and signalling may contribute towards BC tumorigenesis and 

progression has not been fully examined.  

Our findings demonstrated that BC cells change their cellular morphology and 

proteome in response to growth under conditions simulating the tumour 

microenvironment of a solid tumour mass. Prominent filopodia and cellular 

elongation were observed in response to stress-related growth. These 

characteristics are associated with cells with increased motility and invasion 

and is implicated with a metastatic phenotype (Machesky, 2008). Results from 

western blotting profiles of SkBr3 and MCF7 cells confirmed that the relative 

protein expression levels of VEGFR2 and SH3 domain-containing proteins 

also changed in response to growth under microenvironmental stress. The 

proteomic changes were also found to be cell line specific. The two cell lines 

are of different BC subtypes and thus, the stark differences in response to 

growth under stress conditions shows the prevalent tumour heterogeneity 

between BC subtypes, which also contributes towards inconsistencies in 

therapeutic resistance regimens in BC patients (Aleskandarany et al., 2018). 

High VEGFR2 expression levels in SkBr3 cells were found in response to 

growth under hypoxia and serum-deprived conditions and in MCF7 cells under 

serum-deprived growth only. Overall, an upregulated VEGFR2 expression 

response was found in both BC cell lines in response to growth under serum-

deprived microenvironmental stress. High expression levels of the SH3-

domain containing protein, Src, was exhibited in SkBr3 cells in response to 

growth under serum-deprivation stress conditions and in MCF7 cells, elevated 

Src levels were observed in response to growth under hypoxia. The elevated 

expression levels of SH3 domain-containing proteins Plcg1, Src, and Nck1, 

which are all known to bind to VEGFR2, was observed in response to growth 

under different microenvironmental stress conditions. Therefore, BC cell 

growth under microenvironmental stress upregulates the expression levels of 

both VEGFR2 and SH3 domain-containing proteins. Through immunoblotting 
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of the relevant media of BC cells grown under the different 

microenvironmental stress conditions, it was found that under conditions of 

serum-deprivation that the stark changes in cell morphology and protein 

expression levels were VEGF independent.  

The results from the phospho-kinase array revealed that SkBr3 BC cells 

exhibited differences in kinase phosphorylation status in response to growth 

under each microenvironmental stress condition. Serum-deprivation in 

particular, reduced the number of phosphorylated proteins, which could be an 

adaptation via the cells ‘switching off’ certain cellular processes to conserve 

cellular energy into mechanisms that the cells need to adapt and survive under 

the harsh growth-conditions. Particular proteins which were phosphorylated in 

response to serum-deprivation only includes oncoproteins C-Jun, CREB, P70 

S6 kinase, Plcg1, and PYK2 which are all implicated in cell survival, 

proliferation and metastasis (Vleugel, Marije M. et al., 2006; Xiao et al., 2010; 

Pon et al., 2008; Sala et al., 2008; Al-Juboori et al., 2019). The tumour 

suppressor proteins p53 and Chk-2 also displayed higher phosphorylation 

levels in SkBr3 cells grown under serum-deprivation, which are both activated 

in response to DNA damage and in stress-response (Antoni et al., 2007; 

Vogelstein et al., 2000). Therefore, the activation of these two proteins may 

maintain tumour cell survival through DNA-repair. The hyperactivation of 

kinases was observed in response to growth under hypoxia and in the 

presence of serum and GFs. This response was hypothesised to be due to 

the hyperactivation of RTK and GF receptors in adaptation to growth under 

hypoxic-stress conditions via the binding of available ligands in the FBS 

serum. Kinases phosphorylated in response to growth under both serum-

deprivation and hypoxia included FAK, PRAS40 and CREB which are all 

implicated in cell proliferation, survival, motility and metastasis (Xiao et al., 

2010; Dawson et al., 2021; Lv et al., 2017). The data presented within this 

thesis revealed the activation of particular kinase in response to growth under 

microenvironmental stress conditions in BC cells.  

Non-canonical PPIs were observed between VEGFR2 and SH3 domain-

containing proteins Plcg1, Src, and Nck1 under serum-deprived conditions, 

via the use of Co-IP and pull-down experiments in BC cells. The Co-IP results 

from the YFP pull-down, involving the use of VEGFR2-YFP mutant constructs, 
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confirmed that the mutation of the second proline-rich motif, P1195P1198, 

within the C-terminal tail of VEGFR2 abrogated the non-canonical PPIs in both 

BC cell lines. Thus, confirming that the interactions observed between 

VEGFR2 and the SH3 domain-containing proteins, under serum-deprived 

conditions, was through binding to the P1195P1198 motif within the C-terminal 

tail of VEGFR2. Further validation of the interactions occurring through this 

particular proline-rich motif of VEGFR2, under serum-deprived conditions, 

was performed via the use of a mutant VEGFR2 C-terminal tail peptide via an 

MBP pull-down in serum-deprived BC cell lysates. The results from this also 

concluded that the binding of the SH3 domain-containing proteins was via the 

P1195P1198 motif. Non-canonical SH3-domain binding of Src to VEGFR2 

P1195P1198 proline-rich motif, under serum-deprived conditions in BC cells, 

was demonstrated through Co-IP and via FRET. Both of these techniques are 

validated and known methods in detection of PPIs between molecules within 

cells. These techniques also foster both in vitro and in vivo methods of PPI 

detection (Cui et al., 2019). PPIs often require an intact cellular environment, 

therefore the FRET results validated the Co-IP results obtained from the CFP 

pull-down experiments.  

