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Abstract 

 

Breast cancer is the most common malignancy in women in the UK. The HER2-overexpressing 

luminal B breast cancer subtype is associated with poor prognosis and shortened overall 

survival in comparison to luminal A tumours. In ER-positive breast cancer, HER2 

overexpression has been identified as a risk factor for increased disease recurrence and 

resistance to endocrine therapy. The main auto-phosphorylation sites within HER2 are Y1248 

and Y1221/22 and are believed to be functionally important. Nevertheless, their exact role 

in mediating downstream signalling activation and the molecular basis for their transforming 

activity are poorly understood. In addition, there is an increasing need for the discovery of 

novel biomarkers that can select patients for the most appropriate treatment option. One 

such candidate may be phospho-HER2, which could be more biologically relevant since it may 

indicate the presence of an activated receptor. 

 

To investigate the role of HER2 phosphorylation sites (Y1248 and Y1221/22) in ER-positive 

HER2-positive background, two HER2-overexpressing model systems were generated: 

doxycycline inducible expression and stable expression systems. The HER2-negative MCF7 

cell line was transduced with lentiviral vectors containing HER2-wild type (HER2-WT), HER2 

single phospho-site mutants (HER2-Y1248F and HER2-Y1221/22F) and a HER2-double mutant 

(HER2-DM). The two HER2 phospho-site mutants did not have an effect on proliferation, 

suggesting a potential redundancy in this pathway. HER2-Y1221/22F overexpressing MCF7 

cells displayed reduced migratory ability compared to HER2-WT cells, which was coupled 

with reduced signalling through the ERK/MAPK pathway. Subsequently, the role for HER2-

phosphorylation sites in cellular transformation was established by utilising a soft agar assay, 

which demonstrated reduced anchorage-independent colony formation ability across the 

three phospho-site mutant HER2-overexpressing MCF7 cells. Finally, sensitivity to the 

tyrosine kinase inhibitor lapatinib was assessed and mutations in one or both of the HER2-

phosphorylation sites rendered the cells less sensitive to the drug.  

 

To further investigate the functional roles of HER2 phospho-sites, mass spectrometry analysis 

was performed in ER-positive HER2-WT overexpressing MCF7 cells and identified the 

receptor tyrosine kinase RET as a new HER2-interacting partner. Pharmacological inhibition 

of HER2 resulted in RET inhibition. Furthermore, mutation in the HER2 Y1248 residue resulted 

in decreased RET phosphorylation. Nevertheless, despite the lack of RET phosphorylation in 



xxv 
 

HER2-Y1248F and HER2-DM MCF7 cells, the HER2-RET protein-protein interaction was 

impaired only in HER2-DM cells. RET knockdown using siRNA decreased HER2 and ERK 

phosphorylation, suggesting a partial role for RET in signalling through the MAPK pathway. 

However, this finding could not be recapitulated with pharmacological inhibition of RET. 

 

Finally, a 63-gene expression signature which detects HER2 phosphorylation at Y1248 was 

assessed in two breast cancer clinical cohorts. The phospho-HER2 signature had better 

prognostic value for predicting recurrence-free and overall survival than standard clinical 

HER2 testing. Moreover, the phospho-HER2 signature identified a poor prognosis subgroup 

within HER2-positive breast cancer patients, treated with either trastuzumab or endocrine 

therapy. The signature was applied across a panel of breast cancer cell lines and 

demonstrated a correlation with phospho-HER2 expression levels determined by western 

blot. Moreover, the phospho-HER2 signature showed an inverse correlation with response 

to lapatinib.  

 

HER2 and RET activation have individually been reported as markers of poor prognosis and 

resistance to endocrine-based therapy in ER-positive breast cancer. The present study 

suggests that RET has a direct role in HER2-driven biology. We hypothesise that inhibition of 

RET or novel agents targeting the interaction between HER2 and RET may offer approaches 

to reversing endocrine resistance in ER+HER2+ breast cancer. We also suggest a potential 

utility of the phospho-HER2 signature for identification of patients who may benefit from 

HER2-targeted therapy. However, further clinical validation of the phospho-HER2 signature 

is required to confirm this hypothesis. 
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1.1 Cancer 

 

1.1.1 Incidence and Mortality Rates 

 

Worldwide, an estimated 19.3 million new cancer cases were recorded in 2020. Female 

breast cancer was the most commonly diagnosed cancer with 2.3 million new cases (11.7%), 

followed by lung (11.4%), colorectal (10%), and prostate (7.3%) cancers (Sung et al., 2021). 

In the United Kingdom (UK) there were around 375,000 new cancer cases diagnosed in the 

period 2016-2018, where breast, prostate, lung, and bowel cancers accounted for more than 

half of all newly diagnosed cases (Cancer Research, UK).  

 

Globally, in 2020 almost 10 million cancer deaths were recorded, with lung cancer still 

remaining the leading cause of cancer death (18%) (World Health Organisation (WHO)). Each 

year there are around 167,000 cancer associated deaths in the UK, which account for 28% of 

all mortality cases. In the UK, lung cancer has been recorded as the leading cause for cancer 

related death accounting for 21% of all cancer deaths (Cancer Research, UK).  

 

1.1.2 The Hallmarks of Cancer 

 

Cancer is a complex and dynamic disease which is associated with uncontrolled cell growth 

and proliferation, and accumulation of genetic alterations within the cellular DNA (Loeb and 

Loeb, 2000). These genetic alterations lead to mutations in various tumour suppressor genes 

and in the activation of oncogenes, which in turn results in progression through the cell cycle 

and the subsequent dysregulation of apoptotic mechanisms (Fernald and Kurokawa, 2013). 

The progression of normal cells to a malignant phenotype is a multi-step process 

characterised and grouped by Hanahan and Weinberg into six main traits known as the 

hallmarks of cancer (Hanahan and Weinberg, 2000) (Fig.1.1). These traits have been 

extensively studied and have been shown to facilitate the progressive evolution from 

normalcy to tumour progression and metastasis. By increasing our knowledge and 

understanding of the hallmarks of cancer, we can exploit this information and use each 

hallmark as a potential therapeutic target to tailor treatments and improve patient outcome.  

 

With the progress of cancer research and with the increased knowledge and understanding 

of the underlying causes of cancer, in 2011 Hanahan and Weinberg reviewed and updated 

their initial findings on the six hallmarks of cancer (Hanahan and Weinberg, 2011). They 
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incorporated two enabling characteristics and two emerging hallmarks which have been 

linked to tumour progression (Fig.1.2). Due to the continued interest and wide use of the 

hallmarks of cancer, Hanahan has recently reviewed the ten previously proposed neoplastic 

capabilities and has proposed 4 new prospective hallmarks and enabling characteristics 

(Fig.1.3).  

 

The hallmarks of cancer as outlined in Figures 1.1, 1.2, and 1.3 are described in more detail 

in the subsequent sections and are predominantly focused around breast cancer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter 1 - Introduction 

4 
 

 
 

Figure 1.1: The six hallmarks of cancer (Hanahan and Weinberg, 2011).  

 

 

 
 

Figure 1.2: Emerging hallmarks and enabling characteristics (Hanahan and Weinberg, 2011).  

 



 Chapter 1 - Introduction 

5 
 

 
 

Figure 1.3: Hallmarks of cancer – new additions, including unlocking phenotypic plasticity, 

non-mutational epigenetic reprogramming, polymorphic microbiomes, and senescent cells 

(Hanahan, 2022).  
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1.1.2.1 Sustained Proliferative Signalling 

 

Under normal conditions, quiescent cells are dependent on receiving mitogenic growth 

factors to activate their proliferative properties, which is an important mechanism for 

maintaining tissue homeostasis. Malignant cells, however, can supply their own growth 

factors. This results in an autocrine stimulation and therefore, cancer cells are less dependent 

on exogenous growth stimuli for proliferation (Sporn and Roberts, 1985); (Walsh et al., 1991). 

In addition, cancer cells can stimulate normal cells in the surrounding tumour-associated 

stromal microenvironment to produce essential growth factors and further support the 

cancer cells’ proliferation (Bhowmick, Neilson and Moses, 2004); (Cheng et al., 2008). 

Another mechanism through which cancer cells sustain their proliferative signalling is 

through cell surface receptor deregulation. The overexpression of growth factor receptors 

can therefore result in hypersensitivity to low levels of growth factor ligands and further 

promote proliferation (Hanahan and Weinberg, 2000). For example, HER2 is the most 

relevant oncogene in breast cancer, which is often amplified or overexpressed and is 

responsible for activating several cellular growth pathways that culminate in cell proliferation 

(Hynes and MacDonald, 2009); (Überall et al., 2008). Malignant cells can also switch the type 

of extracellular matrix receptors (integrins) they express on the cell surface to those that 

facilitate pro-growth signalling (Bianconi, Unseld and Prager, 2016). In this context, integrins 

can directly promote proliferation or indirectly by interacting with growth factor receptors. 

As a result, tumour cells can regulate various processes such as motility, resistance to cell 

cycle arrest and apoptosis. The crosstalk between integrins and members of the ErbB 

receptor family has been extensively studied, where the interaction results in EGFR and HER2 

activation and homo- and/or hetero-dimerisation, and the subsequent downstream 

activation of key signalling pathways involved in proliferation and survival (Alexi, 

Berditchevski and Odintsova, 2011). Finally, the most elaborate mechanism through which 

tumour cells can sustain proliferation is by altering signalling pathways downstream of 

ligand-activated growth factor receptors and integrins or through disruption of negative 

feedback mechanisms, which under normal conditions are responsible for attenuating 

proliferative signalling. For example, the Ras proto-oncogene is often mutated in human 

tumours, with the highest percentage in pancreatic, colorectal and lung cancer. These 

oncogenic mutations affect the Ras GTPase activity, which is normally responsible for 

ensuring that signal transduction is transient (Hobbs, Der and Rossman, 2016); (Murugan, 

Grieco and Tsuchida, 2019); (Prior, Hood and Hartley, 2020). Defects in this feedback 
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mechanism confer sustained proliferative signals without the need for stimulation by 

upstream regulators.  

 

1.1.2.2 Evading Growth Suppressors  

 

Apart from sustaining their proliferative signalling, cancer cells must bypass the suppression 

from negative regulators known as tumour suppressor genes. Their main role is to limit cell 

growth and proliferation, stall the cell cycle, and when prompted, to initiate apoptosis. RB 

(retinoblastoma-associated) and TP53 (tumour protein 53) genes are two of the major 

tumour suppressor genes which regulate the balance between excessive proliferation and 

the initiation of apoptotic programs. However, these genes are often mutated in cancer, and 

therefore, allow for progression through the G1 phase of the growth cycle. In response to the 

extracellular signals received, cells can either remain quiescent and stay in the G0 phase of 

the cell cycle, proliferate or enter a post-mitotic state. For instance, the active, hypo-

phosphorylation state of Rb protein results in inhibition of the E2F transcription factors, 

whose normal function is to control the progress from G1 into S phase (Burkhart and Sage, 

2008); (Dick and Rubin, 2013); (Iaquinta and Lees, 2007). Phosphorylation of Rb (pRb) and 

deregulation of the Rb pathway in cancer cells therefore results in persistent cell 

proliferation. There are many additional factors which regulate the Rb pathway. 

Transforming growth factor beta (TGFβ) is an essential player, whose function is to prevent 

Rb phosphorylation and sustain the existing homeostasis between proliferation and cell 

death under normal conditions (S. M. Francis et al., 2009). TGFβ signalling is responsible for 

the induction of p21 (Datto et al., 1995) and p15 (Hannon and Beach, 1994) proteins – cyclin-

dependent kinase (CDK) inhibitors, which prevent Rb phosphorylation. Nevertheless, this 

balance is often disrupted in a tumour microenvironment, where TGFβ or its downstream 

targets can be mutated, activating CDK 4/6 serine-threonine kinases and hyper-

phosphorylating Rb and allowing progress through the cell cycle. Although TGFβ was initially 

identified as a suppressor of cell proliferation, it has become evident that it has an essential 

role in a cellular program, known as the epithelial-to-mesenchymal transition (EMT), which 

contributes towards a tumour’s invasive and malignant state (Hao, Baker and Dijke, 2019).   

 

In breast cancer, Rb is predominantly dysregulated through two main mechanisms: 1) Loss 

of RB gene, which is a more frequent event in triple negative breast cancer but is relatively 

rare in ER/PR+ or HER2+ cancers. 2) As mentioned earlier, Rb can be inactivated through 

phosphorylation by cyclin D1 – CDK 4/6 kinase complexes, which in turn leads to progression 
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through the cell cycle (Witkiewicz and Knudsen, 2014). Luminal and HER2+ breast cancers are 

generally associated with aberrant CDK 4/6 activity following increased cyclin D1 expression 

or amplification. Three CDK 4/6 small molecule inhibitors have been developed and approved 

to date, whereby their mechanism of action involves binding to the ATP pocket of CDK 4/6, 

which in turn impairs the CDK 4/6 interaction with type D cyclins and prevents Rb 

phosphorylation, rendering Rb active (Fig.1.4) (Schettini et al., 2018). By blocking the 

phosphorylation of Rb protein, the cell cycle is essentially arrested in phase G1, which can in 

turn lead to increased apoptosis of tumour cells. More recently, it has also been suggested 

that apart from inhibiting progression through the cell cycle, CDK 4/6 inhibition might also 

promote an anti-tumour immune response by enhancing the cytotoxic activity of T cells and 

reducing the immunosuppressive Treg population (Goel et al., 2017). CDK targeted therapy 

in combination with endocrine therapy has proven successful for hormone receptor positive 

breast cancer in the metastatic setting (refer to section 1.2.5.1). However, despite 

improvement in progression-free survival, disease progression can occur as a result of RB 

loss.  

 

The Rb pathway is predominantly activated in response to extracellular signals, whereas the 

protein encoded by the TP53 gene – p53 halts progression through the cell cycle in response 

to signals originating within the cell’s intracellular space, such as excessive DNA damage, 

oxidative stress or low glucose levels, until these conditions have been restored. 

Alternatively, in the cases where the damage is too overwhelming for the cellular machinery 

to cope with, p53 can trigger apoptosis (Hanahan and Weinberg, 2011). P53 functions in a 

complex and context dependent manner, depending on the persistence of the signal and the 

genomic damage caused. The TP53 gene is an important tumour suppressor and acts as a 

checkpoint for regulating DNA repair and cell division. It is therefore not surprising that it is 

inactive or mutated in more than 50% of all human cancers (Perri, Pisconti and Vittoria 

Scarpati, 2016). Although p53 has a relatively low mutational frequency in breast cancer 

(approximately 30% of all breast cancer cases), a comprehensive meta-analysis study 

revealed that luminal B tumours have increased rate of p53 mutations (29%) in comparison 

to luminal A cancers (12%), as well as undergoing other pathway-activating events (Koboldt 

et al., 2012). 
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Figure 1.4: Mechanism of action of CDK 4/6 inhibitors – To maintain homeostasis, 

retinoblastoma (Rb) tumour suppressor protein binds to the transcription factor E2F, 

rendering it inactive. Formation of the CDK 4/6 – cyclin D complex induces phosphorylation 

of Rb, upon which Rb releases E2F from its inhibitory effects. The active E2F can then affect 

gene transcription and promote progression from G1 into S phase of the cell cycle, enabling 

cell division. CDK 4/6 inhibitors target the CDK 4/6 kinases, therefore inhibiting Rb 

phosphorylation and transition through the cell cycle.  
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1.1.2.3 Resisting Cell Death 

 

A mechanism of programmed cell death, known as apoptosis, maintains tissue homeostasis 

by preventing over-proliferation of cells. Apoptosis is a highly regulated process, which can 

be initiated through two main pathways – intrinsic and extrinsic pathway (Fig.1.5) (Pfeffer 

and Singh, 2018). The extrinsic apoptotic program is initiated when an extracellular ligand, 

such as tumour necrosis factor (TNF) or other members of the TNF family bind to a cell 

surface death receptor forming a death-inducing signal complex (DISC). This results in the 

activation of initiator caspases 8 and 10, which in turn activate the effector caspases (3, 6 

and 7) through proteolytic cleavage, which then execute the death program (Zaman, Wang 

and Gandhi, 2014). The intrinsic (mitochondrial) pathway is initiated by stress signals through 

the release of cytochrome-c from mitochondrial apoptosis induced channels (MAC). 

Cytochrome-c forms a complex with apoptotic protease activating factor – 1 (APAF-1) and 

caspase 9, which further activate the effector caspases (Lopez and Tait, 2015). The apoptotic 

pathway is controlled by the fine balance between pro- and anti-apoptotic proteins which 

are part of the B cell lymphoma (Bcl) family. The anti-apoptotic proteins (Bcl-2, Bcl-XL, Bcl-

W, and MCL1) inhibit apoptosis by binding to and thus suppressing the function of the pro-

apoptotic proteins BAX and BAK. The latter two proteins are involved in inducing 

mitochondrial outer membrane permeabilisation (MOMP) and therefore increased secretion 

of pro-apoptotic molecules (Fernald and Kurokawa, 2013). Tumour cells must circumvent 

programmed cell death. One way of achieving this is through disrupting the balance between 

pro- and anti-apoptotic proteins, as well as the expression of pro-survival signals. There is 

substantial evidence suggesting that the overexpression of anti-apoptotic proteins leads to 

chemotherapy and drug resistance in breast cancer. For instance, approximately 73% of 

breast cancers have upregulated levels of the anti-apoptotic protein Bcl2, where Bcl2 

overexpression is found in 85% of ER-positive tumours (Dawson et al., 2010); (Vaillant et al., 

2013). Moreover, high levels of MCL1 have been associated with resistance to lapatinib in a 

cell line model (Martin et al., 2008) and amplification of the MCL1 gene has been detected in 

20% of breast tumours (Campbell et al., 2018). Furthermore, the expression of pro-apoptotic 

proteins is tightly regulated by the tumour suppressor gene, TP53, which induces apoptosis 

to prevent genome instability in response to chromosome abnormalities and/or DNA 

damage. Thus, loss of p53 renders cancer cells resistant to apoptosis and maintains their 

proliferative potential. In addition, hyper-activation of the phosphoinositide-3-kinase/AKT 

(PI3K/AKT) pathway, which transmits anti-apoptotic survival signals or loss of the tumour 

suppressor gene PTEN (phosphatase and tensin homolog) – a phosphatase which usually 
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attenuates AKT signalling, can also lead to resistance to apoptosis. For example, a 

retrospective analysis of 47 HER2-positive primary breast cancers conducted by Nagata and 

colleagues revealed a correlation between PTEN expression and response to anti-HER2 

therapy (trastuzumab and a taxane), where low levels of PTEN were associated with 

significantly lower overall survival rates and resistance to therapy than patients with PTEN-

positive tumours (36% vs 67%) (Nagata et al., 2004). 

 

 

 

Figure 1.5: Overview of the major apoptotic pathways – Apoptosis can be initiated through 

one of two pathways – extrinsic or intrinsic. The extrinsic pathway is initiated through the 

binding of an extracellular ligand (such as FasL or TNF) to a cell surface death receptor. In the 

intrinsic pathway, cellular stress leads to the activation of one or more members of the BH3-

only family of proteins. The two pathways activate initiator caspases (caspase 8, caspase 9, 

and caspase 10), which then activate effector caspases (caspase 3, caspase 6, and caspase 7) 

that will execute the process of cell death by degrading proteins indiscriminately (Bansal et 

al., 2021). 

 

 

 



 Chapter 1 - Introduction 

12 
 

1.1.2.4 Limitless Replicative Potential 

 

Under normal conditions, cells usually have a limited number of cell divisions. Their 

replicative potential is controlled by their telomeres – several thousand repeats of short base 

pair sequences located at the end of a chromosome, whose function is to protect the 

chromosomal ends from degradation and end-to-end fusions with other chromosomes. After 

multiple rounds of replication, telomeres are progressively shortened and unable to protect 

the chromosomal DNA anymore, resulting in cell senescence and eventually apoptosis 

(Hanahan and Weinberg, 2011). In comparison, malignant cells have the ability to overcome 

this and replicate indefinitely. This is achieved through the increased expression of the 

enzyme telomerase, which is found at low levels in normal cells (Singhapol et al., 2013). This 

enzyme is capable of adding telomeric DNA to the chromosomal ends, ensuring telomere 

length is maintained above a certain threshold. This results in infinite replication and tumour 

cell immortalisation.  

 

1.1.2.5 Sustained Angiogenesis  

 

Both normal and tumour cells have the need to receive sufficient amount of oxygen and 

essential nutrients from the vasculature to support their growth and proliferation. 

Angiogenesis is a process in which new blood vessels are formed, which are exploited by the 

malignant cells in order to facilitate tumour development and metastasis (Nishida et al., 

2006). Angiogenesis is a tightly controlled process which maintains a fine balance between 

angiogenic inducers and inhibitors, thus regulating the formation of new blood vessels. 