Future work 

Investigations into the proteomic expression profiles of other RTKs and SH3 

domain-containing proteins in tumour cells, under microenvironmental-stress 

growth, may provide further area of study into other possibilities of aberrant 

Tier 2 signalling mechanisms in various tumour types. Further experiments 

would need to be performed to elucidate whether Nck1 and Plcg1 also binds 

via their SH3 domains to the P1195P1198 proline-rich motif within the C-

terminal tail of VEGFR2, under serum-deprived conditions in BC cells. The 

results from the CFP-pull down however, indicated that Plcg1 did not bind via 

its SH3-domain but via its SH2-domain to VEGFR2 only.  
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Non-canonical Src interaction via VEGFR2 may activate 

aberrant Tier 2 oncogenic signalling mechanisms and 

upregulate a migratory response in BC cells  

Immunoblotting results of BC cells with the overexpression of each mutant of 

VEGFR2 confirmed that Src and Erk were phosphorylated in response to an 

intact P1195P1198 motif within VEGFR2 C-terminal tail, under serum-

deprived conditions. A proposed hypothesis for Src activation at Y416 was 

through the non-canonical SH3-domain binding to VEGFR2 P1195P1198 

proline-rich motif, which changes the conformation of Src to an ‘open’ state. 

This open conformation renders Src to be available to phosphorylation at 

Y416 via intracellular kinases. Src can be phosphorylated and activated via 

the intracellular kinase, FAK (Aleshin and Finn, 2010). FAK 

autophosphorylation occurs through integrin’s (Thomas and Brugge, 1997). It 

has previously been reported that the c-Met/β1-integrin is upregulated in 

response to growth under microenvironmental stress and under the 

sequestration of VEGF via the anti-angiogenic bevacizumab in BC cells 

(Jahangiri, Arman et al., 2017). C-Met/β1 formation was associated with the 

promotion of features important for overcoming these stressors, including 

increased BC metastases and glioblastoma invasive resistance, a common 

occurrence after short-lived response to bevacizumab (Bergers and Hanahan, 

2008; Carbonell et al., 2013; Jahangiri, A. et al., 2013; DeLay et al., 2012; 

Pàez-Ribes et al., 2009; Kreisl et al., 2009). β1 integrin activation has been 

previously found to be implicated in mediating metastatic growth of BC cells 

and leads to the phosphorylation of FAK (Lahlou and Muller, 2011). Therefore, 

FAK activation through this mechanism, mediated by microenvironmental and 

anti-angiogenic stress in BC cells could be a possible mechanism of Src 

intracellular phosphorylation, via VEGFR2-mediated non-canonical Src 

conformational activation through SH3-domain binding to VEGFR2. Erk 

phosphorylation is also implicated downstream of FAK-Src activation, and 

phosphorylates cytoplasmic proteins MLCK and MLC (Barkan and Chambers, 

2011). This signalling is implicated in the formation of lamellipodia via the 

formation of focal adhesions and stress fibres (Vicente-Manzanares et al., 

2009). The activation of Erk is also implicated in upregulating proliferation 

signalling and thus, further work into the effect of non-canonical Erk activation 
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with respect to proliferation still needs to be performed. Repeated 

immunoblotting needs to be accomplished to further validate these findings.  

The migration assay results revealed a novel mechanism whereby, the non-

canonical activation of Src-kinase via VEGFR2 promoted a migratory 

phenotype in BC cells, when the VEGFR2 receptor was dephosphorylated. 

Upon VEGFR2 dephosphorylation, the signalling between VEGFR2 and Src 

occurs via Src SH3 domain:P1195P1198 VEGFR2 interactions only. 

Therefore the frequency of Src binding to VEGFR2 in this manner may occur 

more frequently upon dephosphorylation of the VEGFR2 receptor, and thus, 

promotes higher levels of non-canonical activation of Src to occur. BC cell 

migration was reduced upon the mutation of the P1195P1198 motif within 

VEGFR2 C-terminal tail compared to the expression of the KD VEGFR2 

constructs with an intact P1195P1198 proline-rich VEGFR2 motif. Therefore, 

the migratory response observed in the BC cells upon dephosphorylation of 

the VEGFR2 receptor appears to be through the non-canonical activation of 

Src-kinase via the binding through its SH3-domain to VEGFR2 P1195P1198 

motif, occurring at a higher frequency. The work presented here supports the 

utilisation of a novel non-canonical Tier 2 mechanism in BC cells, which is 

implicated in the activation of cell migration pathways, through the non-

canonical activation of Src-kinase. Thus, the aberrant activation of Src and 

consequent Tier 2 signalling may play a role in the phenotypic response of BC 

cells, which are under nutrient and serum-deprived microenvironmental 

stress, for example within a solid tumour mass and under anti-angiogenic 

therapy. The upregulation of this mechanism, therefore has the potential to 

lead to BC survival and metastasis when under these microenvironmental 

stress conditions.  

The VEGFR2-YFP-mutant construct pull-down, CFP pull-down and FRET 

results revealed that a basal phosphorylation of VEGFR2 is maintained under 

serum-deprived conditions and allows the binding of Src via its SH2 domain 

to also occur. The migration results indicated that wildtype-VEGFR2 co-

expression with Src-kinase showed lower migration levels in BC cells 

compared to that seen when the receptor was dephosphorylated. The 

proposed hypothesis here, is that when Src is activated via binding through 

its SH3 domain only, under serum-deprived microenvironmental stress 
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conditions, promotes a Tier 2 signalling response and activates downstream 

migration pathways. The SH2-domain of Src was also observed to bind to 

wildtype VEGFR2 under serum-deprived conditions in the CFP pull-down and 

FRET results. When binding of Src can occur via its SH2-domain to basal-

phosphorylated wildtype VEGFR2 this appears to maintain a homeostatic 

signal when cells are under basal conditions and thus, a migratory outcome 

was not seen with expression of the WT VEGFR2 construct in BC cells. 

Consequently, the binding of Src to VEGFR2 appears to maintain cellular 

homeostasis. When binding via its SH3 domain-only prevails, an aberrant Tier 

2 mechanism is activated. Therefore, BC utilisation of the non-canonical 

activation of Src via its SH3 domain may play a role in the activation of BC 

Tier 2 oncogenic signalling mechanisms, to contribute towards BC cell 

survival, migration and progression, when under microenvironmental stress 

growth and under anti-angiogenic therapy. A schematic of the proposed 

hypothesis of the utilisation of non-canonical Src activation via VEGFR2, to 

promote BC cell survival and progression via the upregulation of downstream 

aberrant Tier 2 signalling in BC cells, when under microenvironmental stress 

conditions is shown in Figure 6.1.  

 

 

Survival 
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Figure 6.1 The proposed hypothesis of non-canonical Src activation 

and downstream Tier 2 signalling in BC cells, under 

microenvironmental stress growth  

When the non-canonical binding of Src-kinase occurs via its SH3-domain 

to VEGFR2 P1195P1198 proline-rich motif, it renders Src to be in an 

‘open’ conformation. FAK, which is activated in response to β1-integrin 

activation under microenvironmental stress, gives full catalytic activation 

of Src kinase at Y416. Src activation can phosphorylate Erk downstream 

of this pathway and therefore activate downstream migration and 

proliferation pathways in BC cells, under nutrient and serum-deprived 

microenvironmental stress conditions. These conditions are in response 

to growth within a tumour mass and when under anti-angiogenic therapy.   

Future work  

A future direction of the project would be to further investigate into other 

downstream phenotypic outcomes of Src and Erk signalling, including cellular 

proliferation as a possible phenotypic outcome of the VEGFR2-mediated non-

canonical activation of Src-kinase in BC cells, under serum-deprived 

conditions. Erk is implicated in the activation of many genes which activate 

proliferation signalling pathways (Eblen, 2018; Kolch, 2000; Schulze et al., 

2001; Deming et al., 2008; O'Neill and Kolch, 2004). Here, a proliferation 

assay, such as the bromodeoxyuridine (BrdU) incorporation assay which 

detects DNA synthesis during cell proliferation, could be utilised.  

Moreover, further study to validate the particular downstream signalling 

proteins which are activated by non-canonical Src and Erk activation, their 

phosphorylation status and other phenotypic outcomes of this non-canonical 

Tier 2 signalling in BC cells would be an interesting area of study.  

Further work into the hypothesised activation mechanism via FAK activation 

through C1-Met/β1 integrin complex formation in BC cells would need to 

performed to further validate this hypothesis of FAK activation in response to 

tumour microenvironmental stress growth conditions. Therefore, the 

verification of FAK activation playing a role in the full activation of Src via Y416 

phosphorylation also needs to be implemented in future study. The activation 

of kinases seen in the kinase array in response to growth under 
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microenvironment stress needs to be validated as to whether they are 

activated downstream of the Tier 2 signalling pathway.  

The role of Tier 2 signalling via non-canonical Src activation in drug-resistance 

mechanisms could also be investigated further, via the treatment of different 

therapeutic drugs used to treat BC patients and determining whether BC cells 

with non-canonical activation of Src-kinase show a resistant phenotype 

compared to control BC cells. This would include investigating the effect of  

Bevacuzimab treatment which sequesters VEGF-A and the VEGFR2-

targeting mAb, Ramucirumab in BC cells and to determine whether Tier 2 

signalling through non-canonical Src activation is a possible drug-resistance 

mechanism in BC.  