Tumours have the ability to induce and sustain neovascularisation through a process known 

as the ‘angiogenic switch’, which results in access to capillaries, continuous supply of oxygen 

and nutrients, and therefore clonal expansion (Hanahan and Folkman, 1996). The angiogenic 

switch is controlled by tumours by changing the equilibrium between the angiogenic inducers 

and inhibitors, most commonly achieved through complex transcriptional control (Baeriswyl 

and Christofori, 2009). One example is the increased expression of vascular endothelial 

growth factor (VEGF) and fibroblast growth factor (FGF1 and FGF2) in the tumour 

microenvironment in comparison to normal tissue, leading to enlarged vascular networks, 

which then support tumour growth, invasion and metastasis (Baeriswyl and Christofori, 

2009); (Ferrara, 2009). For example, one study utilising oestrogen receptor (ER)-positive 

tumours in mice demonstrated that upregulation of VEGF was associated with resistance to 

tamoxifen, as well as with tumour growth and lung metastasis (Qu et al., 2008). In addition, 
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several other studies revealed a correlation between high VEGF levels and larger size, more 

advanced tumour stage and aggressive tumour behaviour (Linderholm et al., 2009); 

(Manders et al., 2002); (Tzaida et al., 2007). It was also reported that luminal B, HER2-

overexpressing and basal-like tumours had higher frequency of VEGF expression in 

comparison to luminal A cancers (Liu et al., 2011). Finally, several VEGF-targeting agents have 

been shown to be effective in the pre-clinical and clinical settings and have been approved 

for use across a range of cancer types (Madu et al., 2020). Overexpression of VEGF can be a 

result of Ras oncogene activation, which can induce hypoxia-inducible factor 1 (HIF-1) protein 

stability and therefore activation of VEGF synthesis through its binding to the VEGF promoter 

(Kranenburg, Gebbink and Voest, 2004). Another mechanism for sustained vasculature could 

be the downregulation of the thrombospondin-1 or β-interferon, which usually inhibit 

angiogenesis (Kazerounian, Yee and Lawler, 2008). Thrombospondin-1 expression has been 

shown to be dependent on the presence or absence of the tumour suppressor gene TP53, 

therefore loss of p53 results in increased neovascularisation (Giuriato et al., 2006). 

 

1.1.2.6 Tissue Invasion and Metastasis 

 

Tissue invasion and metastasis are multi-step processes which depend on acquiring all 

previously described hallmarks, highlighting the complexity and intricacy of tumorigenesis. 

The ability of tumours to move from their primary site of origin and invade distant sites and 

eventually different organs accounts for tumour progression and spread throughout the 

body. Tissue invasion and metastasis requires changes in the physical properties of the 

tumour cells and their surrounding microenvironment. Modifying cell-cell adhesion 

molecules (CAMs) is one of the commonly utilised mechanisms through which invasion and 

metastasis is facilitated (Hanahan and Weinberg, 2000). The affected molecules are either 

members of the immunoglobulin and calcium-dependent cadherin families, which are 

involved in cellular interactions and/or integrins, which act as the linkers to substrates from 

the extracellular space (Farahani et al., 2014); (Sökeland and Schumacher, 2019). Tumour 

cells often undergo EMT, where they switch the expression of epithelial markers to those 

promoting migration and invasion. Indeed, loss of epithelial cadherin (E-Cadherin) expression 

in breast cancer, a molecule ubiquitously expressed on the surface of epithelial cells, has 

been linked to increased tumour grade, invasive and metastatic behaviour, and worse 

prognosis (Liu et al., 2016). Loss of its expression can be achieved through several different 

mechanisms such as repression or mutations in the E-Cadherin genes or through proteolytic 

cleavage of the extracellular domain of the adhesion molecule. For example, members of the 
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Snail family can directly repress the transcriptional expression of E-Cadherin (Barrallo-

Gimeno and Nieto, 2005). It has been shown that upregulation of SNAIL in MCF7 cells can 

lead to increased migratory potential and tumorigenicity (Smith et al., 2014). SLUG has also 

been associated with EMT transition and increased risk of metastasis to the bone in triple 

negative breast cancer, where pharmacological or genetic inhibition of SLUG can reverse this 

process (Ferrari-Amorotti et al., 2014). In addition, the EMT transition is also associated with 

upregulation or de novo expression of neural cadherin (N-Cadherin). This is associated with 

the loss of cell-cell and cell-membrane adhesive properties, promoting the migratory and 

invasive capacity of the tumour cells and their dissemination throughout nearby blood and 

lymphatic vessels in a process known as intravasation (Jiang et al., 2015). This is followed by 

escape of the malignant cells from the lumina of these vessels into distant tissues 

(extravasation). This in turn leads to formation of secondary tumours, disease progression 

and inferior patient outcome. 

 

1.1.2.7 Genome Instability and Mutation 

 

The six hallmarks listed above allow tumour cells to proliferate, survive and disseminate 

leading to cancer progression. In the last decade, extensive research has shown that these 

tumour properties are influenced by further two enabling characteristics: genomic instability, 

which results from the mutational changes within the genome of tumour cells, and tumour-

promoting inflammation, which in turn enables tumour progression (Hanahan and Weinberg, 

2011). During cell replication, it is vital for normal cells to have a functional DNA repair 

machinery, which prevents spontaneous mutations. In contrast, during tumorigenesis the 

mutational rate is increased through several different mechanisms: dysregulation of the DNA 

repair pathway, increased sensitivity to mutagenic agents (e.g., oxidative stress, UV 

radiation, alkylating agents), or by loss of key checkpoint genes, such as TP53 (Jackson and 

Bartek, 2009); (Negrini, Gorgoulis and Halazonetis, 2010); (Salk, Fox and Loeb, 2010). Under 

normal circumstances, these genes are involved in sensing DNA damage and in regulating the 

cell cycle progression, therefore in the presence of a DNA break, these genes can cause cell 

cycle arrest to allow adequate repair or promote apoptosis. However, TP53 is the most 

frequently mutated gene in cancer, and it is found to be mutated in approximately 30% of 

breast cancers (Koboldt et al., 2012), which highlights a link between functional checkpoint 

genes and predisposition to cancer. Taken together, the mechanisms leading to genomic 

instability are favourable for hallmark acquisition and subsequent tumour progression. 
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1.1.2.8 Tumour-promoting Inflammation 

 

For decades it was thought that immune cells found in the tumour microenvironment were 

exerting their roles in detecting and fighting the cancer. There is however increasing evidence 

that these immune cell populations also have the ability to promote tumour progression by 

supplying the tumour with a range of bioactive molecules such as growth factors, survival 

and pro-angiogenic factors, signals promoting EMT, as well as other molecules which 

facilitate hallmark acquisition (DeNardo, Andreu and Coussens, 2010); (Grivennikov, Greten 

and Karin, 2010). In addition, immune cells can also release DNA damaging agents such as 

reactive oxygen species, which result in cancer promoting mutations (Grivennikov, Greten 

and Karin, 2010). Importantly, in some cases immune infiltration within the neoplastic 

microenvironment is present during the early stages of tumour development, where these 

immune cells foster tumour progression (Qian and Pollard, 2010).  

 

1.1.2.9 Deregulating Cellular Energetics 

 

In order to achieve high rates of cell proliferation required for tumour progression, 

deregulating the cellular mechanisms underpinning proliferation is not sufficient. As a result, 

tumour cells alter cellular metabolism and utilise the generated energy for uncontrolled cell 

growth. Under normal aerobic conditions, cells facilitate energy metabolism through 

oxidative phosphorylation, whereas anaerobic conditions require the less efficient method 

of energy production, known as glycolysis. Malignant cells can switch their energy 

metabolism to glycolysis even in the presence of oxygen, a process known as ‘aerobic 

glycolysis’ or the ‘Warburg effect’ (Heiden, Cantley and Thompson, 2009). In order to 

compensate for the lower energy efficiency, cancer cells overexpress glucose transporters, 

in particular glucose transporter 1 (GLUT1), whose expression is further promoted by the 

hypoxic conditions in the tumour microenvironment, resulting in increased glucose transport 

into the cytoplasm (Carvalho et al., 2011). The ability of tumour cells to switch their 

metabolism pathways has been linked to activation of oncogenes, such as Ras and Myc or 

loss of tumour suppressor genes (TP53), thus benefiting cell proliferation and inhibition of 

apoptosis (DeBerardinis et al., 2008); (Jones and Thompson, 2009). In addition, favouring the 

glycolytic pathway allows tumour cells to divert glycolytic intermediates towards other 

essential biosynthetic pathways. Another important feature for energy preservation is the 

ability of cancer cells to function symbiotically. For example, there is evidence that some 

tumours consist of two different cellular sub-populations which use different cellular 
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energetics. One of the populations is dependent on the use of glucose and the release of 

lactate as a waste product, whereas the other population uses the lactate as its main energy 

fuel (Feron, 2009); (Kennedy and Dewhirst, 2010). Taken together, these findings suggest 

that the ‘aerobic glycolysis’ metabolism is as important and widely utilised by the tumour 

cells as many of the other hallmarks of cancer, therefore altering energy metabolism is 

considered to be an emerging hallmark capability. 

 

1.1.2.10 Avoiding Immune Destruction 

 

The tumour cells’ ability to escape immune detection and destruction is the final emerging 

hallmark of cancer. Increasing amount of data suggests that immunodeficient mice develop 

tumours at higher rates in comparison to their immunocompetent controls, highlighting the 

function of the immune system in detecting and clearing cancer cells (Kim, Emi and Tanabe, 

2007); (Teng et al., 2008). Nevertheless, the immune system can also promote tumour 

progression through several different mechanisms including the secretion of 

immunosuppressive factors, the recruitment of immunosuppressive cells, such as regulatory 

T cells (Tregs) and the selection of clones with reduced immunogenicity, resulting in cells 

which are resistant to immune detection (Finn, 2012). The ability of the immune system to 

protect the host and its tumour-promoting functions are part of a process known as immuno-

editing. This process involves three main steps: elimination, equilibrium, and escape, which 

aid immune evasion and therefore tumour survival and progression (Dunn, Old and 

Schreiber, 2004). Better understanding of the mechanism through which cancer cells avoid 

immune clearance is needed in order to find new therapeutic targets and improve patient 

survival. Immune based therapies are becoming more prominent as research is progressing, 

with many anti-cancer monoclonal antibodies and immune checkpoint inhibitors being 

approved as first- or second-line treatment options for various cancers, including malignant 

melanoma, breast, lung, liver, and bladder cancer. One of the most prominent immune 

checkpoint molecules are the cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and 

programmed death 1 (PD-1) receptor, which are negative regulators of T-cell function. Under 

normal circumstances, CTLA-4 and PD-1 pathways have important roles in preventing 

autoimmunity by inhibiting activation of autoreactive T cells (Fife and Bluestone, 2008). 

Nevertheless, tumour cells have exploited these mechanisms to their advantage, thereby 

escaping immune cell recognition and promoting immune suppression. For example, 

although CTLA-4 is predominantly expressed on memory and regulatory T cells (Chambers, 

Kuhns and Allison, 1999), it was later discovered that it is also expressed on tumour cells 
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(Contardi et al., 2005). It interacts with CD80/CD86 (B7) molecules present on antigen-

presenting cells, thereby preventing the interaction of CD28 (a molecule found on the surface 

of T cells) with the CD80/CD86 ligands (Egen, Kuhns and Allison, 2002); (Parry et al., 2005). 

The lack of CD28:B7 co-stimulation prevents T cell activation and results in reduced T cells’ 

effector functions. In turn, PD-1 is expressed on a variety of immune cells (B and T cells, 

natural killer cells, myeloid cells) (Boussiotis, 2016). Its ligand (PD-L1) is also expressed across 

a variety of cells, but it was also reported to be upregulated in a variety of cancer types (Hino 

et al., 2010); (Taube et al., 2014). In the cancer microenvironment, the PD-1:PD-L1 

interaction is associated with inhibition of the cytotoxic functions of T lymphocytes. In 

addition, PD-L1 overexpression is linked to increased number of tumour-infiltrating 

lymphocytes, which release interferon-gamma (IFN-γ) and stimulate the upregulation of PD-

L1 on tumour cells (Abiko et al., 2015); (Mimura et al., 2018); (Osta et al., 2018). Taken 

together, this has led to the development of immune checkpoint inhibitors, whose aim is to 

counteract the tumour’s ability to escape destruction by the immune system. Ipilimumab, a 

human antibody targeting CTLA-4, was the first checkpoint inhibitor to be approved for the 

treatment of malignant melanoma (Hodi et al., 2010); (Robert et al., 2011). Since then, 7 

more immune checkpoint inhibitors targeting PD-1/PD-L1 have been approved by the FDA 

for use in a range of cancer types – atezolizumab, avelumab, cemiplimab, dostarlimab, 

durvalumab, nivolumab, and pembrolizumab (Vaddepally et al., 2020).  

 

1.1.2.11 Unlocking Phenotypic Plasticity 

 

To sustain normal homeostasis, once cells have reached their terminal state of 

differentiation, they would normally receive anti-proliferative signals. Nevertheless, there is 

increasing evidence that cancer cells can maintain phenotypic plasticity (Yuan, Norgard and 

Stanger, 2019). Disruption of cellular differentiation can be achieved via several different 

mechanisms: dedifferentiation, blocked differentiation or transdifferentiation (Hanahan, 

2022). Dedifferentiation is a process in which cancer cells can arise from mature normal cells 

which have received signals to dedifferentiate back to the progenitor-like cell state. The 

development of colorectal cancer has been associated with the presence of both 

differentiation and stem-like markers. For example, HOXA5 and SMAD4 – developmental 

transcription factors, have been detected in differentiating colonic cells, whereas their 

expression is downregulated in advanced colon cancers, which tend to express markers of 

progenitor cells and to promote a stem cell phenotype (Barker et al., 2009); (Ordóñez-Morán 

et al., 2015); (Perekatt et al., 2018). On the other hand, cancer cells can also arise from 
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partially differentiated progenitor cells by blocking their continued differentiation into 

mature cells, therefore resulting in a state where cells possess increased proliferation 

abilities. Finally, the last phenotypic plasticity is known as transdifferentiation, which is a 

cellular property allowing cells to differentiate into a different cell lineage acquiring distinct 

morphological features. This developmental cellular plasticity has been associated with 

malignant progression in several different cancers including pancreatic ductal 

adenocarcinoma (Krah et al., 2019), prostate cancer (Mu et al., 2017), and basal cell 

carcinoma (Biehs et al., 2018).   

 

1.1.2.12 Non-mutational Epigenetic Reprogramming 

 

The enabling characteristic of genome instability and mutation is a well-established hallmark 

of cancer associated with tumorigenesis. However, increasing evidence suggests the 

presence of an alternative form for genome reprogramming which relies on the presence of 

epigenetic alterations in the genomic DNA, subsequently contributing to the development of 

cancer. For example, such changes can be mediated via several mechanisms, one of which 

can be influenced by the abnormal properties of the surrounding tumour microenvironment. 

A common feature for tumours is the lack of oxygen as a result of decreased vascularisation, 

which can also lead to nutrient deprivation. In turn, lack of nutrients has been associated 

with transcriptional and translational changes promoting breast cancer cellular 

transformation (Gameiro and Struhl, 2018). Furthermore, growing evidence suggests that 

normal cells populating the tumour environment are epigenetically reprogrammed upon 

recruitment signals from neoplastic cells to support tumour development (Hanahan and 

Coussens, 2012). Finally, it has been suggested that chromatin modifications can result in 

sustained EMT signalling because of upregulated SNAIL expression, which in turn can 

promote tumour invasiveness (Javaid et al., 2013). Genome-wide profiling studies assessing 

histone modification, DNA methylation, as well as post-transcriptional modifications have 

demonstrated the existence of epigenomic heterogeneity within tumour cells (Hanahan, 

2022). Taken together, these examples highlight the importance of the non-mutational 

epigenetic reprogramming as an enabling characteristic for acquisition of hallmark features 

promoting malignant progression. 
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1.1.2.13 Polymorphic Microbiomes 

 

There is substantial evidence pointing towards the impact of the microbiome on health and 

disease. In particular, the polymorphic diversity in the microbiome of one individual versus 

another, as well as the microbiomes of different tissues, can either induce or inhibit some of 

the hallmark properties, and can therefore have a crucial impact on the development and 

progression of cancer (Helmink et al., 2019). There is growing appreciation about the gut 

microbiota, where the colon has an important role in maintaining metabolic homeostasis. 

Disruption in the microbial population can result in the development of colon cancer. The 

exact mechanisms through which the microbiome exerts its damaging functions are still not 

fully elucidated, however there is growing literature suggesting that microbiomes can confer 

susceptibility to colon cancer by enabling certain hallmark capabilities, such as genome 

instability and mutation, driving proliferation, as well as induction of senescence (Dzutsev et 

al., 2017); (Okumura et al., 2021); (Pleguezuelos-Manzano et al., 2020). In addition, the gut 

microbiome can also influence the response to immunotherapy, where in some cases it was 

shown to enhance anti-tumour immune responses or alternatively, to promote local or 

systemic immunosuppression (Fessler, Matson and Gajewski, 2019); (Gopalakrishnan et al., 

2018). Finally, a study exploring the microbiome of 7 different cancer types (bone, brain, 

breast, lung, melanoma, ovary, and pancreas) revealed that each tumour type consisted of a 

distinctive microbiome, where in particular breast tumours showed rich and diverse 

microbiome composition. Importantly, the microbiome of each of the studied cancer types 

was largely associated with tumour and immune cells (Nejman et al., 2020). Taken together, 

the evidence suggests that diverse tissue-specific microbiomes can function as an enabling 

characteristic, which can influence other hallmark capabilities, such as hyperproliferation, 

genome instability and tumour-promoting inflammation, and can therefore modulate 

tumour pathogenesis. 

 

1.1.2.14 Senescent Cells 

 

Senescence is a biological process, different from programmed cell death, in which cells 

undergo permanent growth arrest to maintain tissue homeostasis and limit the proliferation 

of pre-malignant cells. Senescence can be induced by a variety of factors including DNA 

damage, oxidative stress, nutrient deprivation, as well as damage to cellular organelles 

(Birch, 2020; Gorgoulis et al., 2019). Senescence was believed to be a protective mechanism 

against cancer, whereby cancer cells were prompted to undergo senescence, therefore 
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blocking tumour progression (He and Sharpless, 2017); (Kowald et al., 2020). However, since 

then, several mechanisms were revealed, in which senescent cells were associated with 

driving tumorigenesis (Wang, Kohli and Demaria, 2020). One of the main mechanisms 

exerted during the senescence process includes the activation of a senescence-associated 

secretory phenotype (SASP). The SASP involves the secretion of pro-inflammatory cytokines 

and chemokines, as well as proteases, which affect the surrounding environment and 

neighbouring cells. Indeed, it has been suggested that tumour cells exploit the SASP 

mechanism, whereby SASP factors may contribute towards the malignant conversion 

promoting tumour progression and metastasis and suppressing anti-tumour immunity (Lee 

and Schmitt, 2019); (Wang, Kohli and Demaria, 2020). Finally, apart from tumour cells, it has 

been shown that tumour-associated fibroblasts can also undergo senescence. They can 

modulate hallmark capabilities via their SASP, for example they can stimulate tumour cell 

proliferation, induce EMT and recruit suppressive immune lymphocytes, and can therefore 

support the acquisition of a tumour phenotype (Faget, Ren and Stewart, 2019); (Wang, Kohli 

and Demaria, 2020). 

 

1.2 Breast Cancer 

 

Breast cancer is described as a malignancy of the breast tissue, which can develop in the 

lining of the ducts or lobules of the breasts and can affect both males and females.  

 

1.2.1 Structure and Function of the Breast  

 

The breasts are located on the front of the chest in the thoracic cavity found between the 

second and the sixth rib (Skandalakis, 2009). They are composed of two main tissues – 

glandular and adipose tissue. The glandular tissue is organised into smaller sections, called 

lobes. Each lobe consists of smaller structures – lobules which communicate with a network 

of ducts and eventually connect to form a terminal duct, which carries out the lactation 

function of the breast (Fig.1.6) (Hassiotou and Geddes, 2013). Mammary glands reach 

mature development state only during the pregnancy/lactation cycle. The World Health 

Organisation recommends breastfeeding due to its many health benefits, amongst which is 

the reduced risk of breast cancer development (Victora et al., 2016). The mammary lobules 

are the dynamic units of the breast and are widely believed to be the main origin of breast 

cancer in comparison to the extralobular ducts (O’Malley, Pinder and Mulligan, 2011).  
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The lobules of the breast are lined with two layers of epithelial cells: the secretory luminal 

cells form the inner layer, which is in turn surrounded by an outer layer of basal myoepithelial 

cells. The basal membrane is adjacent to the myoepithelial cells and separates the lobular 

epithelial cells from the surrounding connective tissue (adipose and fibrosis tissue) (Honeth 

et al., 2015).  

 

 

 

Figure 1.6: Anatomy of the female breast – A) Anterior view of female breast. B) Cross 

section of the breast depicting its composition. Figure accessed through 

https://www.anatomynote.com/human-anatomy/breast-anatomy/nipple-anatomy/ 

(Accessed 27 April 2020). 
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1.2.2 Epidemiology of Breast Cancer 

 

As mentioned in section 1.1.1, breast cancer has the highest incidence rate worldwide 

(11.7%) (Sung et al., 2021). Breast cancer is the most common malignancy in the UK, 

accounting for 15% of all new cancer cases with 55,920 cases diagnosed each year (Fig.1.7) 

(Cancer Research, UK, 2018). The highest incidence rates in the UK occur in people who are 

over the age of 90. Over the last 10 years, there was a 3% increase in breast cancer incidence 

rates in the UK, where rates in females were increased by 5% and rates in males stayed 

unchanged. In males, breast cancer is considered to be rare (it is not amongst the top 20 

cancers) and accounts for approximately 370 new cases each year (Cancer Research, UK, 

2018).  

 

Breast cancer mortality rates vary across the world, with approximately 685,000 deaths 

(6.9%) globally in 2020 (Sung et al., 2021). In the UK, there are almost 11,500 deaths each 

year (Cancer Research, UK, 2018). It has been estimated that breast cancer accounts for 7% 

of all cancer deaths and is ranked to be the 4th most common cause of cancer related death 

in the UK. In the UK, breast cancer is the second leading cause of cancer death in females. 

Over the last 40 years, increased survival rates were observed, where in the UK 8 out of 10 

women diagnosed with breast cancer would survive. As a result, in the last decade there has 

been a 17% reduction in mortality rates in females (Fig.1.8).  
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Figure 1.7: The 20 most common cancer types in the UK, 2016 – 2018 – The bar graph 

indicates the number of new cases diagnosed in 2018, where breast cancer has the leading 

incidence rates (Cancer incidence for common cancers | Cancer Research UK, (Accessed 27 

April 2020)).  

 

 

 

 

Figure 1.8: European age-standardised mortality rates per 100,000 UK females diagnosed 

with breast cancer, 1971-2018 (Breast cancer mortality statistics | Cancer Research UK, 

(Accessed 27 April 2020)).  
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1.2.3 Staging of Breast Cancer 

 

Breast cancer is a cancer type for which pre-clinical screening programmes exist, contributing 

towards early detection and diagnosis. Due to regular mammography screenings (every two 

years) recommended by the European Society for Medical Oncology (ESMO), a reduction in 

the mortality rate is observed in people aged 50 – 69 years old. However, no benefit for 

routine mammography screening is yet reported for women aged 40 – 49 years due to limited 

data (Gøtzsche and Jørgensen, 2013). It is advised that magnetic resonance imaging (MRI) 

should be performed annually on women with familial breast cancer history associated with 

BReast CAncer (BRCA) gene mutations. MRI, carried out concomitantly with mammography 

screening, can lower the risk of late-stage breast cancer diagnosis (Warner et al., 2008). MRI 

can also be recommended before primary therapy to determine whether there is a beneficial 

response to neo-adjuvant treatment. 

 

Apart from using imaging techniques, breast cancer is further confirmed and diagnosed with 

a clinical examination and pathological assessment of the primary tumour. The pathological 

examination should be performed before the initiation of any kind of treatment and should 

be based on a core needle biopsy if possible (Senkus et al., 2015). This will provide 

information about 1) the stage of the tumour, 2) the level of tumour differentiation, referred 

to as the grade of the tumour, and 3) immunohistochemical examination of the expressed 

biomarkers, which will in turn determine the most suitable treatment options. 

 

The tumour staging involves clinical, radiological and pathological examination. The clinical 

staging involves blood, liver and renal function tests. Patients who are at high risk of a 

metastatic disease typically receive radiological testing in the form of a chest x-ray and bone 

scan, as well as a liver ultrasound. The pathological assessment is based on an internationally 

recognised system (TNM) which provides information about the tumour progression by size, 

number of positive lymph nodes (LN) and to what extent the tumour has spread 

(metastasised) outside the local lymph nodes (Table 1.1) (Senkus et al., 2015). Axillary lymph 

node status remains the most important prognostic factor of metastatic relapse following 

surgery for early breast cancer (Danko et al., 2010). For example, a study showed that the 

overall 5-year survival rate is decreased by up to 40% in patients with lymph node-positive 

breast cancer in comparison to node-negative tumours (Rosen et al., 1989). In addition, 

tumour diameter has also been linked to increased chances of tumour recurrence. Following 

systemic therapy after surgery, patients who did not receive adjuvant treatment had reduced 
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disease-free survival rates and larger tumours in comparison to those patients who received 

adjuvant therapy (Fisher et al., 1989). Overall, breast cancer staging is an essential part of 

breast cancer management because it provides diagnostic information and guides the 

selection of the most appropriate treatment option.  

 

 

Table 1.1: Staging of breast cancer using the TNM system (Stages of Breast Cancer | 

Understand Breast Cancer Staging, (Accessed 27 April 2020)). 

Tumour size (T) 

T0 No evidence of primary tumour 

Tis Ductal carcinoma in situ 

T1 Tumour is 2cm or less 

T2 Tumour is between 2cm and 5cm 

T3 Tumour is more than 5cm 

T4 
Tumour is growing into the chest wall or ulceration of skin, as well as 

inflammatory breast carcinoma 

Lymph node involvement (N) 

N0 No lymph node involvement 

N1 
Cancer has spread to 1-3 axillary lymph nodes, but the nodes are not attached to 

surrounding tissue 

N2 
Cancer has spread to 4-9 axillary lymph nodes or cancer has spread to one or 

more internal mammary lymph nodes 

N3 Infraclavicular or supraclavicular lymph node involvement 

Metastases to distant parts of the body (M) 

M0 No distant metastasis 

M1 Distant metastasis 
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1.2.4 Morphology and Grading of Breast Cancer 

 

In addition to tumour stage, breast carcinomas exhibit unique histopathological features 

which are associated with different clinical outcomes and can therefore direct treatment 

strategy. Depending on the differentiation profile and microscopic features, breast cancer 

can be grouped into distinct histopathological subtypes. Based on its localisation, the tumour 

can be either in situ carcinoma (limited to the epithelial cells by the basement membrane) or 

invasive carcinoma (spread to the surrounding stroma). It is also important to note if the 

tumour arises from the duct (ductal carcinoma) or from the lobule (lobular carcinoma). The 

most common invasive breast cancer is invasive ductal carcinoma (IDC), which accounts for 

approximately 80% of all breast tumours (Invasive Ductal Carcinoma (IDC) Breast Cancer: 

Johns Hopkins Breast Center, (Accessed 27 April 2020)). It is a heterogeneous type of cancer 

with variable amount of ductal differentiation and cellular morphology, and therefore has 

distinct clinical behaviour. Ductal carcinoma in situ (DCIS) is characterised by the local 

proliferation of epithelial cells limited only to the ducts. DCIS can be in some cases a precursor 

for the subsequent development of an invasive carcinoma, therefore, an adequate 

histopathological examination should be carried out to allow for early detection and 

diagnosis. The risk of developing invasive carcinoma is directly proportional to the grade of 

the DCIS. In the cases when the DCIS cancers are poorly differentiated and are ranked as high-

grade tumours, there is an increased risk of cancer progression and invasion of the 

surrounding connective tissue of the breast (Makki, 2015). It is worth mentioning several 

other less common invasive carcinomas which rarely metastasise and generally have good 

prognosis – tubular and mucinous cancers. Medullary carcinoma is another rare breast 

cancer characterised by poorly differentiated cells with noticeable lymphocyte infiltration. It 

is also associated with mutations in the BRCA1 gene; nevertheless, it has good prognosis and 

better outcome than normal invasive ductal carcinoma (Armes and Venter, 2002). Finally, 

papillary carcinoma accounts for less than 1% of invasive breast cancers and is most common 

in postmenopausal women. Table 1.2 summarises the above-mentioned breast cancer 

pathologies.  
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Table 1.2: Histopathological subtypes of breast cancer (Makki, 2015). 

Pathological 

subtype 
Frequency 

Histopathological 

appearance 
Other features 

Ductal carcinoma 80% 

Atypical cells forming 

solid, micropapillary 

patterns 

Most common 

subtype 

Lobular carcinoma 10-15% 

Small, relatively 

uniform, and non-

cohesive cancer cells 

Can have either 

multicentric or 

bilateral 

presentation; lacks 

E-Cadherin and β-

catenin expression 

Medullary 

carcinoma 
3-5% 

Poorly differentiated 

cells forming a syncytial 

pattern; substantial 

lymphocyte infiltration 

Associated with 

BRCA1 mutation and 

are often oestrogen 

receptor negative 

Mucinous 

carcinoma 
2% 

Clusters of epithelial 

cells floating in 

extracellular mucin 

Good prognosis, 

prevalent in elderly 

postmenopausal 

patients 

Tubular carcinoma 2% 

Tubule-like formations, 

which invade the stroma 

and adipose tissue  

Good prognosis, less 

likely to metastasise  

Papillary carcinoma 1% 
Predominantly papillary 

morphology  

Good prognosis, less 

likely to metastasise  

 

 

In addition to their histopathological features, breast malignancies are further characterised 

based on their grade and the immunohistochemical markers they express. Tumours which 

are well differentiated tend to grow slower and are considered to be of ‘low grade’ (grade 1). 

On the other hand, tumours which are poorly differentiated and have little or no 

resemblance to the normal cells of the breast are termed ‘high grade’ tumours (grade 2 and 

3). High grade tumours are more likely to invade blood and lymphatic vessels and are 

therefore a predisposition for cancer metastasis and worse prognosis. Finally, the expression 

of a number of receptors including oestrogen receptor (ER), progesterone receptor (PR) and 

human epidermal growth factor receptor 2 (HER2) can be determined via several 

immunohistochemical techniques, where the overexpression of these receptors plays an 

important role in determining the best treatment regimen. Breast cancer molecular subtypes 

and biomarkers will be discussed in more detail in sections 1.2.5 and 1.3.2, respectively.  
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1.2.5 Molecular Subtypes of Breast Cancer  

 

Breast cancer is a heterogeneous disease, which apart from being characterised by clinical, 

radiological and histological analysis, can also be divided into different groups according to 

the molecular expression of ER, PR, and the overexpression/amplification of HER2. In 

addition, the development in gene expression profiling using microarray technology has shed 

new light and understanding of breast cancer biology at the molecular level. In comparison 

to immunohistochemical analysis, which can only detect the expression of a few proteins at 

any one time, the systematic investigation of expression patterns of thousands of genes 

simultaneously can improve the classification of cancer into different subtypes (Cleator and 

Ashworth, 2004). Based on complementary DNA (cDNA) microarray and hierarchical 

clustering analysis, Perou et al. identified distinctive molecular patterns for each of the 42 

tumours included in the study and concluded that based on the differences in these patterns, 

tumours can be grouped into distinctive subtypes: a luminal-like group, a HER2 (ErbB2)-

overexpressing group, a basal-like group, and a normal breast-like group (Perou et al., 2000). 

In a subsequent study, which analysed 78 breast carcinomas and included the previously 

analysed 42 tumours, the authors provided evidence that the luminal-like group can be 

further subdivided into two separate subtypes, each with a distinctive expression profile 

(Sørlie et al., 2001). In addition, they also correlated the gene expression profiles of 49 locally 

advanced tumours which had previously received neo-adjuvant chemotherapy and adjuvant 

tamoxifen therapy with relapse-free and overall survival (Fig.1.9), and thus highlighted the 

importance of gene expression assays used as prognostic markers for assessing important 

clinical outcomes.  

 

Since the gene expression profiles vary between tumours, van’t Veer et al. hypothesised that 

gene expression signatures could be useful in predicting patient outcome after surgery for 

early breast cancer. In order to determine a prognostic signature for patients who would 

benefit from adjuvant therapy, 78 patients under the age of 55 were selected, who had early, 

node negative breast cancer. Of those 78 patients, 34 developed a recurrent disease within 

5 years of diagnosis. After performing gene expression analysis, 70 genes were selected as 

the optimal signature to predict the likelihood of cancer recurrence within 5 years after 

surgery (Van’t Veer et al., 2002). To further validate this gene signature and stratify patients 

into a good or poor prognosis group, 295 patients who had primary invasive breast cancer 

and were 52 years old or younger were included in the study (van de Vijver et al., 2002). Of 

all patients, 180 patients had a poor prognosis signature and 50.6% (±4.5%) chance of 
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remaining disease free at 10 years, whereas 115 of the patients belonged to the good 

prognosis group with 85.2% (±4.3%) probability of remaining cancer free (Fig.1.10, (A)). The 

signature could also stratify patients based on overall survival, where the poor prognosis 

signature group had worse overall survival outcome (Fig.1.10, (B)). In addition, the gene 

expression signature displayed better and more powerful prognostic value in comparison to 

standard clinical parameters and could therefore be used as a potential biomarker to guide 

adjuvant therapy administration.  

 

Currently, breast cancer can be classified into five distinct molecular subtypes: luminal A – 

hormone receptor positive (HR+)/HER2-negative (HER2-) tumours, luminal B – HR+, and either 

HER2+ or HER2- tumours, HER2-amplified tumours, claudin-low and tumours that do not 

express any of these markers, termed triple-negative breast cancer (TNBC) (Nicolini, Ferrari 

and Duffy, 2018). All of these tumour subgroups are biologically variable, have different 

prognosis and responses to therapy, and are associated with distinct risk factors.  
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Figure 1.9: Assessing overall survival (A) and recurrence-free survival (RFS) (B) for the five 

tumour subtypes based on gene expression classification (Sørlie et al., 2001).  

 

 

 

 

Figure 1.10: Kaplan-Meier analysis displaying the probability of metastasis-free disease (A) 

and overall survival (B) over a 10-year period for patients who have early breast cancer 

based on gene expression signature analysis (van de Vijver et al., 2002). 

  

  



 Chapter 1 - Introduction 

31 
 

1.2.5.1 Luminal A Breast Cancer 

 

Luminal A breast cancer is the most common subtype, accounting for 30-45% of all breast 

cancer cases. It is characterised as predominantly ER-positive (ER+), PR ≥ 20%, HER2-negative 

and with Ki67 staining less than 14% (Goldhirsch et al., 2013a). Ki67 is an expression marker 

which is strongly associated with the growth rate and the proliferative potential of tumour 

cells (Brown and Gatter, 2002). Luminal A tumours are the least aggressive, low-grade 

cancers and they generally have favourable prognosis with low rate of tumour recurrence 

(Voduc et al., 2010).  

 

The main adjuvant treatment for the majority of luminal A cancers which are ER-positive 

remains endocrine therapy (ET). The treatment regimen is selected based on the patient’s 

menopausal status, the efficacy and the experience of any side effects. Tamoxifen is a 

selective oestrogen receptor modulator (SERM) and is used as a first line therapy 

predominantly for the treatment of premenopausal women. Aromatase inhibitors (AIs) 

(anastrozole, letrozole or exemestane) are often used in women who are postmenopausal. 

They work by suppressing the activity of the enzyme aromatase. There are two groups of AIs 

which impact oestrogen synthesis – anastrozole and letrozole are nonsteroidal and bind 

competitively to aromatase, whereas exemestane is a steroidal/irreversible aromatase 

inhibitor (Miller et al., 2008). Depending on the choice of an upfront or sequential strategy, 

AIs can have a prolonged effect on the patients’ disease-free survival (DFS), with no 

significant impact on their overall survival (OS) (Bliss et al., 2012); (Cuzick et al., 2010); (Goss 

et al., 2008). Although the 5-year adjuvant endocrine therapy has proven to be beneficial, 

many women can still develop a recurrent disease. Clinical trials have therefore assessed the 

effects of endocrine therapy beyond the 5-year mark and show that extended ET can reduce 

breast cancer recurrence. In particular, administration of tamoxifen for the first 5 years, 

followed by either tamoxifen or AI resulted in improved DFS and overall quality of life 

(Burstein et al., 2019). Chemotherapy is normally not advised for luminal A tumours, unless 

the patient experiences high tumour burden with an increased chance of cancer relapse 

(Ejlertsen et al., 2010); (Herr et al., 2019); (Lim and Winer, 2011). Finally, the management 

of advanced ER+ breast cancer has significantly improved after the addition of cyclin-

dependent kinase 4 and 6 (CDK 4/6) inhibitors to endocrine therapy. There are currently 

three CDK 4/6 inhibitors which have been approved by the FDA for the treatment of ER+HER2- 

advanced breast cancer only in postmenopausal women – palbociclib, ribociclib, and 

abemaciclib. For instance, based on the phase II study PALOMA-1/TRIO-18 and the phase III 
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study PALOMA-2, palbociclib, in combination with an AI, has been approved as a first-line 

therapy in advanced breast cancer (Finn et al., 2015), whereas the benefit of combining 

palbociclib with fulvestrant (selective oestrogen receptor downregulator) as a second-line 

treatment was based on the phase III trial PALOMA-3 (Turner et al., 2015). These 

combinations resulted in significant and prolonged progression-free survival profiles. 

 

1.2.5.2 Luminal B Breast Cancer 

 

Luminal B (HER2-) cancers are predominantly ER+, HER2-, and at least one of the following: 

Ki67 ≥ 20%, PR- or less than 20% expression. Luminal B (HER2+) tumours are predominantly 

ER+, HER2+, and any Ki67 and PR expression level (Goldhirsch et al., 2013a). Different studies 

have reported different prevalence profiles for luminal A and B molecular subtypes. For 

example, a study carried out with a Pakistani breast cancer patient cohort revealed that 69% 

of the patients were luminal B in comparison to 31% of patients with luminal A breast cancer 

(Hashmi et al., 2018). In contrast, other studies conducted in different parts of the world have 

shown that luminal A tumours are more common than luminal B – the USA (55% luminal A 

and 17% luminal B) (Bhargava et al., 2009), China (65% luminal A and 19% luminal B) (Zhu et 

al., 2014), and Japan (71% luminal A vs 8% luminal B) (Shibuta et al., 2011). The difference in 

frequency between these two molecular subtypes highlights the heterogeneity in breast 

cancer in different populations across the world. Luminal B cancers have an aggressive 

phenotype and poor prognosis in comparison to luminal A tumours. The standard of care 

treatment includes chemotherapy, endocrine therapy, and in the cases where HER2 is 

overexpressed, HER2-targeted therapy. A more in-depth information about the treatment 

options available for luminal B cancers is given in section 1.3.3. 

 

1.2.5.3 HER2-amplified Breast Cancer 

 

The human epidermal growth factor receptor 2 is overexpressed in approximately 15%-20% 

of breast cancer cases, usually due to amplification of the HER2/ErbB2 gene and is largely 

associated with ER- tumours (Anderson, Rosenberg and Katki, 2014). However, it is important 

to note that overexpression of the HER2 protein can be detected even in the absence of gene 

amplification, due to post-translational modifications. HER2-amplified tumours are 

associated with an aggressive form of the disease, poor prognosis, increased risk of 

metastatic relapse, and shortened overall survival (Holbro, Civenni and Hynes, 2003); (Paik 

and Liu, 2000). As a result, HER2 has been shown to have an important role in the 
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pathogenesis of the disease and is currently used in the clinic both as a prognostic and 

predictive biomarker for detection and treatment of HER2+ breast cancer (Duffy et al., 2017). 

 

Trastuzumab (Herceptin) is an FDA-approved chimeric mouse-human antibody, which binds 

to the extracellular domain of the HER2 receptor (subdomain IV), thus preventing its 

proteolytic cleavage and inhibiting ligand-independent signalling (Molina et al., 2001). 

Trastuzumab is generally administered in combination, often sequentially, with 

chemotherapeutic agents amongst which are doxorubicin, cyclophosphamide and taxanes 

(paclitaxel, docetaxel). The combined treatment of trastuzumab with chemotherapy has 

demonstrated a reduced recurrence risk and increased disease-free survival in comparison 

to chemotherapy alone across different disease stages (neo-adjuvant (Dent et al., 2013), 

adjuvant (Gianni et al., 2011); (Perez et al., 2014), and advanced settings (Loibl and Gianni, 

2017); (Slamon et al., 2001)). Depending on the selected treatment regimen, chemotherapy 

is usually carried out for 12-24 weeks (four – eight cycles) (Senkus et al., 2015). It is 

recommended that taxanes and anthracyclines are administered sequentially rather than 

concomitantly due to higher efficacy and less toxicity (Shao et al., 2012). Trastuzumab is 

usually given for 12 months (Goldhirsch et al., 2013b); (Pivot et al., 2019) and is generally 

well tolerated, but one of the more severe side effects is cardiotoxicity. Therefore, 

concomitant administration of trastuzumab with anthracyclines (which also have cardiotoxic 

effects) should be avoided (Perez et al., 2014). 