Final conclusion 

The main novel findings here are particularly relevant to BC research. High 

VEGFR2 expression levels have been correlated with a significantly worse 

OS in BC patients and is correlated with lymph node metastasis of BC (Yan 

et al., 2015) and with decreased BC-specific survival (Rydén et al., 2010). The 

expression of migration markers and proliferation markers have also been 

correlated with a high level of VEGFR2 expression in BC patient samples (Yan 

et al., 2015; Nakopoulou et al., 2002). The lower OS of BC patients with high 

expression levels of VEGFR2 and Src indicates a poorer prognosis for 

patients with high expression levels of both proteins. Overall, VEGFR2 is 

overexpressed in BCs and appears to be implicated in tumour metastasis and 

proliferation. The data presented here suggests a role for Tier 2 signalling via 

VEGFR2-mediated non-canonical activation of Src-kinase to be implicated in 

BC progression and migration under microenvironmental stress growth, 

including tumour growth within a solid tumour mass and when under anti-

angiogenic therapy. Therefore, the findings suggest that the relative protein 

expression levels of VEGFR2 and Src could be used as prognostic factors for 

BC patient metastatic outcome and survival. Further work needs to be 

implemented into the possible role of non-canonical Src activation via 

VEGFR2 and consequential downstream Tier 2 signalling, in other phenotypic 

outcomes and chemoresistance. Consequently, further insight into this area 
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of research may contribute towards the development of new therapeutic 

strategies for personalised BC patient treatment. 

In conclusion, the data presented within this thesis supports a novel Tier 2 

signalling mechanism in BC cells, which is upregulated in response to growth 

under nutrient and serum-deprived microenvironmental stress. Here, the non-

canonical PPI between VEGFR2 P1195P1198 proline-rich motif and the SH3 

domain of Src allows Src kinase to become fully activated via phosphorylation 

at Y416. This has been hypothesised to occur through the binding of 

microenvironmental stress-activated FAK intracellular kinase. Further work 

needs to be carried out to support this theory. Furthermore, the aberrant non-

canonical activation of Src-kinase via binding through its SH3 domain to 

VEGFR2 upregulates BC cell migration. The activation of Erk observed, 

downstream of non-canonical Src activation via VEGFR2, may play a role in 

the activation of Tier 2 migration signalling pathways. This novel Tier 2 

mechanism of signalling may play an important role in BC survival and 

progression under growth within the microenvironment of a tumour mass and 

towards resistance to anti-angiogenic therapies when BC patients are under 

anti-angiogenic treatment.  
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Supplementary 

Supplementary 1.1 CFP-domain construct sequencing 

results 

The following results were obtained via sending the cloned CFP plasmid to 

Genewiz and determining the sequencing via Clustal Omega (EMBL). Each 

insert is highlighted in yellow. Src domain sequence was checked against the 

sequence provided via UniProtKB - P12931 (SRC_HUMAN) and the Plcg1 

sequence checked against the sequence provided via UniProtKB – P19174 

(PLCG1_HUMAN). 

1.1.1 Src full length-CFP construct 

Forward EGFP-C primer 

 

WT_Src_FL                    ---ATGGGTAGCAACAAGAGCAAGCCCAAGGATGCCAGCCAGCGGCGCCGCAGCCTGGAG 57 

Src_FL_2-EGFP-C-FOR_E14      TATATGGGTAGCAACAAGAGCAAGCCCAAGGATGCCAGCCAGCGGCGCCGCAGCCTGGAG 120 

                                ********************************************************* 

 

WT_Src_FL                    CCCGCCGAGAACGTGCACGGCGCTGGCGGGGGCGCTTTCCCCGCCTCGCAGACCCCCAGC 117 

Src_FL_2-EGFP-C-FOR_E14      CCCGCCGAGAACGTGCACGGCGCTGGCGGGGGCGCTTTCCCCGCCTCGCAGACCCCCAGC 180 

                             ************************************************************ 

 

WT_Src_FL                    AAGCCAGCCTCGGCCGACGGCCACCGCGGCCCCAGCGCGGCCTTCGCCCCCGCGGCCGCC 177 

Src_FL_2-EGFP-C-FOR_E14      AAGCCAGCCTCGGCCGACGGCCACCGCGGCCCCAGCGCGGCCTTCGCCCCCGCGGCCGCC 240 

                             ************************************************************ 

 

WT_Src_FL                    GAGCCCAAGCTGTTCGGAGGCTTCAACTCCTCGGACACCGTCACCTCCCCGCAGAGGGCG 237 

Src_FL_2-EGFP-C-FOR_E14      GAGCCCAAGCTGTTCGGAGGCTTCAACTCCTCGGACACCGTCACCTCCCCGCAGAGGGCG 300 

                             ************************************************************ 

 

WT_Src_FL                    GGCCCGCTGGCCGGTGGAGTGACCACCTTTGTGGCCCTCTATGACTATGAGTCTAGGACG 297 

Src_FL_2-EGFP-C-FOR_E14      GGCCCGCTGGCCGGTGGAGTGACCACCTTTGTGGCCCTCTATGACTATGAGTCTAGGACG 360 

                             ************************************************************ 

 

WT_Src_FL                    GAGACAGACCTGTCCTTCAAGAAAGGCGAGCGGCTCCAGATTGTCAACAACACAGAGGGA 357 

Src_FL_2-EGFP-C-FOR_E14      GAGACAGACCTGTCCTTCAAGAAAGGCGAGCGGCTCCAGATTGTCAACAACACAGAGGGA 420 

                             ************************************************************ 

 

WT_Src_FL                    GACTGGTGGCTGGCCCACTCGCTCAGCACAGGACAGACAGGCTACATCCCCAGCAACTAC 417 

Src_FL_2-EGFP-C-FOR_E14      GACTGGTGGCTGGCCCACTCGCTCAGCACAGGACAGACAGGCTACATCCCCAGCAACTAC 480 

                             ************************************************************ 

 

WT_Src_FL                    GTGGCGCCCTCCGACTCCATCCAGGCTGAGGAGTGGTATTTTGGCAAGATCACCAGACGG 477 

Src_FL_2-EGFP-C-FOR_E14      GTGGCGCCCTCCGACTCCATCCAGGCTGAGGAGTGGTATTTTGGCAAGATCACCAGACGG 540 

                             ************************************************************ 

 

WT_Src_FL                    GAGTCAGAGCGGTTACTGCTCAATGCAGAGAACCCGAGAGGGACCTTCCTCGTGCGAGAA 537 

Src_FL_2-EGFP-C-FOR_E14      GAGTCAGAGCGGTTACTGCTCAATGCAGAGAACCCGAGAGGGACCTTCCTCGTGCGAGAA 600 

                             ************************************************************ 

 

WT_Src_FL                    AGTGAGACCACGAAAGGTGCCTACTGCCTCTCAGTGTCTGACTTCGACAACGCCAAGGGC 597 

Src_FL_2-EGFP-C-FOR_E14      AGTGAGACCACGAAAGGTGCCTACTGCCTCTCAGTGTCTGACTTCGACAACGCCAAGGGC 660 

                             ************************************************************ 

 

WT_Src_FL                    CTCAACGTGAAGCACTACAAGATCCGCAAGCTGGACAGCGGCGGCTTCTACATCACCTCC 657 

Src_FL_2-EGFP-C-FOR_E14      CTCAACGTGAAGCACTACAAGATCCGCAAGCTGGACAGCGGCGGCTTCTACATCACCTCC 720 

                             ************************************************************ 

 

WT_Src_FL                    CGCACCCAGTTCAACAGCCTGCAGCAGCTGGTGGCCTACTACTCCAAACACGCCGATGGC 717 

Src_FL_2-EGFP-C-FOR_E14      CGCACCCAGTTCAACAGCCTGCAGCAGCTGGTGGCCTACTACTCCAAACACGCCGATGGC 780 

                             ************************************************************ 

 

WT_Src_FL                    CTGTGCCACCGCCTCACCACCGTGTGCCCCACGTCCAAGCCGCAGACTCAGGGCCTGGCC 777 

Src_FL_2-EGFP-C-FOR_E14      CTGTGCCACCGCCTCACCACCGTGTGCCCCACGTCCAAGCCGCAGACTCAGGGCCTGGCC 840 

                             ************************************************************ 

 

WT_Src_FL                    AAGGATGCCTGGGAGATCCCTCGGGAGTCGCTGCGGCTGGAGGTCAAGCTGGGCCAGGGC 837 

Src_FL_2-EGFP-C-FOR_E14      AAGGATGCCTGGGAGATCCCTCGGGAGTCGCTGCGGCTGGAGGTCAAGCTGGGCCAGGGC 900 

                             ************************************************************ 

 

WT_Src_FL                    TGCTTTGGCGAGGTGTGGATGGGGACCTGGAACGGTACCACCAGGGTGGCCATCAAAACC 897 

Src_FL_2-EGFP-C-FOR_E14      TGCTTTGGCGAGGTGTGGATGGGGACCTGGAACGGTACCACCAGGGTGGCCATCAAAACC 960 

                             ************************************************************ 
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WT_Src_FL                    CTGAAGCCTGGCACGATGTCTCCAGAGGCCTTCCTGCAGGAGGCCCAGGTCATGAAGAAG 957 

Src_FL_2-EGFP-C-FOR_E14      CTGAAGCCTGGCACGATGTCTCCAGAGGCCTTCCTGCAGGAGGCCCAGGTCATGAAAAAG 1020 

                             ******************************************************** *** 

 

 

SV40pA-R Reverse primer 
 
 

WT_Src_FL                  TTTGGCGAGGTGTGGATGGGGACCTGGAACGGTACCACCAGGGTGGCCATCAAAACCCTG 900 

Src_FL_2-SV40pA-R_G14      TTTGGCGAGGTGTGGATGGGGACCTGGAACGGTACCACCAGGGTGGCCATCAAAACCCTG 331 

                           ************************************************************ 

 

WT_Src_FL                  AAGCCTGGCACGATGTCTCCAGAGGCCTTCCTGCAGGAGGCCCAGGTCATGAAGAAGCTG 960 

Src_FL_2-SV40pA-R_G14      AAGCCTGGCACGATGTCTCCAGAGGCCTTCCTGCAGGAGGCCCAGGTCATGAAGAAGCTG 391 

                           ************************************************************ 

 