 

Although trastuzumab therapy has shown significant clinical benefit for the treatment of 

HER2+ breast cancer, there is still a relative proportion of patients who develop resistance. It 

has been reported that less than 35% of patients with HER2-overexpressing breast cancer 

respond to trastuzumab, which is associated with primary or de novo resistance (AC. Wolff 

et al., 2007). In addition, a high percentage of patients (70%) who show initial benefit from 

trastuzumab therapy, subsequently develop acquired resistance to the drug, and therefore 

experience advanced or metastatic cancer (Gajria and Chandarlapaty, 2011). Thus, new drugs 

and combination therapies are constantly being developed and assessed in clinical trials to 

determine their efficacy and use in the clinic. For instance, lapatinib is a potent reversible 

tyrosine kinase inhibitor that acts on both HER2 and epidermal growth factor receptor 

(EGFR), where it competes with ATP and binds to the intracellular ATP-binding site of the 

receptor.(Xia et al., 2002) The combination therapy of lapatinib and capecitabine is approved 

for the treatment of HER2+ advanced or metastatic breast tumours, which were previously 

irresponsive to anthracycline, taxane, and trastuzumab, based on a 51% reduction in the risk 
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of disease progression (Geyer et al., 2006). More recently, the phase III NALA clinical trial 

compared the combination efficacy of neratinib plus capecitabine (N+C) to lapatinib plus 

capecitabine (L+C) and determined that patients in the N+C arm had 24% reduction in the 

risk of disease relapse and a trend towards improved overall survival (Saura et al., 2019). As 

a result, the combination of neratinib plus capecitabine has been approved for the treatment 

of advanced or metastatic HER2-positive breast cancer patients who have previously 

received at least two other HER2-targeted agents.  

 

To further improve response, a number of clinical trials have assessed dual-HER2 inhibition 

particularly in the neo-adjuvant and advanced disease settings. For instance, combining 

trastuzumab, lapatinib and chemotherapy showed superior anti-tumour activity in 

comparison to chemotherapy and a single anti-HER2 agent for the treatment of HER2-

positive early breast cancer (Baselga, Bradbury and Eidtmann, 2012); (Xu et al., 2017). In 

addition, a meta-analysis of randomised phase II/III trials reported that this dual anti-HER2 

therapy resulted in increased pathological complete response (pCR) in comparison to 

patients who received trastuzumab and chemotherapy (55.8% vs 38.4%, respectively) (Hicks 

et al., 2015). Despite the benefits of combining trastuzumab and lapatinib in the neo-

adjuvant setting, there is currently not enough evidence supporting this combination for the 

treatment of advanced breast cancer.  

 

Pertuzumab is another humanised monoclonal antibody, which also exerts its activity against 

HER2. It prevents the dimerization of HER2/HER3 by binding to subdomain II of the 

extracellular domain of the receptor and therefore inhibits ligand-dependent signalling 

(Adams et al., 2006); (Franklin et al., 2004). Both trastuzumab and pertuzumab have the 

ability to activate the immune system by binding to Fc receptors expressed on immune 

effector cells (natural killer cells and CD8+ T cells), which initiates a process called antibody-

dependent cellular cytotoxicity (ADCC) (Arnould et al., 2006); (Scheuer et al., 2009). 

Pertuzumab in combination with trastuzumab plus docetaxel have been approved for the 

treatment of operable, locally advanced or inflammatory breast cancer after showing 

significant improvement in the pCR rates of patients with HER2+ breast cancer (45.8% vs 29% 

(trastuzumab + docetaxel arm) and 24% (pertuzumab + docetaxel arm)) (Bianchini et al., 

2017); (Gianni et al., 2012). More recently, the PEONY phase III clinical trial also supported 

the use of pertuzumab in combination with trastuzumab and chemotherapy (docetaxel) in 

the neo-adjuvant setting for treatment of early or locally advanced HER2-positive breast 

cancer, where the total pCR rates for this group were 39.3% compared to only 21.8% in the 



 Chapter 1 - Introduction 

35 
 

control group (without pertuzumab) (Shao et al., 2020). The approval of adjuvant 

pertuzumab in combination with trastuzumab and standard chemotherapy was based on the 

results from the phase III clinical trial APHINITY (Piccart et al., 2021). The results revealed a 

significant improvement in the 6-year invasive disease-free survival in the pertuzumab-

containing arm for node-positive patients (88%) versus the placebo group (83%), whereas 

there was no added benefit from pertuzumab in the node-negative group (95% for both 

treatment arms). In addition, the CLEOPATRA trial revealed that this combination is 

favourable for patients with advanced breast cancer demonstrating an increased median 

overall survival of 57.1 months in comparison to 40.8 months for the group without 

pertuzumab (Swain et al., 2014); (Swain et al., 2020). However, in the metastatic setting, 

pertuzumab is only suitable for people who have not previously received any other form of 

HER2-targeted therapy or chemotherapy (‘4 Committee discussion  | Pertuzumab with 

trastuzumab and docetaxel for treating HER2-positive breast cancer | Guidance | NICE’, 

(Accessed 10 May 2020)).  

 

The antibody-drug conjugate T-DM1 combines the antibody function of trastuzumab with 

the cytotoxic activity of the anti-microtubule agent DM1. T-DM1 has shown strong clinical 

benefit in advanced HER2+ breast tumours which have been previously treated with 

trastuzumab and taxane chemotherapy and is associated with inhibition of the PI3K signalling 

pathway, disruption of the HER2/HER3 dimers, and prevention of p95-HER2 formation 

(Junttila et al., 2011). The efficacy of T-DM1 monotherapy has been demonstrated in Phase 

III clinical trials in patients with metastatic HER2-positive breast cancer, who have previously 

received trastuzumab and chemotherapy. In the EMILIA trial, T-DM1 therapy showed 

improved progression-free survival (PFS) rates and significant increase in the median OS in 

comparison to the group who received lapatinib with capecitabine (Diéras et al., 2017). In 

addition, in the MARIANNE trial T-DM1 did not show superiority to trastuzumab with 

docetaxel treatment, however, it showed similar efficacy and PFS rates, therefore it can be 

considered as an alternative, safe and tolerable therapeutic option for metastatic breast 

cancer patients (Perez et al., 2017). Apart from its success in the metastatic setting, T-DM1 

was recently approved as an adjuvant agent for the treatment of residual invasive HER2+ 

breast cancer pre-treated with trastuzumab and chemotherapy based on the results from 

the KATHERINE trial (von Minckwitz et al., 2019). 
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1.2.5.4 Triple Negative Breast Cancer 

 

Triple negative breast cancer is characterised by the lack of ER, PR and HER2 expression and 

accounts for approximately 15% of all diagnosed breast cancers (Sørlie et al., 2001). In part, 

due to the lack of molecular targets for therapy, this subtype is associated with poor 

prognosis and aggressive phenotype (Ovcaricek et al., 2011). Good detection methods and 

accurate assessment of the expression levels of ER/PR/HER2 by immunohistochemistry (IHC) 

or HER2 gene amplification by fluorescence in situ hybridisation (FISH) are essential for 

reducing the risk of wrong diagnosis and treatment selection (Bianchini et al., 2016). 

Therefore, strict guidelines are applied in the clinical practice in order to reduce the 

inappropriate classification of cancers as TNBC (Hammond et al., 2010).  

 

TNBC is a heterogeneous disease with complex molecular and histopathological landscape. 

Based on omics technologies, there is an increasing understanding of the molecular basis and 

clinical behaviour of this disease, which has led to the identification of four TNBC subtypes 

including 2 basal-like (BL1 and BL2), a mesenchymal (M), and a luminal androgen receptor 

(LAR) subtype (Lehmann et al., 2016). The basal-like subtype is the most common and 

accounts for about 50-80% of triple negative breast cancers (Prat, Adamo, et al., 2013); (Prat 

et al., 2014). However, not all basal-like cancers are triple negative (Cheang et al., 2015).  

 

Based on gene expression profiling studies, Herschkowitz et al. identified a novel molecular 

subtype of breast cancer called claudin-low (Herschkowitz et al., 2007). These tumours are 

characterised by displaying a triple negative phenotype, however only a small number of 

TNBCs are claudin-low (Dias et al., 2017). They account for 7-14% of all breast cancer cases 

and are associated with poor prognosis and aggressive phenotype. They have low expression 

of claudin proteins (proteins responsible for maintaining tight junctions and epithelial cell-

cell adhesion) and are enriched for genes associated with EMT, lymphocyte infiltration and 

stem cell characteristics (Prat et al., 2010); (Prat and Perou, 2011); (Sabatier et al., 2014).  

 

The Carolina Breast Cancer Study – a population-based study of African-American and white 

women including 1424 breast cancer cases and 2022 control patients revealed that basal-like 

breast cancer had the highest prevalence in young premenopausal females and women of 

African ancestry (27%) versus 14.5% for premenopausal white women (Dietze et al., 2015); 

(Millikan et al., 2008). TNBC is the most common histological subtype associated with 

BRCA1/2 germline mutations. While only 5% of all breast cancer cases are associated with 



 Chapter 1 - Introduction 

37 
 

germline BRCA1/2 mutations (Koboldt et al., 2012), 70% of breast cancer patients with BRCA1 

mutations and 23% of BRCA2 carriers are characterised as being triple negative (Stevens, 

Vachon and Couch, 2013). In addition, mutations in the cancer susceptibility genes BRCA1/2 

have been strongly associated with hereditary breast cancer, where they account for 25% of 

hereditary cases (Kleibl and Kristensen, 2016). Since BRCA1/2 germline mutations can 

predispose to cancer, early detection and diagnosis is of utmost importance for women of 

high risk for developing breast cancer who have either a family history of the disease or have 

a known genetic mutation associated with cancer risk. MRI has proven to be the most 

sensitive imaging technique in pre-menopausal women and is currently recommended for 

use in susceptible women aged 25-30, usually accompanied by mammography screening 

beginning at least from age 40 (Bick, 2015). In addition, genetic testing in breast cancer is 

gaining more attention, particularly in the case of hereditary disease (Kwon et al., 2010) since 

it has proven beneficial for patients with high-grade serous ovarian cancer (Mafficini et al., 

2016). As a result, patients with evidence of BRCA1/2 mutations are eligible to receive 

treatment containing a PARP inhibitor (Hennessy et al., 2010). Somatic mutations in BRCA1/2 

gene are rare, however, decreased function of the BRCA1 protein can also result from 

reduced expression of normal BRCA1 gene through loss of heterozygosity or epigenetic 

mechanisms, which is a common feature for sporadic breast cancers (Catteau et al., 1999); 

(Esteller, 2000); (Rice et al., 2000).  

 

Despite the increased number of studies aimed at identifying novel molecular targets for the 

treatment of TNBC, to date, there is no effective targeted therapy readily available for this 

aggressive breast cancer subtype, and therefore, patient stratification is still challenging. 

Nevertheless, cytotoxic chemotherapy, and more recently PARP inhibitors, have shown 

promising results in the treatment of TNBC. Despite the lack of targetable biomarkers, there 

is substantial clinical evidence that patients with TNBC have a better response rate to 

chemotherapeutic agents in comparison to people with other types of breast cancer, which 

is often referred to as the TNBC paradox (Carey et al., 2007). Although the most effective 

chemotherapeutic regimen has not yet been confirmed, anthracycline- and taxane-based 

chemotherapy has shown promising results in the neo-adjuvant and adjuvant settings. 

Patients with TNBC had higher pCR rates in comparison to other molecular classes of breast 

cancer following neo-adjuvant treatment with paclitaxel followed by 5-fluorouracil, 

doxorubicin, and cyclophosphamide chemotherapy (Rouzier et al., 2005). In another study 

focused on analysing prospectively collected clinical data of patients who received 

chemotherapy before surgery, Liedtke et al. also showed that patients with TNBC achieve 
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higher pCR, but showed decreased PFS and OS rates (Liedtke et al., 2008). The higher 

recurrent rates among patients with triple negative disease can be explained by residual 

disease after surgery, which only highlights the need for more effective neo-adjuvant 

therapies or better-defined adjuvant treatments. In regard to the adjuvant setting, the 

addition of taxane (paclitaxel) to anthracycline-based chemotherapy is still the preferred 

treatment option, where dose density and regimens with higher doses seem to be more 

effective for triple negative tumours (Berry et al., 2006); (Citron et al., 2003); (Gluz et al., 

2008).  

 

Although anthracycline- and taxane-based chemotherapy has proven to be effective in TNBC, 

there is still a relatively high risk of disease recurrence if the tumour is not completely 

eradicated. Tumours, which have a dysfunctional BRCA1 or BRCA2 gene, display impaired 

DNA repair mechanisms and are therefore sensitive to DNA-cross-linking agents, such as 

platinum based therapeutics (cisplatin, carboplatin). Several clinical trials have assessed the 

benefit of platinum agents for the treatment of triple negative cancers in the neo-adjuvant 

setting and have concluded that single-agent platinum-based chemotherapy is effective in 

achieving pCR in patients harbouring BRCA1 mutant TNBCs (Byrski et al., 2014); (Silver et al., 

2010). In addition, two randomised trials further evaluated the addition of platinum-based 

agents to standard neo-adjuvant regimens and revealed significantly higher rates of pCR in 

ER-/PR-/HER2- patients, supporting their favourable effects for early-stage TNBC (Sikov et al., 

2015); (Von Minckwitz et al., 2014). More recently, the GeparSixto phase II clinical trial 

demonstrated that the addition of carboplatin to neo-adjuvant paclitaxel and doxorubicin 

resulted in significantly improved DFS rates but did not add a significant benefit to OS (Loibl 

et al., 2018). It is important to note that platinum-based therapies potentially have more 

undesirable side effects than other regimens, therefore their selection should be carefully 

considered (Astolfi et al., 2013).  

 

A more recent randomised phase III clinical trial compared the efficacy of sacituzumab 

govitecan – an antibody-drug conjugate composed of an antibody against the human 

trophoblast cell surface antigen 2 (Trop-2) coupled to SN-38 (topoisomerase I inhibitor) to a 

single-agent chemotherapy (capecitabine, eribulin, gemcitabine, or vinorelbine) for the 

treatment of patients with relapsed or refractory metastatic triple negative breast cancer 

(Bardia et al., 2021). The study demonstrated improved median PFS with the sacituzumab 

treatment versus a single chemotherapeutic agent (5.6 months vs 1.7 months, respectively), 
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as well as prolonged median overall survival (12.1 months with sacituzumab vs 6.7 months 

with chemotherapy). 

 

BRCA1/2 are tumour suppressor genes important for progression through the cell cycle, DNA 

repair and apoptosis. Under normal conditions, both BRCA1 and BRCA2 are required to repair 

double-strand DNA breaks through homologous recombination. However, in BRCA1/2-

deficient cells, homologous recombination is impaired and thus, DNA damage repair relies 

on the functions of poly (adenosine diphosphate-ribose) polymerases (PARP). However, upon 

PARP1 (the most abundant member of the PARP family) inhibition by RNA interference or 

chemical inhibitors, DNA breaks accumulate, and BRCA-deficient tumours become very 

sensitive to this selective therapy. Although there are three PARP inhibitors which are 

approved as monotherapy for ovarian cancer (olaparib, rucaparib, and niraparib), olaparib 

and more recently talazoparib are the only FDA-approved PARP inhibitors for the treatment 

of BRCA1/2-deficient TNBC in the metastatic setting, based on the phase III clinical trials 

OlympiAD (Robson et al., 2017) and EMBRACA (Litton et al., 2018). These studies compared 

the efficacy of olaparib or talazoparib, respectively as single agents to standard 

chemotherapy (capecitabine, vinorelbine, or eribulin, as well as gemcitabine only in the 

EMBRACA trial) in patients with metastatic triple negative breast cancer and germline BRCA 

mutation. Currently, there are several phase I-III clinical trials assessing the benefit of other 

PARP inhibitors as single therapeutics or in combination with cytotoxic chemotherapies in 

the neo-adjuvant or metastatic TNBC settings (McCann and Hurvitz, 2018).  

 

Over the past 5 years, immunotherapy has proven to be successful and has shown promising 

results in the management of cancer. In particular, the use of immune checkpoint inhibitors, 

which can modulate the anti-tumour immune response, has revolutionised the treatment of 

cancer. PD-1 is a transmembrane receptor expressed on the surface of many immune cells 

including T cells and upon interaction with its ligand (PD-L1), it can increase Treg cell 

functions and attenuate the immune response (Francisco et al., 2009). PD-L1 expression is 

more prevalent on tumour-infiltrating immune lymphocytes rather than on tumour cells, 

where its upregulation is associated with immunosuppression and subsequent tumour 

progression (Mittendorf et al., 2014); (Sabatier et al., 2015). PD-L1 expression has been 

detected in 20% of TNBC (Mittendorf et al., 2014). Currently, there is only one FDA-approved 

anti-PD-L1 antibody in breast cancer, atezolizumab, which selectively blocks PD-L1 and 

prevents interaction with its receptor, therefore reverses T-cell suppression. The approval of 

atezolizumab in combination with nab-paclitaxel in advanced TNBC has been based on the 
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phase III clinical trial Impassion (Schmid et al., 2018). Patients in this group had significant 

PFS benefit in comparison to the placebo group (7.2 months vs 5.5 months).  

 

In summary, there has been significant improvement in the treatment of TNBC in terms of 

response rates and survival outcome. However, there is still a need for further patient 

stratification in order to positively impact this heterogenous population.  
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1.3 Luminal B Breast Cancer 

 

As previously mentioned, luminal B breast cancer is characterised by the expression of ER/PR 

and can be either HER2+ or HER2-. The tumours in this molecular subtype tend to be of higher 

grade with a more aggressive phenotype and worse prognosis with a median survival of 1.3 

years in comparison to 2.2 years for luminal A cancers with distant metastasis (Kennecke et 

al., 2010). Furthermore, although the survival outcome for patients with luminal B/HER2+ 

breast cancer has significantly improved after the addition of trastuzumab to the treatment 

regimen, this subtype remains under-researched since ER status is not often considered in 

clinical trials for HER2-amplified tumours.  

 

1.3.1 Molecular Biology of Luminal B Breast Cancer 

 

This section will mainly address the structure and functions of two of the main receptors 

responsible for driving luminal B HER2-positive breast cancer, and in particular oestrogen 

receptor and human epidermal growth factor receptor 2, which are also important 

prognostic and predictive biomarkers further described in section 1.3.2.1. 

 

1.3.1.1 Oestrogen Receptor Structure and Function 

 

Oestrogen receptor alpha (ERα) and oestrogen receptor beta (ERβ) are members of the 

nuclear receptor superfamily. In humans, ERα is encoded by the ESR1 gene located on 

chromosome 6 (Gosden, Middleton and Rout, 1986), whereas ERβ is encoded by ESR2 gene 

found on chromosome 14 (Enmark et al., 1997). The two ERs are ligand-activated intracellular 

transcription factors, which share similar structural domains (Fig.1.11). The amino-terminal 

transactivation domain (NTD) is involved in binding to target sequences, such as transcription 

coregulators and can therefore transactivate gene transcription (Fuentes and Silveyra, 2019). 

The NTD in ERα is longer than ERβ and has been shown to bind to the TATA box-binding 

protein (TBP), which is an important transcription factor, but fails to bind to ERβ NTD, which 

highlights the functional differences between the transactivation domains of the two 

oestrogen receptors (Wärnmark et al., 2001). In addition, it has been shown that ERβ has a 

weaker transactivational activity, which is cell and promoter specific (Nilsson and Gustafsson, 

2011). Next to the N-terminal region is the DNA-binding domain (DBD), which facilitates 

interaction of ligand-bound ER with specific sequences found in the chromatin, known as 

oestrogen response elements (EREs). The DBDs of both ERα and ERβ recognise the same EREs 
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(Klein-hitpass et al., 1989); (Wood et al., 2001). It is important to note that there is high 

sequence homology between the DBD of ERα and ERβ (more than 95% homology) (Kumar et 

al., 2011). Interaction with these response elements has an important role in oestrogen-

regulated gene expression. The hinge (domain D) connects the DBD and the ligand-binding 

domain (LBD), which also contains the nuclear localisation signal, allowing the translocation 

of ligand-bound receptor complexes to the nucleus. The LBD allows binding of a diverse array 

of ligands, such as endoestrogens, phytoestrogens, xenoestrogens, and anti-oestrogens 

(Farooq, 2015), as well as coactivators and corepressors, where most of these ligands display 

preferential binding to ERα. The sequence homology between the LBD for ERα and ERβ is 

approximately 55%, and although the two receptors have overlapping functions, they usually 

act in an antagonistic manner. For example, it has been reported that ERα has an important 

role in driving proliferation, therefore leading to the development of breast cancer, whereas 

ERβ has been found to be involved in suppression of cell proliferation (Chang et al., 2006). 

Finally, the C-terminal F domain has been shown to modulate gene transcription in a ligand-

dependent manner and has been reported to inhibit ligand-induced receptor dimerisation 

(Koide et al., 2007); (Yang et al., 2008). Importantly, there are two additional activation 

function (AF) domains, AF1 and AF2, which are located within the NTD and the ligand-binding 

domain, respectively. Their collaborative functions are involved in the regulation of ER 

transcriptional activity. AF1 activation is independent of oestrogen binding, whereas 

activation of AF2 is dependent on the presence of ligands (Kumar et al., 2011).  