WT_Src_FL                  AGGCATGAGAAGCTGGTGCAGTTGTATGCTGTGGTTTCAGAGGAGCCCATTTACATCGTC 1020 

Src_FL_2-SV40pA-R_G14      AGGCATGAGAAGCTGGTGCAGTTGTATGCTGTGGTTTCAGAGGAGCCCATTTACATCGTC 451 

                           ************************************************************ 

 

WT_Src_FL                  ACGGAGTACATGAGCAAGGGGAGTTTGCTGGACTTTCTCAAGGGGGAGACAGGCAAGTAC 1080 

Src_FL_2-SV40pA-R_G14      ACGGAGTACATGAGCAAGGGGAGTTTGCTGGACTTTCTCAAGGGGGAGACAGGCAAGTAC 511 

                           ************************************************************ 

 

WT_Src_FL                  CTGCGGCTGCCTCAGCTGGTGGACATGGCTGCTCAGATCGCCTCAGGCATGGCGTACGTG 1140 

Src_FL_2-SV40pA-R_G14      CTGCGGCTGCCTCAGCTGGTGGACATGGCTGCTCAGATCGCCTCAGGCATGGCGTACGTG 571 

                           ************************************************************ 

 

WT_Src_FL                  GAGCGGATGAACTACGTCCACCGGGACCTTCGTGCAGCCAACATCCTGGTGGGAGAGAAC 1200 

Src_FL_2-SV40pA-R_G14      GAGCGGATGAACTACGTCCACCGGGACCTTCGTGCAGCCAACATCCTGGTGGGAGAGAAC 631 

                           ************************************************************ 

 

WT_Src_FL                  CTGGTGTGCAAAGTGGCCGACTTTGGGCTGGCTCGGCTCATTGAAGACAATGAGTACACG 1260 

Src_FL_2-SV40pA-R_G14      CTGGTGTGCAAAGTGGCCGACTTTGGGCTGGCTCGGCTCATTGAAGACAATGAGTACACG 691 

                           ************************************************************ 

 

WT_Src_FL                  GCGCGGCAAGGTGCCAAATTCCCCATCAAGTGGACGGCTCCAGAAGCTGCCCTCTATGGC 1320 

Src_FL_2-SV40pA-R_G14      GCGCGGCAAGGTGCCAAATTCCCCATCAAGTGGACGGCTCCAGAAGCTGCCCTCTATGGC 751 

                           ************************************************************ 

 

WT_Src_FL                  CGCTTCACCATCAAGTCGGACGTGTGGTCCTTCGGGATCCTGCTGACTGAGCTCACCACA 1380 

Src_FL_2-SV40pA-R_G14      CGCTTCACCATCAAGTCGGACGTGTGGTCCTTCGGGATCCTGCTGACTGAGCTCACCACA 811 

                           ************************************************************ 

 

WT_Src_FL                  AAGGGACGGGTGCCCTACCCTGGGATGGTGAACCGCGAGGTGCTGGACCAGGTGGAGCGG 1440 

Src_FL_2-SV40pA-R_G14      AAGGGACGGGTGCCCTACCCTGGGATGGTGAACCGCGAGGTGCTGGACCAGGTGGAGCGG 871 

                           ************************************************************ 

 

WT_Src_FL                  GGCTACCGGATGCCCTGCCCGCCGGAGTGTCCCGAGTCCCTGCACGACCTCATGTGCCAG 1500 

Src_FL_2-SV40pA-R_G14      GGCTACCGGATGCCCTGCCCGCCGGAGTGTCCCGAGTCCCTGCACGACCTCATGTGCCAG 931 

                           ************************************************************ 

 

WT_Src_FL                  TGCTGGCGGAAGGAGCCTGAGGAGCGGCCCACCTTCGAGTACCTGCAGGCCTTCCTGGAG 1560 

Src_FL_2-SV40pA-R_G14      TGCTGGCGGAAGGAGCCTGAGGAGCGGCCCACCTTCGAGTACCTGCAGGCCTTCCTGGAG 991 

                           ************************************************************ 

 

WT_Src_FL                  GACTACTTCACGTCCACCGAGCCCCAGTACCAGCCCGGGGAGAACCTCTAG--------- 1611 

Src_FL_2-SV40pA-R_G14      GACTACTTCACGTCCACCGAGCCCCAGTACCAGCCCGGGGAGAACCTCTAGATGAATTCT 1051 

                           ***************************************************      

     

1.1.2 Src SH3 domain-CFP construct 

Forward EGFP-C primer 

 

WT_Src_FL                   CCGCTGGCCGGTGGAGTGACCACCTTTGTGGCCCTCTATGACTATGAGTCTAGGACGGAG 300 

Src_SH3-EGFP-C-FOR_E18      CAAGCTTATGGTGGAGTGACCACCTTTGTGGCCCTCTATGACTATGAGTCTAGGACGGAG 113 

                            *        *************************************************** 

 

WT_Src_FL                   ACAGACCTGTCCTTCAAGAAAGGCGAGCGGCTCCAGATTGTCAACAACACAGAGGGAGAC 360 

Src_SH3-EGFP-C-FOR_E18      ACAGACCTGTCCTTCAAGAAAGGCGAGCGGCTCCAGATTGTCAACAACACAGAGGGAGAC 173 

                            ************************************************************ 

 

WT_Src_FL                   TGGTGGCTGGCCCACTCGCTCAGCACAGGACAGACAGGCTACATCCCCAGCAACTACGTG 420 

Src_SH3-EGFP-C-FOR_E18      TGGTGGCTGGCCCACTCGCTCAGCACAGGACAGACAGGCTACATCCCCAGCAACTACGTG 233 

                            ************************************************************ 

 

WT_Src_FL                   GCGCCCTCCGACTCCATCCAGGCTGAGGAGTGGTATTTTGGCAAGATCACCAGACGGGAG 480 

Src_SH3-EGFP-C-FOR_E18      GCGCCCTCCGACTCCATGAATTCTGCAGTCGACGGTACCGCGGGCCCGGGATCCACCGGA 293 

                            *****************  *  ***  *       *   *                 *   
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1.1.3 Src SH2 domain-CFP construct 

Forward EGFP-C primer 

 
WT_Src_FL                     GCGCCCTCCGACTCCATCCAGGCTGAGGAGTGGTATTTTGGCAAGATCACCAGACGGGAG 480 

Src_SH2_2-EGFP-C-FOR_I14      TCCGGACTCAGATCTCGAGCTCAAGCTTATTGGTATTTTGGCAAGATCACCAGACGGGAG 93 

                               *      *   **          *   * ****************************** 

 

WT_Src_FL                     TCAGAGCGGTTACTGCTCAATGCAGAGAACCCGAGAGGGACCTTCCTCGTGCGAGAAAGT 540 

Src_SH2_2-EGFP-C-FOR_I14      TCAGAGCGGTTACTGCTCAATGCAGAGAACCCGAGAGGGACCTTCCTCGTGCGAGAAAGT 153 

                              ************************************************************ 

 

WT_Src_FL                     GAGACCACGAAAGGTGCCTACTGCCTCTCAGTGTCTGACTTCGACAACGCCAAGGGCCTC 600 

Src_SH2_2-EGFP-C-FOR_I14      GAGACCACGAAAGGTGCCTACTGCCTCTCAGTGTCTGACTTCGACAACGCCAAGGGCCTC 213 

                              ************************************************************ 

 

WT_Src_FL                     AACGTGAAGCACTACAAGATCCGCAAGCTGGACAGCGGCGGCTTCTACATCACCTCCCGC 660 

Src_SH2_2-EGFP-C-FOR_I14      AACGTGAAGCACTACAAGATCCGCAAGCTGGACAGCGGCGGCTTCTACATCACCTCCCGC 273 

                              ************************************************************ 

 

WT_Src_FL                     ACCCAGTTCAACAGCCTGCAGCAGCTGGTGGCCTACTACTCCAAACACGCCGATGGCCTG 720 

Src_SH2_2-EGFP-C-FOR_I14      ACCCAGTTCAACAGCCTGCAGCAGCTGGTGGCCTACTACTCCAAACACGCCGATGGCCTG 333 

                              ************************************************************ 

 

WT_Src_FL                     TGCCACCGCCTCACCACCGTGTGCCCCACGTCCAAGCCGCAGACTCAGGGCCTGGCCAAG 780 

Src_SH2_2-EGFP-C-FOR_I14      TGCCACCGCCTCACCACCGTGTGCATGAATTCTGCAGTCGACGGTACCGCGGGC--CCGG 391 

                              ************************   *  **        *   *   *       *  * 

 

1.1.4 Plcg1 SH2-N domain-CFP construct 

Forward EGFP-C primer 

 
WT_PLCY1                        CAGCACAGAGCTGCACTCCAATGAGAAGTGGTTCCATGGGAAGCTAGGGGCAGGGCGTGA 1679 

PLCY1_SH2_N-EGFP-C-FOR_I18      CGGACTCAGATCTCGAGCTCAAGCTTATTGGTTCCATGTCAAGCTAGGGGCAGGGCGTGA 76 

                                * *          *   *  * *   * ******************************** 

 

WT_PLCY1                        CGGGCGTCACATCGCTGAGCGCCTGCTTACTGAGTACTGCATCGAGACCGGAGCCCCTGA 1739 

PLCY1_SH2_N-EGFP-C-FOR_I18      CGGGCGTCACATCGCTGAGCGCCTGCTTACTGAGTACTGCATCGAGACCGGAGCCCCTGA 136 

                                ************************************************************ 

 

WT_PLCY1                        CGGCTCCTTCCTCGTGCGAGAGAGTGAGACCTTCGTGGGCGACTACACGCTCTCTTTCTG 1799 

PLCY1_SH2_N-EGFP-C-FOR_I18      CGGCTCCTTCCTCGTGCGAGAGAGTGAGACCTTCGTGGGCGACTACACGCTCTCTTTCTG 196 

                                ************************************************************ 

 