 

 

 

 

Figure 1.11: Structural domains of ERα ( ) and ERβ ( ) – The diagram depicts six different 

domains labelled A-F, including N-terminal transactivation domain (NTD, A/B domains), DNA-

binding domain (DBD, C domain), the hinge (D domain), and the C-terminal region containing 

the ligand-binding domain (LBD, E domain) and F domain. Figure adapted from (Fuentes and 

Silveyra, 2019). 
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ERα/β can exert its transcriptional regulation by either directly or indirectly binding to DNA 

response elements or alternatively, regulation of gene expression can be achieved 

independently of oestrogen via activation of intracellular signalling events. These signalling 

events can be divided into genomic and non-genomic signalling pathways. Genomic 

signalling, referred to as the classical ER signalling, facilitates interaction between ERα/β and 

their ligands in the cytoplasm (Fig.1.12, (A)). The ligand binding induces a conformational 

change in the receptor and its subsequent translocation to the nucleus, where the ligand-

bound receptor forms a dimer. The formed complex then binds to ERE in the chromatin and 

initiates the transcriptional expression of ER-target genes. The ERα/β can also indirectly 

interact with DNA, a mechanism known as indirect genomic signalling, since it has been 

reported that approximately 35% of ER-target genes lack ERE sequences in their promoter 

regions (Vrtačnik et al., 2014). Instead, the ER complex initiates protein-protein interactions 

with other transcription factors, primarily members of activator protein 1 (AP1) and 

specificity protein 1 (Sp1) families, and their corresponding response elements (Fig.1.12, (B)) 

(Fuentes and Silveyra, 2019).  

 

Apart from its genomic effects, ERα/β can also activate gene transcription through non-

genomic signalling pathways. Relatively recently a new type of oestrogen binding protein was 

discovered – G-protein coupled oestrogen receptor 1 (GPER1) (Filardo and Thomas, 2012). 

Both GPER1 and a membrane bound ERα/β have been associated with non-genomic 

signalling (Fig.1.12, (C)). Located at the plasma membrane, upon ligand binding, they can 

interact with a variety of membrane receptors (e.g., HER2, EGFR, IGFR1), as well as with 

adaptor and signalling molecules such as Shc, Ras, Src (Boonyaratanakornkit, 2011); (Song et 

al., 2010), which subsequently results in activation of downstream signalling cascades 

(mitogen-activated protein kinase (MAPK), PI3K/AKT, protein kinase A (PKA) and 

phospholipase C (PLC) pathways) (Li et al., 2010). In turn, activation of protein kinases can 

phosphorylate transcription factors (i.e., AP1, Sp1, nuclear factor-κB (NF-κB), and STATs), as 

well as ERs themselves, which can affect their function and indirectly regulate gene 

expression (Björnström and Sjöberg, 2005); (Cavalcanti et al., 2015); (Furth, 2014). The latter 

mechanism is also referred to as ER ligand-independent signalling (Fig.1.12, (D)).  
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Figure 1.12: ERα/β genomic and non-genomic signalling pathways – ERα/β can exert its 

functions through several distinct signalling mechanisms: A) Direct genomic signalling in 

which ERα/β is bound by its ligand and the complex is translocated to the nucleus, where it 

recognises DNA ERE sequences. B) Indirect genomic signalling, in which ERα/β acts through 

protein-protein interactions with other transcription factors. C) Non-genomic signalling – 

Interaction of membrane bound ERα/β or GPER1 with nearby receptor tyrosine kinases 

(RTKs) or signalling molecules to initiate activation of downstream signalling cascades. D) 

Oestrogen-independent signalling in which activated protein kinases phosphorylate ERα/β or 

transcription factors that can affect transcriptional regulation (Fuentes and Silveyra, 2019). 
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ERα is responsible for the regulation of a variety of biological and physiological processes, 

including regulation of the menstrual cycle, reproduction, brain function, and has an 

important role in mammary gland development. Apart from its role in key biological 

mechanisms, dysregulation of ERα functions has been associated with breast cancer 

development and progression. Indeed, ERα regulates the expression of genes involved in cell 

proliferation and cell cycle progression. One such example is the upregulation of c-Myc and 

cyclin D1, two oestrogen-induced genes which promote progression through the cell cycle, 

therefore directly contributing towards increased cell growth and division (Butt et al., 2005); 

(Caldon, Sutherland and Musgrove, 2010). In addition, as mentioned earlier, ERα can interact 

with RTKs or other signalling molecules through its non-genomic action to initiate signalling 

through PI3K/AKT and MAPK pathways, which can in turn drive cell proliferation and survival 

(Musgrove and Sutherland, 2009). Furthermore, it has been reported that in breast cancer 

cell lines, ERα can upregulate the expression of the anti-apoptotic proteins Bcl-2 and Bcl-X, 

therefore inhibiting apoptosis (Gompel et al., 2000). ERα has also been implicated in 

facilitating angiogenesis through the upregulation of VEGF and increased secretion of IL-8 

cytokines (Bendrik and Dabrosin, 2009); (Miller and Duckles, 2008). Finally, although ER is not 

directly involved, upregulation of ER coactivators, such as amplified in breast cancer 1 (AIB1), 

has been associated with increased tumour cell migratory and invasive potential (Saha Roy 

and Vadlamudi, 2012). Taken together, all these mechanisms implicate ERα in driving 

tumorigenesis. It is important to note that since ERα is often involved in a crosstalk with 

HER2, upregulation of ERα has been associated with resistance to HER2-targeted agents, 

which is described in more detail in section 1.4. 

 

1.3.1.2 HER2 Structure and Function 

 

HER2 (ErbB2) oncogene is located on chromosome 17 (17q12) (Popescu, King and Kraus, 

1989). HER2 is a transmembrane tyrosine kinase receptor which belongs to the epidermal 

growth factor receptor (EGFR) family and is the most commonly overexpressed receptor in 

breast cancer. This family consists of four members: EGFR/ErbB1, HER2/ErbB2, HER3/ErbB3 

and HER4/ErbB4 (Baselga and Swain, 2009); (Hynes and Lane, 2005). These family members 

resemble 40-45% homology and are composed of three main regions: extracellular N-

terminal region which is comprised of four domains (I – IV) (Ogiso et al., 2002); a hydrophobic 

transmembrane domain and an intracellular kinase domain. The latter consists of the 

juxtamembrane domain, a tyrosine kinase (TK) domain and a carboxy-terminal tail (Fig.1.13) 

(Lemmon and Schlessinger, 2010). The HER2 phosphorylation sites are located in the carboxyl 
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terminus of the receptor, which serves as the docking sites for adaptor molecules and 

enzymes responsible for downstream signalling activation. There are several important 

phosphorylation sites within HER2 – Y1023, Y1112, Y1139, Y1196, Y1221/22, and Y1248 

(Dankort, Jeyabalan, et al., 2001). Multiple ligands with different binding affinities have been 

identified for EGFR, HER3, and HER4, amongst which are epidermal growth factor (EGF) and 

neuregulins (or heregulins) (Citri and Yarden, 2006). Nevertheless, HER2 is the only family 

member with unknown ligands (Klapper et al., 1999); however, there is evidence gathered 

from structural studies proposing that its structure resembles a ligand-activated open 

conformation ready to form dimers with other members of the family (Garrett et al., 2003). 

This may explain why HER2 is the preferred dimerisation partner for the other three 

receptors. In addition, there is supporting evidence showing that HER2-containing 

heterodimers are the most frequent and exert the strongest catalytic activity, and therefore 

the strongest signalling activity. For example, HER2/EGFR heterodimers are associated with 

prolonged signalling in comparison to EGFR homodimers (Aertgeerts et al., 2011). Moreover, 

since HER3 lacks a tyrosine kinase domain, it has been reported that HER2 is its preferred 

binding partner (Moasser, 2007). Ultimately, upon ligand binding and dimer formation, the 

cytoplasmic domain becomes catalytically active. This results in receptor crosstalk, 

subsequent phosphorylation of tyrosine residues and further signal transduction to 

downstream effector molecules, leading to activation of various biological pathways. The 

main intracellular signalling pathways affected by HER2 activation are PI3K/AKT/mammalian 

target of rapamycin (PI3K/AKT/mTOR) and Ras/Raf/MAPK pathways (Fig.1.14) (Yarden and 

Sliwkowski, 2001). These pathways are involved in numerous cellular processes such as cell 

proliferation and differentiation, survival, and angiogenesis (Sangwan and Park, 2006). 

Dysregulation of these pathways is linked to malignant transformation and cancer 

progression. Indeed, HER2 overexpression is associated with increased cancer cell 

proliferation and survival, reduced apoptosis (Paul and Mukhopadhyay, 2004), as well as 

resistance to anti-cancer therapy, such as endocrine therapy (refer to section 1.4), which in 

turn is associated with poor patient clinical outcome.  
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Figure 1.13: Protein structure of the HER2 receptor – HER2 monomer structure from the N-

terminus (NH2) to the C-terminus (COOH) includes a large extracellular region containing two 

ligand-binding domains (LBD1 and LBD2) and two cysteine-rich domains (CR1 and CR2), a 

transmembrane domain, known as a juxtamembrane domain (JMD) and an intracellular 

region. The latter contains the tyrosine-kinase domain (TKD) and a C-terminal region. Two of 

the main HER2 auto-phosphorylation sites are depicted (Y1221/22 and Y1248), which 

together with the other phosphorylation sites are found in the carboxy terminus of the 

receptor (figure created using BioRender). 
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Figure 1.14: HER2 associated signalling pathways – HER2 can either homodimerise (when 

HER2 is overexpressed) or form heterodimers with other family members (e.g., EGFR, HER3, 

HER4). Upon ligand binding, HER2/EGFR heterodimerise, which leads to 

transphosphorylation and activation of the tyrosine kinase domain of the dimer. On the other 

hand, the HER2 homodimer is constitutively active. This results in the subsequent 

phosphorylation of downstream adaptor molecules and signalling effectors, culminating in 

the activation of two main pathways – the MAPK and PI3K/AKT. Ultimately, these signalling 

cascades can modulate gene transcription, affecting various cellular functions such as cell 

proliferation, cell cycle progression, survival, apoptosis, angiogenesis, invasion, and 

metastasis (figure created using BioRender).  
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1.3.2 Biomarkers 

 

Breast cancer is a diverse disease with high tumour heterogeneity between patients (Polyak, 

2011). The availability of recognised and approved biomarkers is therefore important to 

guide the most appropriate treatment strategy. Currently, there are several molecular 

biomarkers (ER, PR, HER2 and Ki67) which are used not only for molecular classification of 

breast cancer, but also for predicting patients’ survival and benefit from a specific treatment. 

In addition, genomic profiling assays provide valuable and clinically relevant information 

regarding patients’ outcome and potential benefit from adjuvant therapy. The next section 

will discuss the most important and validated biomarkers used in the clinic for luminal B 

breast cancer.  

 

1.3.2.1 Molecular Biomarkers 

 

Oestrogen Receptor (ER) 

 

Oestrogen receptor is the oldest biomarker available for breast cancer and is predominantly 

used as a predictive biomarker for sensitivity to endocrine therapy. ER is overexpressed in 

more than 70% of all breast cancers (Hua et al., 2018). Thus, patients who are positive for ER 

should receive endocrine-based treatment in the adjuvant and advanced disease settings. In 

cases when there are discordant results in the ER status between the primary and metastatic 

tumours, the American Society of Clinical Oncology (ASCO) guidelines suggest taking into 

consideration the receptor status in the metastatic site (van Poznak et al., 2015). Indeed, the 

Oxford overview confirmed that patients who had ER-positive breast cancer had increased 

benefit from 5 years of adjuvant tamoxifen therapy, whereas those with ER-negative tumours 

showed no improvement in response to endocrine therapy. The review also revealed that 

patients with ER-positive disease had a greater improvement in recurrence-free survival (67% 

vs 54% in the control group) and almost one-third decrease in mortality rates throughout the 

first 15 years (23.9% vs 33.1% in the control group) (Abe et al., 2011). Several clinical trials 

assessing the efficacy of adjuvant therapy with tamoxifen, anastrozole, alone or in 

combination (ATAC) and the BIG 1-98 trial comparing letrozole versus tamoxifen revealed the 

superiority of AIs over tamoxifen for the treatment of postmenopausal women. For example, 

the ATAC trial showed that treatment with anastrozole prolonged disease-free survival (HR 

= 0.86, 95% CI = 0.78 – 0.95) for hormone receptor positive patients and resulted in 4.3% 

increase in time-to-recurrence at 10 years in comparison to the tamoxifen-treated group 
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(Cuzick et al., 2010). In addition, the BIG 1-98 trial, demonstrated enhanced DFS rates for 

letrozole versus tamoxifen treatment, but it also resulted in improved overall survival 

following 5-year adjuvant letrozole (91.8% vs 90.4% for tamoxifen) (Colleoni et al., 2011). 

Although treatment with AI significantly improved outcome for postmenopausal women 

with ER-positive early breast cancer, the ER expression levels were not found to correlate 

with greater benefit for AIs compared to tamoxifen. The benefit from AI therapy was 

however found to be greater in patients with ER-positive breast cancer versus ER-negative 

patients, further supporting the crucial role of ER as a predictive biomarker for endocrine 

therapy. 

 

Progesterone Receptor (PR) 

 

The progesterone receptor is a nuclear receptor, which is activated by the steroid hormone 

progesterone. Oestrogen receptor can modulate the expression of PR, where PR 

upregulation is dependent on the presence of oestrogen. As a result, the presence of PR may 

serve as a biomarker for functional ER. In the presence of progesterone however, PR can alter 

the binding position of ER to chromatin, which results in the subsequent expression of genes 

involved in apoptosis and cell cycle arrest (Horwitz, Koseki and McGuire, 1978); (Obr and 

Edwards, 2012). This can in part explain why cancers which are positive for ER/PR have better 

prognosis.  

 

PR expression is detected in more than 50% of breast tumours, which are also positive for ER 

(Patani, Martin and Dowsett, 2013). A small percentage of tumours were found to express 

PR but not ER, however they are uncommon (less than 1% of all breast cancer cases), 

therefore in instances where PR is detected in the absence of ER, re-testing the ER status is 

recommended (Viale et al., 2007). PR status is usually assessed simultaneously with ER, and 

its status should be assessed in early breast cancer, as well as in recurrent and metastatic 

disease. In addition, a cut-off value for PR expression was recommended by the European 

Society for Medical Oncology (ESMO), where the PR expression levels for ER+HER2- luminal B 

breast cancer should be less than 20%, whereas ER+HER2+ breast cancer can be of any PR 

status (Allison et al., 2020); (Prat, Cheang, et al., 2013).  

 

PR has an important value as a prognostic biomarker as its expression is positively correlated 

with longer progression-free and overall survival (Duffy et al., 2017). In addition, tumours 

which are positive for both ER and PR comprise the majority of luminal cancers, they have 
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better prognosis and are more likely to benefit from endocrine therapy, whilst cancers which 

are ER+ and have low or absent PR expression have more aggressive and proliferative 

phenotype and are associated with higher risk of relapse (Anderson et al., 2007); (Arpino et 

al., 2005); (Stendahl et al., 2006). In the adjuvant setting, however, the clinical importance of 

PR remains controversial with several studies suggesting that PR status does not provide any 

additional therapeutic significance to hormone therapy. For example, the Oxford overview 

of large meta-analysis data of adjuvant tamoxifen clinical trials revealed that PR expression 

could not independently predict benefit to endocrine therapy (Abe et al., 2011). In addition, 

two other independent studies assessing the predictive role of PR in response to adjuvant 

tamoxifen or AI therapy concluded no correlation between PR and efficacy to therapy 

(Dowsett et al., 2008); (Viale et al., 2007).  

 

Human Epidermal Growth Factor Receptor 2 (HER2) 

 

As described earlier in section 1.3.1.2, HER2 is a transmembrane protein and can be 

overexpressed/amplified in a subset of breast cancers. HER2-positive tumours tend to grow 

faster and are associated with poor prognosis. Similar to ER and PR status, assessment of 

HER2 status is important in early, as well as in recurrent or metastatic breast cancer. HER2 

was initially proposed to have a prognostic value, however, nowadays it is predominantly 

used as a predictive biomarker for HER2-targeted therapy. Thus, its accurate assessment is 

essential to guide treatment selection, especially in the case of luminal B breast cancer since 

patients can be either HER2-positive or negative.  

 

At present, IHC is routinely used in the clinic to determine HER2 expression levels, followed 

by in situ hybridisation (ISH) to assess HER2 gene amplification status, i.e., the number of 

HER2 gene copies (Wolff et al., 2018). Fluorescent in situ hybridisation (FISH) is a reliable 

and specific technique, which can be performed on formalin-fixed, paraffin-embedded (FFPE) 

tissue samples. It provides better quantitative results in comparison to IHC (Sauter et al., 

2009); however, it is quite expensive, with relatively poor reproducibility, due to different 

interpretation and variation in specimen handling.  

 

There are new available assays for the detection of HER2 gene amplification, which provide 

quick and informative results with fewer requirements in regard to FISH (Penault-Llorca et 

al., 2009). One of them is chromogenic in situ hybridisation (CISH) which can be applied to 
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FFPE tissues and utilizes enzyme reactions to measure amplification. It is cheaper than FISH 

because the samples are analysed using bright field microscopes instead of fluorescence 

microscopes. Silver-enhanced in situ hybridisation (SISH) is another novel technique which 

can be used for determining the amplification status of HER2 oncogene. It is a fully 

automated method which relies on detection by conventional bright field microscopy and 

provides the possibility to evaluate the samples in the context of tissue morphology. Another 

advantage over FISH is that the slides can be analysed several times, whereas when testing 

with FISH, the slides can be examined only once due to photobleaching. There are a few 

studies which provide evidence that FISH can be interchanged with CISH or SISH due to 

similarity in the sensitivity rates (G. D. Francis et al., 2009); (Pedersen and Rasmussen, 2009); 

(Riethdorf et al., 2011). Apart from FISH, CISH is the only other FDA-approved test for 

assessing HER2 gene amplification status.  

 

In the past, discrepancies were observed in HER2 gene amplification and overexpression 

partially due to differences in the methods used, the scoring criteria, and data interpretation. 

In 2018, the guidelines for HER2 scoring criteria were updated, providing a uniform system, 

where IHC scores of protein expression are based on a scale of 0 to 3+. IHC positivity for HER2 

cell surface expression is defined as a score 3+ when > 10% of the cells have a uniform 

membrane staining. In cases where IHC score is 2+, HER2-positivity is equivocal and a single 

and/or dual-probe ISH testing should also be performed. The dual-probe HER2/chromosome 

enumeration probe 17 (HER2/CEP17) ratios are determined by routine pathology analysis 

using in situ hybridisation, where a score of ≥ 2 is considered as HER2-amplified breast 

cancer. The dual-probe HER2/CEP17 FISH assay is preferred to single-probe ISH testing for 

examination and confirmation of HER2 status in 2+ IHC specimens due to its increased 

sensitivity and precision. For single-probe ISH testing, high amplification is described as more 

than 6 gene copies per tumour cell in at least 20 counted cells, whereas no amplification is 

defined as less than 4 copies of the HER2 gene (Wolff et al., 2018). Nevertheless, determining 

the final HER2 status for samples with 2+ equivocal IHC staining is based on the guidelines 

for single and dual-probe ISH staining outlined in the table below (Table 1.3). The HER2 

assessment using FISH first is also possible, where FISH-equivocal cases should be followed 

by IHC testing. 
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Table 1.3: ASCO guidelines for evaluation of HER2 gene amplification by ISH for 2+ IHC 

scored samples using a single- and dual-probe assays (Wolff et al., 2018). 

HER2/CEP17 ratio HER2 copy number HER2-status 

≥ 2 < 4 signals/cell Negative 

< 2 ≥ 6 Positive 

< 2 ≥ 4 and < 6 Negative 

 

 

Accurate HER2 assessment is crucial for patient diagnosis and management, as well as for 

stratifying patients into appropriate treatment groups. Therefore, standardised guidelines, 

successful quality control and quality assurance are of utmost importance for accurate HER2 

testing and improved clinical benefit. ASCO and the College of American Pathologists (CAP) 

regularly review and issue detailed recommendations and guidelines for HER2 testing to 

ensure standardised practise and reliability of HER2 evaluation across laboratories (Current 

CAP Guidelines | College of American Pathologists, (Accessed 21 January 2022)).  