WT_PLCY1                        GCGGAACGGGAAAGTCCAGCACTGCCGTATCCACTCCCGGCAAGATGCTGGGACCCCCAA 1859 

PLCY1_SH2_N-EGFP-C-FOR_I18      GCGGAACGGGAAAGTCCAGCACTGCCGTATCCACTCCCGGCAAGATGCTGGGACCCCCAA 256 

                                ************************************************************ 

 

WT_PLCY1                        GTTCTTCTTGACAGACAACCTCGTCTTTGACTCCCTCTATGACCTCATCACGCACTACCA 1919 

PLCY1_SH2_N-EGFP-C-FOR_I18      GTTCTTCTTGACAGACAACCTCGTCTTTGACTCCCTCTATGACCTCATCACGCACTACCA 316 

                                ************************************************************ 

 

WT_PLCY1                        GCAGGTGCCCCTGCGCTGTAATGAGTTTGAGATGCGACTTTCAGAGCCTGTCCCACAGAC 1979 

PLCY1_SH2_N-EGFP-C-FOR_I18      GCAGGTGCCCCTGCGCTGTAATGAGTTTGAGATGCGACTTTCAGAGCCTGTCATGAATTC 376 

                                ****************************************************    *  * 

1.1.5 Plcg1 SH2-C domain-CFP construct 

Forward EGFP-C primer 

 
WT_PLCY1                        AACGCCCACGAGAGCAAAGAGTGGTACCACGCGAGCCTGACCAGAGCACAGGCTGAGCAC 2040 

PLCY1_SH2_C-EGFP-C-FOR_M18      AGATCTCGAGCTCAAGCTTATTGGTACCACGCGAGCCTGACCAGAGCACAGGCTGAGCAC 102 

                                *   * *  *         * *************************************** 

 

WT_PLCY1                        ATGCTAATGCGCGTCCCTCGTGATGGGGCCTTCCTGGTGCGGAAGCGGAATGAACCCAAC 2100 

PLCY1_SH2_C-EGFP-C-FOR_M18      ATGCTAATGCGCGTCCCTCGTGATGGGGCCTTCCTGGTGCGGAAGCGGAATGAACCCAAC 162 

                                ************************************************************ 

 

WT_PLCY1                        TCATATGCCATCTCTTTCCGGGCTGAGGGCAAGATCAAGCATTGCCGTGTCCAGCAAGAG 2160 

PLCY1_SH2_C-EGFP-C-FOR_M18      TCATATGCCATCTCTTTCCGGGCTGAGGGCAAGATCAAGCATTGCCGTGTCCAGCAAGAG 222 

                                ************************************************************ 

 

WT_PLCY1                        GGCCAGACAGTGATGCTAGGGAACTCGGAGTTCGACAGCCTTGTTGACCTCATCAGCTAC 2220 

PLCY1_SH2_C-EGFP-C-FOR_M18      GGCCAGACAGTGATGCTAGGGAACTCGGAGTTCGACAGCCTTGTTGACCTCATCAGCTAC 282 

                                ************************************************************ 
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WT_PLCY1                        TATGAGAAACACCCGCTATACCGCAAGATGAAGCTGCGCTATCCCATCAACGAGGAGGCA 2280 

PLCY1_SH2_C-EGFP-C-FOR_M18      TATGAGAAACACCCGCTATACCGCAAGATGAAGCTGCGCTATCCCATCATGAATTCTGCA 342 

                                *************************************************   *    *** 

 

 

1.1.6 Plcg1 SH3-domain-CFP construct 

Forward EGFP-C primer 

 
WT_PLCY1                      GGCTTCTATGTAGAGGCAAACCCTATGCCAACTTTCAAGTGTGCAGTCAAAGCCCTCTTT 2400 

PLCY1_SH3-EGFP-C-FOR_I16      TCCGGACTCAGATCTCGAGCTCAAGCTTATACTTTCAAGTGTGCAGTCAAAGCCCTCTTT 91 

                                *        *     *   *        ****************************** 

 

WT_PLCY1                      GACTACAAGGCCCAGAGGGAGGACGAGCTGACCTTCATCAAGAGCGCCATCATCCAGAAT 2460 

PLCY1_SH3-EGFP-C-FOR_I16      GACTACAAGGCCCAGAGGGAGGACGAGCTGACCTTCATCAAGAGCGCCATCATCCAGAAT 151 

                              ************************************************************ 

 

WT_PLCY1                      GTGGAGAAGCAAGAGGGAGGCTGGTGGCGAGGGGACTACGGAGGGAAGAAGCAGCTGTGG 2520 

PLCY1_SH3-EGFP-C-FOR_I16      GTGGAGAAGCAAGAGGGAGGCTGGTGGCGAGGGGACTACGGAGGGAAGAAGCAGCTGTGG 211 

                              ************************************************************ 

 

WT_PLCY1                      TTCCCATCAAACTACGTGGAAGAGATGGTCAACCCCGTGGCCCTGGAGCCGGAGAGGGAG 2580 

PLCY1_SH3-EGFP-C-FOR_I16      TTCCCATCAAACTACGTGGAAGAGATGGTCAACATGAATTCTGCAGTCGACGGTACCGCG 271 

                              *********************************       *    *     *  *  * * 

 

 