 

Ki67 

 

Based on retrospective clinical trials and meta-analysis, Ki67 (a marker of cell proliferation) 

has been proposed for use as a prognostic biomarker for breast cancer (de Azambuja et al., 

2007); (Petrelli et al., 2015); (Yerushalmi et al., 2010). Indeed, high levels of Ki67 have been 

associated with poor outcome and adverse effects. Despite the high number of studies with 

significant results for Ki67, there is still no clear cut-off for Ki67. The St. Gallen panel 2009 has 

suggested to use Ki67 in three categories: low ≤ 15%, intermediate 16 – 30% and high > 30% 

(Goldhirsch et al., 2009). In 2011, the St Gallen panel recommended a threshold of 14% for 

distinguishing between luminal A and B breast cancer subtypes (Goldhirsch et al., 2011). In 

2013, a majority of the panel agreed that Ki67 staining of more than 20% provided the highest 

poor prognostic significance, with the possibility to also use locally established cut-offs 

(Denkert et al., 2015); (Goldhirsch et al., 2013a). According to the European Group on 

Tumour Markers (EGTM) and the International Ki67 in Breast Cancer Working Group (IKWG), 

Ki67 can be used as a prognostic biomarker alongside other established ones in stage I or II 

breast cancer (Duffy et al., 2017); (Nielsen et al., 2021). However, ASCO has an opposing 

position on its prognostic value. In order for Ki67 to be officially approved as a prognostic 
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biomarker, several improvements need to be made including a well-defined cut-off point for 

positivity and a standardised laboratory approach.  

 

1.3.2.2 Gene Signature Assays  

 

With the development of high-throughput technologies, an attractive goal has been not only 

to utilise such experimental approaches to uncover underlying biological pathways and 

promising new targets, but also to use these new tools as molecular diagnostics. Over the 

last 20 years, several multi-gene tests based on gene expression analysis have become 

available in the clinic that can be used to separate breast cancers into molecular subtypes 

with prognostic significance (Perou et al., 2000); (Sørlie et al., 2001); (Van’t Veer et al., 2002). 

Although there are recommendations and guidelines in place to assure that current 

histopathological biomarkers are accurately assessed, misinterpretation of results is 

inevitable due to human error. Gene expression profiling can potentially predict patient 

outcomes with better precision and accuracy. Due to their promising use as prognostic 

biomarkers, gene signature assays can also be used in the future to provide treatment 

recommendations that are molecularly adapted to discrete patient populations. Currently, 

there are several commercially available gene expression signature assays (Oncotype DX, 

MammaPrint, Prosigna and EndoPredict), which are described in more detail in the sections 

below.  

 

Oncotype DX 

 

Oncotype DX, although not currently approved by the FDA, is one of the most widely used 

and validated genomic assays and has been recommended as a tumour marker by ASCO to 

support the decision-making process regarding the addition of adjuvant chemotherapy to 

endocrine therapy (Goldhirsch et al., 2013a). The test can provide a risk assessment for a 10-

year distant recurrence for patients who are diagnosed with early-stage ER-positive, HER2-

negative and lymph node negative or positive breast cancer (Cobleigh et al., 2005); (Paik et 

al., 2004). It is currently the only available signature which may predict the likelihood of 

benefit from adjuvant chemotherapy. The assay measures the expression of 21 genes at the 

mRNA level using quantitative real-time reverse transcriptase polymerase chain reaction 

(qRT-PCR) on FFPE samples, where a recurrence score (RS) is calculated based on the 

expression of these 21 genes – low (0-10), intermediate (11-25), and high (26-100) (Ross et 

al., 2008). Two prospective clinical trials – TAILORx and RxPONDER have assessed the utility 
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of Oncotype DX to guide treatment selection. For example, TAILORx was a phase III clinical 

trial, which enrolled 10,273 patients with ER-positive and node-negative breast cancer 

(Sparano et al., 2018). Its aim was to determine if there is improvement in disease-free 

survival for patients with intermediate recurrence score following endocrine therapy alone 

or in combination with chemotherapy. At the end of the trial, it was concluded that patients 

with mid-range RS did not show increase in DFS rates following addition of chemotherapy 

(84.3% vs 83.3% in the endocrine-alone group), therefore chemotherapy was not beneficial 

in these patients. In addition, patients who had low RS were found to have a low risk of 

recurrence (3%) 10 years after receiving endocrine therapy alone. This highlighted the lack 

of benefit for cytotoxic chemotherapy, which would have been administered based on 

clinicopathological characteristics alone (Abe et al., 2005). A benefit from chemotherapy, 

however, was observed as the recurrence scores increased (26-100).  

 

RxPONDER was another prospective clinical trial which enrolled 5,018 patients with ER-

positive, HER2-negative disease with 1-3 positive axillary nodes involved (Kalinsky et al., 

2021). The primary aim of the study was to determine if adjuvant chemotherapy would be 

beneficial for women with Oncotype DX RS 0-25. The data revealed no correlation between 

recurrence scores for the entire patient population and chemotherapy benefit. However, 

when patients were stratified based on their menopausal status, premenopausal patients 

showed improved 5-year disease-free survival rates following chemotherapy administration 

(93.9% vs 89% for endocrine therapy alone). On the contrary, postmenopausal women did 

not experience any added benefit from chemotherapy treatment (91.3% vs 91.9% for 

endocrine therapy alone).  

 

Based on these findings, utilising the Oncotype DX gene signature could add additional 

prognostic and predictive value in regard to adjuvant chemotherapy administration for ER-

positive node-negative early breast cancer. In addition, it can also stratify premenopausal 

patients with ER-positive and node-positive disease with RS 0-25 as being chemotherapy 

sensitive. 

 

MammaPrint 

 

MammaPrint is FDA-approved clinically validated gene expression signature assay used as a 

prognostic biomarker reporting the risk of disease recurrence over a 10-year period. It is 

approved for use in patients with early breast cancer who can be both lymph node positive 



 Chapter 1 - Introduction 

56 
 

and negative, as well as ER-positive or negative. Using microarray technology, it measures 

the expression of 70 genes that have a role in the hallmarks of cancer (e.g., genes associated 

with proliferation, angiogenesis, invasion, and metastasis). Currently, it requires fresh-frozen 

tumour samples and cannot be performed on FFPE tissue (Ross et al., 2008). MammaPrint 

separates patients dichotomously into two groups: low or high risk of disease recurrence. 

The clinical utility of MammaPrint was validated in a prospective, randomised phase III 

clinical trial called MINDACT. Patients’ risk was assessed by standard clinicopathological 

characteristics (clinical risk) and by the 70-gene signature (genomic risk) (Cardoso et al., 

2016). Patients with low genomic and clinical risk were assigned to receive adjuvant 

endocrine therapy alone. Those who had high risk for both parameters were given 

chemotherapy plus endocrine therapy for ER-positive patients. If there was a discordance 

between the risk predicted by the gene signature and traditional clinicopathological factors, 

patients were randomly assigned to receive either endocrine therapy alone or in combination 

with chemotherapy. The primary goal of the study was to assess the 5-year survival without 

distant metastasis in patients who were ranked as having high clinical risk and low genomic 

risk and who did not receive adjuvant chemotherapy. The study revealed that at 5 years 

patients who did not receive chemotherapy had 94.7% survival rate without distant 

metastasis in comparison to those who received cytotoxic agents (96.2%), therefore they had 

limited chemotherapy benefit. Current recommendations state that the gene assay might be 

used in cases with ER-positive, HER2-negative, node-positive or negative breast cancer with 

high but not low clinical risk (Krop et al., 2017). Although there is supporting evidence that 

MammaPrint can have a positive impact on reducing the administration of chemotherapy for 

patients who were diagnosed as being at high clinical risk by traditional biomarkers, but at 

low genomic risk, this gene profiling test is not currently approved for use as a predictive 

biomarker for adjuvant chemotherapy.  

 

Prosigna 

 

Prosigna (previously known as PAM50) measures the mRNA levels of 50 genes based on FFPE 

tissue samples and can classify tumour samples according to their intrinsic subtype (luminal 

A, luminal B, HER2-enriched, and basal-like) (Bernard et al., 2009). It is suitable for 

postmenopausal women with ER+HER2- early breast cancer who are either node positive or 

negative. It is used to predict a 10-year recurrence-free survival risk based on a scale of 0 to 

100. As a result, lymph node negative patients are classified as being at low risk of recurrence 

(0-40), intermediate risk (41-60) or of high risk (61-100), whereas LN positive patients are 
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grouped as low risk (0-15), intermediate risk (16-40) or high risk (41-100) (3 The diagnostic 

tests | Tumour profiling tests to guide adjuvant chemotherapy decisions in early breast 

cancer | Guidance | NICE, (Accessed 9 February 2022)). The prognostic value of the gene 

signature has been shown in both untreated (no adjuvant therapy) and tamoxifen treated 

patient groups (Bernard et al., 2009); (Nielsen et al., 2010). For example, the prognostic utility 

of PAM50 was assessed in a clinical cohort including ER-positive, node-negative and positive 

breast cancer patients treated with adjuvant tamoxifen for 5 years (Nielsen et al., 2010). It 

was shown that the gene signature was more prognostic than immunohistochemistry testing 

and traditional clinical factors, where the signature managed to identify around 9% of 

patients belonging to the HER2-enriched or basal-like subtypes, which were previously 

classified as luminal type breast cancer. Furthermore, the PAM50 signature was superior in 

its capacity to recognise a low-risk prognostic group treated with tamoxifen, where luminal 

A node-negative tumours had significantly higher relapse-free survival (74%) in comparison 

to the other three molecular subtypes, therefore suggesting that this patient population 

might not require the addition of cytotoxic chemotherapy. 

 

EndoPredict 

 

EndoPredict detects the mRNA expression levels of 12 genes by utilising qRT-PCR, the scores 

from which are combined with tumour size and LN status to generate the EPclin risk score of 

disease recurrence, where an EPclin score of more than 3.3 is associated with high risk of 

metastasis, whereas a score of less than 3.3 indicates low recurrence risk (3 The diagnostic 

tests | Tumour profiling tests to guide adjuvant chemotherapy decisions in early breast 

cancer | Guidance | NICE, (Accessed 9 February 2022)). EndoPredict has been approved to 

stratify patients based on the likelihood of them developing a metastatic disease within 10 

years of initial diagnosis. Patients with early breast cancer who are pre- or postmenopausal 

and are ER+/HER2- and LN-positive or negative can benefit from this test. The EndoPredict 

test has been initially validated in two phase III trials (ABCSG6 and ABCSG8), which enrolled 

postmenopausal patients with ER-positive, HER2-negative early breast cancer treated only 

with endocrine therapy (Dubsky, Filipits, et al., 2013); (Filipits et al., 2011). The studies 

demonstrated that the EndoPredict test could independently predict the risk of distant 

recurrence in comparison to standard clinicopathological characteristics. In addition, the 

EPclin score was able to predict good prognosis in 58-61% of patients, who according to the 

well-established clinical guidelines, were classified as being of intermediate/high risk of 

recurrence. More recently, in a retrospective study of premenopausal women with ER-
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positive and node-positive or negative breast cancer treated with adjuvant endocrine 

therapy, the EPclin risk scores were highly associated with a 10-year distant recurrence-free 

survival (DRFS) (HR = 3.6, 95% CI = 2.3 - 5.7) (Constantinidou et al., 2021). Furthermore, the 

EPclin high-risk group was more likely to experience distant recurrence, where these patients 

had 76% of DRFS in comparison to the low-risk group (97%), which was independent of nodal 

status. Therefore, it was suggested that patients with positive LN and EPclin low-risk breast 

cancer might not have an added benefit from the addition of chemotherapy to adjuvant 

endocrine therapy. Finally, the EndoPredict test was clinically validated in a prospective-

retrospective trial, which included patients treated with chemotherapy (either six cycles of 

fluorouracil, epirubicin and cyclophosphamide or four cycles with these cytotoxic agents 

followed by eight weekly courses of paclitaxel), as well as with endocrine therapy (Martin et 

al., 2014). EPclin scores were generated retrospectively based on prospectively collected 

clinical data. Following data analysis, the study revealed that the EPclin low-risk patient 

population had low risk of residual disease following standard chemotherapy with 100% 

metastasis-free survival (MFS) versus 72% MFS in the high-risk group, suggesting that the 

high-risk patients should be considered for extended or alternative adjuvant treatment. The 

other point of interest was to evaluate if EndoPredict can predict the efficacy of paclitaxel 

addition to conventional chemotherapy. The gene expression assay failed to detect any 

benefit from weekly paclitaxel, as there was no significant reduction in MFS rates in 

comparison to anthracycline-based chemotherapy.   

 

Although these gene profiling tests have positively impacted the prognosis and in some cases 

have aided the selection of treatment strategy, apart from MammaPrint, they have a 

restricted use only to ER-positive, HER2-negative breast cancers. This highlights the 

increasing need for the development of new prognostic and predictive biomarkers inclusive 

of all breast cancer subtypes, which could improve patient management and clinical 

outcome.  

 

1.3.3 The Management of Luminal B Breast Cancer 

 

As discussed earlier, luminal B breast cancer represents a molecular subgroup of ER-positive 

breast cancers with a worse prognosis than luminal A disease. As in other subgroups, the 

choice of treatment strategy depends on the cancer stage, grade, the risk of recurrence and 

the expression of biomarkers, which can serve as a guidance in the treatment decision-

making process. Early breast cancer refers to a tumour which is restricted to the breast, and 
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in some cases might have extended to the local axillary nodes. It usually has good prognosis 

and can be managed by a surgical excision. A neo-adjuvant treatment may be recommended 

before surgery in the cases when the cancer is large or aggressive. Some early breast cancer 

patients, depending on prognostic factors such as lymph node status, may have a high risk of 

disease recurrence and could benefit from additional systemic (adjuvant) therapy, which can 

be chemotherapy, endocrine therapy, targeted therapy, or combination of all. In the cases 

when the tumour is too big to be surgically removed or has spread (metastasised) throughout 

the body (to the lungs, liver, bone marrow or brain), it is referred to as advanced breast 

cancer. Metastatic breast cancer usually presents with severe symptoms, and although it 

cannot be cured, there are improved treatment strategies for its management.  

 

In the case of luminal B breast cancer, if the tumour is ER+HER2-, patients would usually 

receive hormonal therapy, whereas if it is ER+HER2+, it would be considered higher risk and 

treated with endocrine therapy, HER2-targeted therapy and chemotherapy. The treatment 

options for luminal B breast cancer are discussed in the next sections.  

 

1.3.3.1 Surgery 

 

60-80% of newly diagnosed breast cancers can be treated by primary surgery. Modern 

surgery can involve either breast conservation treatment in which the tumour is excised with 

some surrounding normal tissue or mastectomy in which the whole breast is excised. In both 

cases it is essential to perform a careful histological assessment of the resection margins to 

prevent any residual disease (Association of Breast Surgery at, 2009). Since the involvement 

of lymph nodes is an important prognostic factor for disease spread, cancer stage and local 

recurrence, a standard practice in early-stage breast cancer is to perform a sentinel node 

biopsy for diagnostic purposes, so that the presence of any histopathological markers can be 

determined (Petrelli, Lonati and Barni, 2012). In the case of a node(s) positive biopsy, the 

axillary lymph nodes in proximity to the tumour are subsequently excised during surgery, a 

standard of care for all patients diagnosed with early invasive breast cancer (American 

Society of Breast Surgeons, 2018). Unfortunately, axillary clearance is associated with several 

complications, one of the most severe ones being lymphoedema (swelling) of the upper arm, 

which has been diagnosed in a quarter of women following surgery (Gebruers et al., 2015). 

However, no need for axillary lymph node dissection is required if a single sentinel node has 

micrometastases, therefore reducing surgical complications associated with lymph node 

dissection with no adverse influence on survival (Galimberti et al., 2013). Finally, some 
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patients, typically with larger tumours, may be offered a neo-adjuvant therapy prior to 

surgery in order to reduce the size of the tumour and allow a better cosmetic result (Gianni 

et al., 2012); (Harbeck et al., 2016).  

 

1.3.3.2 Radiotherapy 

 

Radiotherapy is a type of ionising radiation that involves the targeted use of high-energy X-

rays or particles to destroy the cancer cells. Exposure to ionising radiation leads to the 

formation of free oxygen radicals which react with hydrogen atoms on the deoxyribose 

backbone of DNA leading to double-strand breaks. 

 

Radiotherapy has many applications, but it is most commonly used in the adjuvant setting 

following breast conserving surgery for early-stage invasive breast cancer. It is also indicated 

in ductal carcinoma in situ since radiotherapy has been shown to decrease the risk of local 

recurrence by 50-60% (Cutuli, Bernier and Poortmans, 2014); (Davidson et al., 2010); (Stuart 

et al., 2015). The recommended dose schedule for radiotherapy is either 40 – 42.5 Gy in 15 

– 16 fractions (2.67 Gy daily fractions, 5 times a week) or 45 – 50.4 Gy in 25 - 28 fractions (1.8 

– 2 Gy / fraction, 5 times a week) (Polgár et al., 2022). Radiotherapy can also be initiated 

following adjuvant chemotherapy no less than 3 weeks after the last chemotherapy cycle. 

Post-mastectomy irradiation is mandatory for patients with ≥ 4 positive axillary lymph nodes 

and in the cases of positive or unclear surgical margins, while it is not advised for those with 

1 to 3 positive nodes unless adverse tumour pathology is present (Polgár et al., 2022). Finally, 

radiotherapy can also be used for palliative reasons in advanced or metastatic breast cancer 

where it is effective in treating tumour ulceration and brain or bone metastases (Jacobson et 

al., 2021).  

 

1.3.3.3 Chemotherapy 

 

Cytotoxic combinations can be used in the neo-adjuvant, adjuvant, and metastatic disease 

settings. Nevertheless, a study assessing if different molecular subtypes of breast cancer 

would respond differently to neo-adjuvant chemotherapy revealed that tumours which are 

ER-negative are more sensitive to pre-operative chemotherapy and have higher pCR rates in 

comparison to luminal cancers (Berry et al., 2006); (Rouzier et al., 2005). In addition, luminal 

B HER2-negative tumours represent a group in which the benefit of chemotherapy is 
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uncertain and therefore chemotherapy is recommended only for high-risk ER+HER2- and the 

majority of ER+HER2+ luminal B cancers (Senkus et al., 2015).  

 

Currently, the most frequently used chemotherapeutic regimens consist of a topoisomerase 

II inhibitor such as doxorubicin or epirubicin and an alkylating agent such as 

cyclophosphamide, and in some cases an anti-metabolite can be added, i.e., methotrexate 

or 5-fluorouracil. Taxane-containing chemotherapy (paclitaxel, docetaxel) has been 

extensively used for the treatment of advanced breast cancer, however there is increasing 

evidence that the addition of taxanes to adjuvant chemotherapy regimens results in 

improved DFS and OS for women with operable early breast cancer (Ferguson et al., 2007); 

(Willson et al., 2019). As a result, taxanes are now incorporated into anthracycline-based 

adjuvant chemotherapy programs and this combination has been shown to reduce breast 

cancer mortality rates by about one-third (Albain et al., 2012). Nevertheless, the addition of 

taxanes to other chemotherapeutic agents is associated with an absolute 5-year DFS benefit 

of 4% - 7%, therefore their use should be carefully considered due to their association with 

toxic side-effects (Martín et al., 2008). Some clinical trials suggest that ER-negative tumours 

might have more pronounced benefit in comparison to the ER-positive counterparts (Berry 

et al., 2006); (Martin, Mackey and Vogel, 2007). However, ER status alone should not be used 

to determine the use a taxane-containing regimen. Indeed, a study by Hayes et al. 

demonstrated that the addition of paclitaxel following adjuvant doxorubicin plus 

cyclophosphamide had a positive impact on HER2-positive node-positive tumours regardless 

of ER status, however ER+HER2- cancers showed little benefit from this treatment (Hayes et 

al., 2007).  

 

The use of chemotherapy in the adjuvant setting for premenopausal patients remains unclear 

since the use of chemotherapy was not randomly assigned in the two main clinical trials TEXT 

and SOFT. Instead, the TEXT clinical trial randomised patients based on the administration of 

tamoxifen plus ovarian suppression or exemestane plus ovarian suppression, whereas the 

SOFT clinical trial compared the efficacy of tamoxifen alone, tamoxifen plus ovarian 

suppression or exemestane plus ovarian suppression (Fig.1.15) (Francis et al., 2018). The 

PERCHE clinical study was designed to prospectively determine the role of chemotherapy in 

addition to endocrine therapy, however the trial was prematurely closed due to lack of 

patient accrual (Regan et al., 2008). Although the TEXT and SOFT clinical trials did not 

randomise patients for chemotherapy treatment, patients at high risk of recurrence, who 

had high-risk clinicopathological parameters, received chemotherapy. Following 
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stratification of patients according to the receipt of chemotherapy, only those patients who 

received a cytotoxic agent, showed improvement in DFS for exemestane plus ovarian 

suppression over tamoxifen plus ovarian suppression, where DFS rates were increased by 6% 

in the TEXT trial (84.2% for exemestane vs 78.2% for tamoxifen) and by 3.7% in the SOFT trial 

(80.4% vs 76.7%, respectively) (Francis et al., 2018). Based on the subsequent analysis of 

these trials, it was evident that patients at intermediate or high risk of recurrence with node-

positive breast cancer were assigned to receive chemotherapy, which is the current 

recommendation for use of chemotherapy in the adjuvant setting for premenopausal women 

(Goldhirsch et al., 2013a); (Regan et al., 2008). Based on clinical evidence, chemotherapy 

followed by the sequential administration of tamoxifen provided better disease-free survival 

outcome for postmenopausal women with ER-positive and lymph node positive breast 

cancer (Albain et al., 2009). Nevertheless, it was suggested that the level of ER expression 

might play a role in chemotherapeutic responsiveness, where tumours with high levels of ER 

are more responsive to endocrine therapy alone and might not benefit from the addition of 

adjuvant chemotherapy (Pagani et al., 2009); (Wolff and Abeloff, 2002). In addition, the 

advancement of adjuvant aromatase inhibitor treatment in postmenopausal women showed 

significant improvement in patient outcome in comparison to tamoxifen as discussed in 

section 1.3.3.4, thus the use of AIs for treatment of postmenopausal patients in the adjuvant 

setting became the standard of care for this subgroup. Finally, as discussed in section 1.3.2.2, 

there are several multigene expression assays, which can help identify patient populations 

deriving different benefit from chemotherapy and endocrine therapy and are therefore 

currently recommended for use in the clinical practice for both pre- and postmenopausal 

women.  

 

Another important factor to consider is the use of sequential versus concurrent 

chemotherapy. A meta-analysis of randomised phase III clinical trials revealed that sequential 

scheduling rather than concomitant use of anthracyclines and taxanes resulted in improved 

DFS and OS for patients with early breast cancer (Shao et al., 2012). For patients who develop 

metastatic disease and are HR-positive, endocrine therapy is the primary treatment of 

choice. However, if they become unresponsive and are endocrine-resistant, chemotherapy 

is then recommended. Taxane and anthracycline-based chemotherapeutic regimens are still 

the preferred combination for advanced breast cancer (Sledge et al., 2003). However, if the 

tumour has been previously treated with an anthracycline and/or a taxane in the adjuvant 

setting and becomes resistant to this combination, it is generally accepted to initiate therapy 

with a different chemotherapy class. For example, the addition of capecitabine to docetaxel 
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in patients, who had been previously treated with anthracycline, had a pronounced survival 

benefit in comparison to single-agent docetaxel (O’Shaughnessy et al., 2002).  

 

 

 

 

Figure 1.15: Clinical trial design and analysis in SOFT and TEXT clinical studies (Francis et al., 

2018). 

 

 

1.3.3.4 Hormone Therapy 

 

Since luminal B cancers are hormone receptor positive, endocrine therapy is still the primary 

choice of treatment for this breast cancer subtype. Tamoxifen is the oldest and most-

prescribed selective oestrogen receptor modulator and has been accepted as the standard-

of-care adjuvant treatment for premenopausal women with early breast cancer after surgery 

(Osborne, 1998). As previously discussed, tamoxifen therapy usually lasts for 5 years and 

substantially improves the 10-year survival outcome, as well as results in reduced risk of 

patients’ relapse (Abe et al., 2011). However, the ATLAS trial assessed if there would be a 

potential benefit of extending tamoxifen treatment for additional 5 years. This study 

demonstrated even further reduction in recurrence (21.4% for continued treatment versus 
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25.1% for the control group) and mortality (12.2% for continued treatment versus 15% for 

the control group) for patients who received tamoxifen treatment for a total of ten years 

(Davies et al., 2013). However, it should be noted that extended endocrine therapy should 

only be offered in the cases of node-positive disease or for patients who are node-negative 

but have a high risk of relapse in order to prevent overtreatment and undesired side effects 

(Recommendations | Early and locally advanced breast cancer: diagnosis and management | 

Guidance | NICE, (Accessed 01 June 2021)). In some cases, an ovarian suppression might also 

be considered as an additional approach to endocrine therapy for the treatment of 

premenopausal women with ER+ disease. Its use, however, is controversial, especially in 

chemotherapy-treated patients, who can often develop ovarian failure anyway as a result of 

the cytotoxic agent (Davidson et al., 2005). On the other hand, the SOFT trial demonstrated 

that although the addition of ovarian suppression to tamoxifen did not result in improvement 

in overall survival across the whole patient population, its addition had a favourable impact 

on patients who had also received adjuvant chemotherapy in addition to tamoxifen, where 

8-year disease-free survival for this group was 76.7% in comparison to the group assigned to 

receive tamoxifen alone (71.4%) (Francis et al., 2018). There was an even bigger benefit from 

the addition of ovarian suppression to exemestane with 9% total improvement in DFS in this 

patient population versus the tamoxifen-alone group (80.4% and 71.4%, respectively). 

 

Although tamoxifen can also be used for postmenopausal women with low risk of disease 

recurrence or if they cannot tolerate an aromatase inhibitor, AIs are the preferred choice of 

adjuvant treatment for postmenopausal women who are of medium or high risk of relapse 

(Bradley et al., 2015); (Cuzick et al., 2010); (Regan et al., 2011); (Robertson et al., 2021); 

(Rydén et al., 2016). In addition, if patients become postmenopausal within the first 5 years 

of tamoxifen, the administration of AI, such as letrozole, has been shown to provide more 

beneficial outcome for this patient population (Goss et al., 2016). Several clinical trials have 

assessed whether extended AI therapy would have more favourable prognosis for 

postmenopausal women with early breast cancer. Although the extended treatment with AI 

beyond five years resulted in decreased risk of cancer recurrence, an OS advantage was not 

observed (Burstein et al., 2019).  

 

Despite improvements in the treatment of metastatic breast cancer, it remains a treatable 

but incurable disease. As a result, the overall aim is to improve patients’ quality of life, as well 

as to optimise disease-free and overall survival. The development of AIs has had a significant 

impact on patients’ outcome and has provided an alternative strategy to tamoxifen therapy. 
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Several clinical trials comparing the actions of letrozole and anastrozole to tamoxifen in 

postmenopausal women with ER+ metastatic breast cancer revealed that patients who 

received AIs had better time to progression response (ranging between 9.4 – 11.1 months) 

in comparison to tamoxifen (ranging between 5.6 – 6 months) (Bonneterre et al., 2001); 

(Mouridsen et al., 2003); (Nabholtz et al., 2003). Moreover, a meta-analysis of randomised 

controlled trials demonstrated that third-generation AIs offered significant advantage in 

overall survival (HR = 0.87, 95% CI = 0.82 – 0.93) for patients with metastatic disease in 

comparison to first- and second-generation agents (HR = 0.96, 95% CI = 0.84 – 1.09 and HR = 

1, 95% CI = 0.89 – 1.13, respectively) (Mauri et al., 2006). Although these results are not 

conclusive, AIs appear to be at least as effective as tamoxifen as a first line therapy for 

advanced ER-positive breast cancer. Another class of agents, which interfere with ER, are 

selective ER downregulators (SERDs), such as fulvestrant. Fulvestrant is a competitive 

oestrogen receptor antagonist, which completely abrogates ER activity by its destabilisation 

and subsequent degradation (Carlson, 2005). Fulvestrant is used for the management of 

locally advanced or metastatic breast cancer in postmenopausal women with ER+ expression 

whose cancer has relapsed during or after endocrine therapy in the adjuvant setting (Ciruelos 

et al., 2014). Fulvestrant monotherapy has also been shown to be more effective than 

anastrozole in patients with metastatic ER+ breast cancer who are naïve to hormone therapy 

with median progression-free survival of 16.6 months for the fulvestrant population versus 

13.8 months for the anastrozole group (Robertson et al., 2016). The PALOMA-3 clinical trial 

evaluated the therapeutic benefit of combining fulvestrant and the CDK 4/6 inhibitor 

palbociclib as a second-line treatment for women with disease progression following 

hormonal therapy and revealed delayed disease progression in this patient cohort (PFS of 9.2 

months in comparison to 3.8 months for fulvestrant single therapy) (Turner et al., 2015).  

 

1.3.3.5 Targeting HER2 in Luminal B Breast Cancer  

 

Luminal B cancers represent a heterogeneous class of breast cancer, which apart from being 

ER+, can be either HER2- or HER2+. Approximately one tenth of ER+ tumours are HER2-positive 

(Dowsett et al., 2008). Preclinical models implicate crosstalk between oestrogen receptor 

and HER2 as a mechanism of resistance to endocrine therapy. As a result, the small 

population of luminal B tumours that overexpress the HER2 receptor receive not only 

endocrine therapy, but also HER2-targeted therapies. As previously mentioned, trastuzumab 

in combination with chemotherapy is the gold standard for treatment of HER2-positive 

breast cancer in all disease settings. For most ER+HER2+ patients, trastuzumab may be 
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routinely administrated with taxane-based chemotherapy and endocrine therapy despite the 

lack of randomised clinical data to support this combination (Senkus et al., 2015). The WSG-

ADAPT phase II clinical trial is the first trial to assess early ER+HER2+ breast cancer specifically 

as a distinct subtype in the neo-adjuvant setting by comparing the combination of T-DM1 

plus endocrine therapy (premenopausal women – tamoxifen; postmenopausal women – 

aromatase inhibitor) vs trastuzumab plus ET. Their analysis demonstrated improved pCR 

rates in patients who received T-DM1 and ET (45.8%) versus those who were in the 

trastuzumab plus endocrine therapy control group (6.7%), but pCR rates were not statistically 

significant between T-DM1 with ET group and the T-DM1 alone group (40.5%). Nevertheless, 

the addition of ET to T-DM1 had a more pronounced benefit in premenopausal women than 

the T-DM1-only group (pCR 45.5% vs 27.3%, respectively). However, there were no 

significant differences in response to the addition of AI to T-DM1 for postmenopausal 

patients – 46.2% for T-DM1 plus ET vs 60% for T-DM1 alone (Harbeck et al., 2016). There are 

two studies currently investigating the efficacy of pertuzumab and trastuzumab with either 

ET or a cytotoxic agent (taxane) (NCT03272477) (estimated study completion date – February 

2024), and the HELEX trial (NCT00999804) (estimated study completion date – January 2024) 

assessing the use of trastuzumab and lapatinib with or without ET to treat ER+HER2+ breast 

cancer in the neo-adjuvant setting. 

 

As discussed in section 1.2.5.3, the combination of pertuzumab with trastuzumab and 

chemotherapy is now approved and widely used in the clinic as a neo-adjuvant treatment for 

early HER2+ breast cancer. Of note, Gianni et al. showed a differential response between 

patients whose tumours were ER-positive or negative. Patients with ER-negative tumours 

achieved approximately three times higher pCR (63.2%) following the addition of 

pertuzumab in comparison to hormone receptor positive patients (26%), therefore the 

authors suggested that future trials should consider different intrinsic profiles and sensitivity 

to therapy with the addition of appropriate treatment regimens (Gianni et al., 2012).  

 

Based on the findings from the randomised phase III clinical trial ExteNET, neratinib – an 

irreversible pan-HER2 tyrosine kinase inhibitor, has been approved as an extended treatment 

option for ER+HER2+ breast cancer which has been previously pre-treated with trastuzumab 

in the adjuvant setting (Chan et al., 2021); (Martin et al., 2017). The data suggests that the 

group treated with neratinib had significant decrease in the risk of invasive disease relapse 

without increased toxicity profile compared to the placebo arm. It was demonstrated that 

the 5-year invasive DFS rates had an absolute benefit of 5.1% for the neratinib-treated 
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population in comparison to the placebo group (90.8% vs 85.7%, respectively). Moreover, 

there was a 2.1% improvement in OS between the neratinib and placebo groups (91.5% vs 

89.4%, respectively). Neratinib’s efficacy, however, has not been evaluated in a patient 

population which has previously received trastuzumab + pertuzumab combination therapy. 

Nevertheless, adjuvant pertuzumab treatment is currently recommended only for LN-

positive tumours, therefore people with LN-negative disease can still benefit from neratinib 

(Piccart et al., 2021). It is important to note that in the APHINITY trial, the addition of 

pertuzumab to adjuvant trastuzumab + chemotherapy treatment was not dependent on ER 

status, where the pertuzumab-containing arm resulted in 89.5% invasive DFS for the ER-

negative group versus 91.2% for ER-positive patients (Piccart et al., 2021). 

 

Given the efficacy observed with aromatase inhibitors monotherapy in the metastatic breast 

cancer setting, combining AIs with HER2-targeted therapies, especially for ER+HER2+ luminal 

B breast cancer, has been of considerable interest. The TAnDEM trial was the first phase III 

randomised trial to assess the combination of trastuzumab with endocrine therapy 

(anastrozole) without the administration of chemotherapy in the metastatic setting 

(Kaufman et al., 2009). The results demonstrated a significant improvement in the survival 

rates prior to disease recurrence (PFS was 5.6 and 3.8 months for trastuzumab plus 

anastrozole versus anastrozole alone group) and a trend towards an OS benefit for the 

combination therapy in comparison to anastrozole alone (34.1 vs 28.6 months, respectively) 

for HER2+ER+ breast cancers. In another study, the combination of letrozole plus lapatinib 

was compared to letrozole alone as a first-line therapy for advanced ER- and HER2-positive 

breast cancer. The combination therapy was associated with reduced risk of disease 

progression (8.2 vs 3 months for letrozole alone arm); however, no benefit in overall survival 

was observed (33.3 months vs 32.3 months, respectively) (Johnston et al., 2009). It is 

important to note that neither study included a HER2-targeted monotherapy arm, therefore 

it cannot be determined if anti-HER2 therapy alone would be superior to the combination 

strategy. Nevertheless, the administration of ET plus anti-HER2 agents (trastuzumab, 

pertuzumab or lapatinib) is recommended over ET alone for the treatment of ER+HER2+ 

metastatic breast cancer (Cardoso et al., 2017). Currently, there is no clear evidence for the 

benefit of chemotherapy plus anti-HER2 therapy versus endocrine therapy plus HER2-

targeted therapy. The phase III clinical trial SYSUCC-002 (NCT01950182) is the first study to 

demonstrate that trastuzumab plus endocrine therapy was non-inferior to trastuzumab plus 

endocrine therapy but showed decreased toxicities in patients with ER+HER2+ metastatic 

breast cancer (Hua et al., 2022). There is another ongoing clinical trial assessing the benefits 
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from these combinations (Detect V/ CHEVENDO (NCT02344472)), the results from which 

would hopefully allow for better treatment decisions (estimated study completion date – 

November 2024). Since endocrine therapy is generally less toxic than chemotherapy, ET 

(alone or in combination with targeted therapy) is the preferred choice of treatment for 

luminal B cancers, where chemotherapy would be recommended only in the cases of 

endocrine-resistant tumours or if there is extensive visceral disease.  

 

Taken together, these findings suggest that the treatment options for luminal B breast cancer 

are well tolerated and provide significant improvement in the management of this subtype 

of breast cancer. Nevertheless, a recurrent issue is that HER2-positive luminal B cancers are 

often treated as two separate breast cancer subtypes in clinical trials (either as oestrogen 

receptor positive or HER2-overexpressing tumours), and therefore combination therapies 

targeting both ER and HER2 are not properly assessed.  

 

1.4 Drug Resistance  

 

The development of targeted therapies has changed the treatment landscape for cancer 

patients and has aided improvements in the personalised medicine approach. Nevertheless, 

the rapid acquisition of resistance to such therapies can impede their success in the clinic and 

remains a major challenge for the treatment of cancer. The importance of anti-cancer drug 

resistance has been studied since the early 1960s, and even nowadays, it still remains at the 

forefront of cancer research. The advancement in laboratory techniques and the 

development of robust, high throughput methods, as well as the availability of in vitro and in 

vivo models has significantly improved our understanding of drug resistance. As molecular 

mechanisms of resistance are becoming elucidated, novel strategies and combination 

therapies to overcome and prevent the development of resistance have started to emerge. 

The next sections will focus on known mechanisms of resistance to HER2-targeted and 

endocrine therapies. 

 

1.4.1 Mechanisms of Resistance to HER2-Targeted Therapy  

 

HER2 is a useful and important prognostic and predictive biomarker, which has significantly 

improved the clinical outcome of patients with HER2-positive breast cancer. Despite 

improvement in HER2-targeted therapies, there is a proportion of patients who develop both 
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de novo and acquired resistance to treatment, most commonly, but not limited to 

trastuzumab monotherapy. 

 

One of the most recognised resistance mechanisms is constitutive activation of the PI3K 

signalling pathway, which leads to uncontrolled cell growth and proliferation, and 

subsequently tumour progression (Fig.1.16, (A-B)). There are two possible mechanisms 

through which this pathway can be aberrantly turned on: loss of the protein phosphatase 

PTEN or through the presence of activating mutations in the catalytic subunit of PI3K (PIK3CA) 

(Miller et al., 2011). PTEN is a negative regulator of PI3K signalling, which under normal 

conditions leads to decreased pathway signalling. However, due to PTEN downregulation or 

mutational deregulation, there is sustained PI3K signalling, which in turn leads to tumour 

survival and progression. PI3K activating mutations have also been reported to have a role in 

drug resistance and are observed in 25% of breast cancers, predominantly in hormone 

receptor positive and HER2-positive tumours (Bachman et al., 2004); (Stemke-Hale et al., 

2008). Nagata et al. confirmed a correlation between PTEN-deficient tumours and the 

increased phosphorylation of AKT through PI3K activation, which was associated with 

reduced response to trastuzumab (Nagata et al., 2004). In another study, by utilising a RNA 

interference screen, PTEN knockdown conferred resistance to trastuzumab, which was even 

further reinforced by overexpression of mutants containing gain-of-function PIK3CA 

mutations. The authors also concluded that breast cancer patients having low PTEN 

expression and/or oncogenic PIK3CA mutations experienced a poor response to trastuzumab 

therapy in comparison to those lacking these alterations (Berns et al., 2007). Finally, Esteva 

et al. provided further evidence that patients with an activated PI3K pathway had lower 

overall survival rates when compared to patients without PIK3CA mutations after 

trastuzumab treatment; however, the presence of PIK3CA mutations alone was not sufficient 

to predict response to trastuzumab therapy but assessing aberrations in several components 

of the PI3K pathway did (Esteva et al., 2010). Taken together, the combination of PTEN loss 

and PI3K activating mutations appears to be a strong predictor of the response to HER2-

targeted agents, and could possibly be used as a predictive biomarker, however more clinical 

studies are necessary to validate this hypothesis. 

 

It has been suggested that activation of the PI3K signalling might also lead to lapatinib 

resistance (Brady et al., 2013); (Eichhorn et al., 2008). However, studies in cell line models 

suggest that PTEN loss and PI3K mutation status are not associated with resistance to 

lapatinib (O’Brien et al., 2010); (Xia et al., 2007). In addition, the mutational status of PI3K 
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pathway and PTEN levels were also investigated in the neo-adjuvant setting, where the 

results revealed that PIK3CA mutations were associated with trastuzumab resistance, 

whereas PTEN loss could predict response to lapatinib (Dave et al., 2011). On the contrary, 

another neo-adjuvant study assessing the status of PTEN and PIK3CA mutations as markers 

for response to trastuzumab and lapatinib without chemotherapy revealed that tumours 

with such alterations failed to respond to therapy and were unable to achieve pCR (Rimawi 

et al., 2018). Determining the levels of PTEN expression might have an important role in 

stratifying patients unlikely to benefit from trastuzumab and lapatinib-based therapies. 

However, the evidence surrounding the role of PTEN as a biomarker is controversial, which 

might be attributed to the lack of standardised cut-off values and clinically verified antibodies 

used to detect its expression. In addition, currently, there is not a validated test routinely 

used to assess PTEN levels or its functional activity. Detecting PTEN protein expression by IHC 

might be misleading because even if PTEN has an acquired mutation, its protein levels might 

be unaffected. Although PTEN mutations are rare in breast cancer, loss of protein expression 

has been detected in 48% of cases. Moreover, it has been shown that measuring PTEN mRNA 

levels is a better predictor for PI3K activity in comparison to IHC testing (Saal et al., 2007). 

Taken together, further studies are required to investigate the predictive value of these 

markers in order to identify patients who may respond to HER2-targeted therapies. 

 

Among intracellular kinases, Src tyrosine kinase activity has also been investigated as a 

mechanism of resistance to lapatinib (Fig.1.16, (A)). Src is a non-receptor protein tyrosine 

kinase responsible for signalling through various downstream pathways involved in cell 

proliferation, survival, migration, and invasion (Roskoski, 2015). Based on phospho tyrosine 

kinase mass spectrometry profiling of breast cancer cell lines which are resistant to lapatinib, 

Src family of kinases (SFK) was found to be upregulated. PI3K/AKT and MAPK signalling were 

sustained despite the inhibition with lapatinib. In addition, combination of a Src inhibitor with 

lapatinib was the most efficient in reversing lapatinib resistance in BT474 xenografts in 

comparison to the actions of each inhibitor alone. Nevertheless, treatment with Src inhibitors 

partially blocked PI3K signalling in the resistant cells and re-sensitised these cells to lapatinib 

(Rexer et al., 2011). In another study, Src activation was increased in lapatinib-resistant cell 

lines, which was further associated with increased levels of phosphorylated EGFR rather than 

HER2. A combination therapy with cetuximab (an anti-EGFR monoclonal antibody) and 

saracatinib (a Src tyrosine kinase inhibitor) successfully inhibited the survival of lapatinib-

resistant cells (Formisano et al., 2014). Finally, Zhang and colleagues revealed a role for Src 

in trastuzumab resistance. They showed that intrinsic and acquired trastuzumab resistance 
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was a result of the inability of PTEN to dephosphorylate Src, resulting in Src over-activation. 

However, the addition of a Src inhibitor to trastuzumab restored cells’ sensitivity to the anti-

HER2 antibody (Zhang et al., 2011). The crosstalk between the ER pathway and HER2 might 

also contribute to lapatinib resistance (Fig.1.16, (C)). ER upregulation was detected in 

preclinical models and clinical samples treated with lapatinib, which might be a consequence 

of FoxO3A activation (a transcription factor required for ER synthesis) as a result of prolonged 

PI3K/AKT pathway inhibition. In addition, the levels of the anti-apoptotic protein Bcl-2 were 

also elevated, leading to anti-HER2 resistance and cell survival (Giuliano et al., 2015); (Xia et 

al., 2006).  

 

Apart from aberrant activation of the PI3K signalling pathway, HER2 mutations have also 

been implicated to have a role in drug resistance and tumorigenesis (Fig.1.16, (D)), where 

they were found in 4% of breast cancer patients (Cocco et al., 2019). There is increasing 

evidence suggesting that these mutations are not associated with HER2 amplification status 

and are equally prevalent in ER+ HER2-/HER2+ tumours (Bose et al., 2013); (Petrelli et al., 

2017). In addition, data from pre-clinical and clinical studies has demonstrated that HER2 

mutations lead to resistance to endocrine therapy and HER2-targeted therapies, which would 

impact patients’ clinical outcome and survival (Croessmann et al., 2019); (Nayar et al., 2019); 

(Sun et al., 2015). There are several molecular alterations in HER2 which can lead to its 

aberrant activation: small insertions and missense mutations in the TK domain; missense 

mutations in the extracellular, juxtamembrane and transmembrane domains; deletions in 

the extracellular domain, which in turn lead to HER2 truncated forms (Gaibar et al., 2020). 

The majority of HER2 mutations have been found in exons 19 and 20 of the TK domain, most 

of which are said to be activating mutations, therefore could potentially play an oncogenic 

role similar to that of HER2 amplification (Sun et al., 2015). In addition, since the TK domain 

contains the ATP binding site responsible for receptor phosphorylation and its subsequent 

dimerization, mutations in this domain can lead to increased kinase activity and dysregulated 

PI3K/AKT and MAPK signalling and enhanced cell proliferation and survival. Most of the 

reported mutations are associated with intrinsic and acquired resistance to trastuzumab, as 

well as to lapatinib; however, they are reported to be sensitive to the actions of the 

irreversible tyrosine kinase inhibitor, neratinib, which might be attributed to the stronger 

interaction between the drug and the ATP binding site. As a result, HER2 mutations can 

potentially serve both as actionable targets and biomarkers to predict response to therapy. 

Table 1.4 summarises the most common mutations in HER2 and their response to HER2-

targeted therapies. 
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Another mechanism implicated in trastuzumab resistance is the presence of altered HER2 

forms. Δ16HER2 – a HER2 splice form in which the extracellular domain of the receptor lacks 

exon 16, has been correlated with resistance to the anti-HER2 antibody (Castiglioni et al., 

2006). It comprises 4-9% of all HER2 receptors and has been shown to activate Src kinase, 

which in turn is associated with cancer progression and metastases (Jackson et al., 2013); 

(Mitra et al., 2009). Another HER2 form, which is refractory to trastuzumab treatment, is the 

truncated p95-HER2 receptor (Scaltriti et al., 2007). p95-HER2 is expressed in roughly 30% of 

HER2+ breast tumours and is associated with worse disease-free survival rates in comparison 

to the wild-type receptor (Sáez et al., 2006). Although it lacks the extracellular domain which 

contains the trastuzumab binding site and is therefore resistant to this treatment, p95-HER2 

still retains its kinase activity and sensitivity to tyrosine kinase inhibitors, such as lapatinib 

(Scaltriti et al., 2010); (Spector et al., 2005). This has important clinical implications for 

patients who express the truncated HER2 receptor who could benefit from alternative HER2 

inhibition. 

 

Another mechanism of resistance to targeted therapies involves interaction with other RTKs 

and activation of alternative pathways to re-establish oncogenic signalling (Fig.1.16, (E)). 

Insulin-like growth factor 1 receptor (IGF-1R) is a tyrosine kinase receptor which has a role in 

cell growth and survival mechanisms. It has been shown to interact with HER2 upon IGF-1 

stimulation, which causes receptor phosphorylation and PI3K activation, and can therefore 

mediate trastuzumab resistance (Nahta et al., 2005). Another study has shown a crosstalk 

between HER2, HER3 and IGF-1R, where the heterotrimeric complex has been associated 

with trastuzumab resistance. siRNA mediated knockdown of HER3 or IGF-1R resulted in 

decreased downstream signalling and successfully re-sensitised trastuzumab resistant cells 

to the neutralising antibody (Huang et al., 2010). In addition, blocking the IGF-1R activity with 

tyrosine kinase inhibitors has been shown to improve response to trastuzumab (Browne et 

al., 2011); (Nahta et al., 2007). Finally, in a neo-adjuvant study assessing potential predictors 

of response to trastuzumab plus chemotherapy, high expression levels of IGF-1R were 

correlated with lower response rates to this combination therapy (Harris et al., 2007).  

 

MET is another tyrosine kinase receptor implicated in trastuzumab resistance. Upon 

hepatocyte growth factor (HGF) ligand induction, MET promotes sustained downstream 

signalling and abrogates the actions of trastuzumab. Moreover, HER2-positive cell lines and 

tumours treated with trastuzumab were reported to have upregulated MET expression 

(Shattuck et al., 2008). MET amplification has also been shown to confer resistance to EGFR 
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inhibitors in non-small cell lung cancer (NSCLC) by activating HER3 signalling (Engelman et al., 

2007), as well as to lapatinib in HER2-overexpressing gastric cell lines (Chen et al., 2012). 

Finally, in lapatinib resistant ER+HER2+ breast cancer cells, increased levels of AXL receptor 

were observed, leading to activation of the PI3K signalling pathway. A multikinase inhibitor 

directed against AXL activity however re-sensitised the cells to both trastuzumab and 

lapatinib (Liu et al., 2009).  

 

The occurrence of multidrug resistance (MDR) is associated with resistance to both cytotoxic 

agents and targeted therapies (Holohan et al., 2013). The overexpression of ATP-binding 

cassette (ABC) transporters is the main player responsible for MDR (Szakács et al., 2006). 

These transporters are transmembrane efflux pumps expressed on the cell membrane, 

whose role is to expel a broad range of molecules, thus reducing drug concentration inside 

the cell. The MDR1 protein is one of the main members of the ABC superfamily and its 

overexpression is believed to be responsible for conferring resistance to cancer therapeutics 

by reducing intracellular drug concentrations (Brinkmann, 2001). For example, by utilising in 

vitro cell line models Li et al. has shown that one of the acquired mechanisms of resistance 

to the antibody-drug conjugate T-DM1 is increased expression of MDR1 (G. Li et al., 2018). 

Taken together, these observations suggest that the increased understanding of mechanisms 

of resistance to anti-HER2 targeted therapies may provide insight into new treatment 

approaches and may uncover new drug targets for HER2+ breast cancer therapy. 
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Table 1.4: Most common HER2 mutations and their implications in response to anti-HER2 

therapies (Gaibar et al., 2020).  

Domain Mutation 
Mutation 

impact 
Response to therapy 

Tyrosine kinase 

domain 

L755S (most 

common 

mutation; 

hotspot) 

Activation 

• Resistant to single agents 

trastuzumab and lapatinib 

• Resistant to trastuzumab + 

lapatinib 

• Resistant to trastuzumab + 

pertuzumab 

• Sensitive to neratinib and 

afatinib  

V777L 

(hotspot 

mutation) 

Activation 

• Resistant to trastuzumab 

• Sensitive to lapatinib and 

neratinib 

V842I 

(hotspot 

mutation) 

Activation 

• Resistant to trastuzumab and 

lapatinib, but not conclusive 

data yet 

D769Y/H Activation 

• Resistant to trastuzumab and 

lapatinib 

• Sensitive to neratinib/afatinib, 

and in some studies to lapatinib 

K753E Likely neutral 

• Resistant to trastuzumab and 

lapatinib 

• Sensitive to neratinib 

I767M 

(hotspot 

mutation) 

Inconclusive 

• Sensitive to trastuzumab, 

lapatinib, neratinib, and 

afatinib 

Juxtamembrane 

domain 

R678Q 

(hotspot 

mutation) 

Activation 

• Sensitive to trastuzumab, 

lapatinib, neratinib, and 

afatinib 

Transmembrane 

domain 
I655V Activation 

• Inconclusive response to 

trastuzumab therapy  

Extracellular 

domain 
S310F/Y Activation 

• Resistant to trastuzumab and 

pertuzumab 

• Sensitive to neratinib 
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Figure 1.16: Mechanisms of resistance to HER2-targeted therapy – There are several 

possible compensatory pathways, which may cause resistance to anti-HER2 therapy: A) 

Activation of intracellular kinases downstream of HER2, including Src, as well as components 

of the PI3K/AKT signalling pathway. B) Activating mutations in the catalytic subunit of PI3K 

(PIK3CA) or loss of PTEN leading to dysregulated PI3K signalling. C) Upregulation or 

phosphorylation of ER or related transcription factors, which can subsequently alter gene 

transcription and expression of genes involved in proliferation, survival, and apoptotic 

pathways. D) Mutations in the HER2 kinase domain. E) Upregulation of RTKs, such as IGF-1R, 

MET, AXL, or other family members (HER3, EGFR) (D’Amato et al., 2015). 
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1.4.2 Mechanisms of Resistance to Hormone Therapy 

 

As previously described, luminal B cancers are characterised with ER positivity with or 

without HER2 expression. Oestrogen receptor expression is predictive of response to 

endocrine therapy, and thus hormone therapies are only effective in ER-positive breast 

cancers (Abe et al., 2011). Nevertheless, approximately 30% of ER+ breast cancers have an 

intrinsic resistance to endocrine therapy or acquire resistance after an initial response to 

therapy (Abe et al., 2005). There are several major mechanisms contributing to endocrine 

resistance among which are alterations of the drug target (ESR1/ER), changes in upstream 

and downstream effectors part of the ER signalling, as well as upregulation of tyrosine kinase 

receptors, each of which will be described in more detail. 

 

As already mentioned, high expression levels of ER are linked to high response rates to 

endocrine therapy, i.e., tamoxifen. However, some ER+ cancers become unresponsive to 

endocrine therapy due to loss of ER. In a study of paired clinical samples from before initial 

tamoxifen treatment and after tumour progression, it appeared that 17% of those tumours 

had lost ER expression and were resistant to tamoxifen (Gutierrez et al., 2005). 

 

Another possible mechanism of resistance to endocrine therapy is the presence of mutations 

in the gene that encodes oestrogen receptor – ESR1. Mutations in the ESR1 gene were found 

at very low frequency in early breast cancers (Koboldt et al., 2012). Another study identified 

mutations in the ESR1 ligand-binding domain in primary or metastatic breast tumours of 

patient-derived xenografts, which lead to ligand‐independent constitutive signalling 

(Jeselsohn et al., 2018); (S. Li et al., 2013). This finding was further supported by several other 

studies, which showed that ESR1 activating mutations clustered in the ligand-binding domain 

occurred at higher incidence rate in ER+ endocrine therapy resistant advanced breast cancers; 

however, such mutations were not detected in the primary tumours (Jeselsohn et al., 2014); 

(Robinson et al., 2013); (Toy et al., 2013). This can be explained by clonal expansion of these 

specific mutations or through de novo mechanisms resulting from the selection pressure of 

tamoxifen or AI therapy. Furthermore, it was recently reviewed that up to 40% of endocrine-

resistant ER-positive metastatic breast cancers were characterised with point mutations in 

the ESR1 LBD (Pejerrey et al., 2018). In addition to ESR1 gene activating mutations, it has also 

been reported that overexpression of ER can lead to ligand-independent signalling, 

endocrine therapy resistance and cell survival in in vitro models (Tolhurst et al., 2011).  
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Since a proportion of luminal B cancers are HER2-positive, it is important to note that some 

HER2 mutations have also been reported to have a role in endocrine resistance. For example, 

the ER+ cell line MCF7, as well as xenograft models containing knock-in HER2 mutations were 

used to study the effect of these mutations on response to endocrine therapy. Two activating 

mutations, found in the HER2 TK domain (L755S and V777L), were linked to anti-oestrogen 

resistance (Croessmann et al., 2019). Another study investigating the role of HER2 mutations 

in endocrine resistance identified the same mutations in 8 patients with ER+ metastatic breast 

cancer (Nayar et al., 2019). These mutations were not present in the primary tumour biopsies 

suggesting that they were acquired over the course of therapy and therefore contributed to 

cancer progression. In addition, both studies reported that the addition of the irreversible 

HER2 tyrosine kinase inhibitor neratinib restored sensitivity to fulvestrant. These data 

suggests that dual blockade of ER and HER2 might be a viable option for ER+/HER2+ mutant 

metastatic breast cancers and would potentially provide a better response in those patients 

with HER2 mutations causing resistance to ER-directed therapy.  

 

The crosstalk between ER and RTKs has been extensively investigated in both preclinical and 

clinical studies, which suggest that such interaction is potentially reciprocal – inhibition of 

either pathway may lead to activation of the other, and thus can result in therapy resistance. 

For example, two studies utilising either the ER+HER2+ BT474 cell line (Chung et al., 2002) or 

MCF7/HER2-18 model, which stably overexpresses endogenous AIB1 and exogenous HER2 

(Shou et al., 2004), have demonstrated that HER2 signalling promotes tamoxifen resistance 

and cell survival. In addition, there is clinical evidence suggesting that the upregulation of 

HER2 in previously HER2-negative tumours in response to tamoxifen treatment is another 

mechanism of resistance to endocrine therapy (Gutierrez et al., 2005). Furthermore, in 

another study, mice with ER+HER2+ tumours who received extended adjuvant therapy of 

neratinib and fulvestrant showed improved response in comparison to the arm which 

received fulvestrant monotherapy (Sudhan et al., 2019). These findings suggest that 

combination therapies targeting both ER and HER2 might have a beneficial clinical outcome 

in patients with ER+HER2+ breast cancer. Apart from HER2, EGFR overexpression has also 

been implicated to have a role in tamoxifen resistance, where EGFR+ tumours had shorter 

time to treatment failure (Arpino et al., 2004).  

 

More recently, RET (REarranged during Transfection), another receptor tyrosine kinase, has 

been implicated in resistance to endocrine therapies. By screening a tissue microarray of 

invasive breast tumours, RET and its co-receptor GFRα1 were shown to be upregulated in a 
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subset of ER+ breast cancers (Esseghir et al., 2007). Furthermore, a functional link was 

established between ER and RET pathways. For example, in GDNF-treated MCF7 cells, ER 

phosphorylation at S118 and S167 was increased after RET activation, leading to oestrogen-

independent transcription of target genes (Plaza-Menacho et al., 2010). RET expression in 

ER+ breast cancer cell lines has been correlated with disease recurrence and resistance to 

tamoxifen therapy. RET knockdown in the ER+ MCF7 cell line restored sensitivity to tamoxifen 

in resistant cells and further enhanced the drug response in the parental cells (Plaza-

Menacho et al., 2010). Several preclinical studies have addressed the question if the addition 

of RET inhibitors would be a viable approach to overcome endocrine resistance. Indeed, the 

addition of RET inhibitors to hormone therapy both in vitro and in vivo showed beneficial 

effects in reversing endocrine resistance, and this dual blockade may therefore be a viable 

therapeutic option to combat resistance in ER+ luminal breast cancers (Andreucci et al., 

2016); (Morandi et al., 2013); (Spanheimer, Park, et al., 2014). For example, Andreucci et al. 

initially determined that from a panel of 4 RET kinase inhibitors, NVP-AST487 inhibitor was 

the most potent RET-targeting agent in reducing GDNF-mediated RET signalling. 

Furthermore, the authors demonstrated that in an in-vitro 3D tumour spheroid formation 

assay, NVP-AST487 single agent, but not letrozole monotherapy, resulted in reduced cell 

viability and decreased size of tumour spheres, suggesting that endocrine therapy alone 

might not be sufficient to block RET-mediated activating signals. Finally, the study also 

provided evidence that NVP-AST487 therapy alone, as well as dual treatment with letrozole 

resulted in decreased cell motility (Andreucci et al., 2016). Similar results were observed in 

another study, where both siRNA-mediated knockdown of RET, as well as pharmacological 

inhibition with sunitinib or vandetanib resulted in decreased signalling through the AKT and 

MAPK pathways and showed reduced RET-dependent survival of BT474 and MCF7 luminal 

breast cancer cell lines. Furthermore, the authors also showed that the addition of tamoxifen 

to sunitinib had an additive effect on reducing the growth of BT474 and MCF7 cells 

highlighting the effectiveness of dual ER and RET blockade. The same study also confirmed 

these findings in a xenograft model, where mice treated with sunitinib had reduced rate of 

tumour formation (Spanheimer, Cyr, Gillum, G. W. Woodfield, et al., 2014). Finally, in another 

study, the authors generated a GDNF gene expression signature based on in vitro 

experimental model of MCF7 cells pre-treated with or without ICI182,780, which inhibits 

expression of ER-dependent genes, and MCF7 cells were subsequently treated with GDNF 

(Morandi et al., 2013). The GDNF response gene set correlated most significantly with the 

luminal B breast cancer subtype across three independent datasets. In addition, positive 

GDNF response signature scores were associated with worse prognosis as indicated by 
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reduced distant metastases-free and relapse-free survival rates. Moreover, the signature 

predicted poor response to aromatase inhibitor treatment, where patients who did not 

respond to letrozole or anastrozole treatment in the neo-adjuvant setting, had higher scores 

for the GDNF signature. These findings were further validated in another patient cohort of 

primary and locally advanced or metastatic tumours following adjuvant treatment with AIs, 

where increased RET protein levels were detected in 73% of the aromatase inhibitor-resistant 

patients versus 56% of the primary tumours. Since RET expression has been correlated with 

ER positivity (Esseghir et al., 2007) and resistance to endocrine therapy, as well as the 

suggested correlation between RET overexpression and poor prognosis (Morandi et al., 

2013), RET appears to be an attractive target and a potential biomarker in luminal breast 

cancer. Nevertheless, in another study, RET upregulation was also correlated with expression 

of ER, however, RET expression did not have an impact on overall survival and was not 

identified as an independent prognostic factor in breast cancer. Moreover, it was not 

significantly associated with any clinicopathological characteristics of breast cancer (Mechera 

et al., 2019). It is important to note that the authors did not include any information on the 

type of therapy patients would have received at the time of specimen collection. The role of 

RET as a biomarker and therapeutic target in ER-positive breast cancer therefore remains 

unclear, which warrants further research and highlights the importance of having an 

appropriate patient population to allow adequate assessment of the impact of RET 

expression on patient survival. Under normal conditions, oestrogen binding leads to ER 

homodimerisation and translocation to the nucleus, where the complex binds to specific DNA 

sequences known as oestrogen response elements. This promotes the transcription of 

oestrogen-regulated genes involved in proliferation and survival mechanisms. There are two 

distinct transcription activation domains – AF1 and AF2. AF1 phosphorylation is independent 

of oestrogen binding and is mediated by the activation of various signalling pathways such as 

MAPK, PI3K/AKT, PKA and p38 pathways. AF2 is found in the ligand-binding domain of the 

receptor and is therefore dependent on activation by oestrogen (Ali and Coombes, 2002); 

(Musgrove and Sutherland, 2009). Overexpression of HER2/EGFR results in increased 

activation and signalling through MAPK and PI3K/AKT/mTOR pathways, and hyperactivation 

of these pathways can promote endocrine resistance (Miller, Balko and Arteaga, 2011). These 

pathways can in turn phosphorylate ER at positions S118 and S167, leading to ER ligand-

independent activation and expression of oestrogen-inducible genes (Yamnik and Holz, 

2010). It was also reported that IGF-1R overexpression can phosphorylate ER at the same 

serine residues via increased signalling through MAPK and PI3K/AKT pathways (Fagan and 

Yee, 2008). Aberrant activation of downstream cascades, in particular the PI3K pathway, can 
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also be the result of activating mutations in the PI3K catalytic domain as previously described 

(section 1.4.1). The incidence rates of PIK3CA mutations differ according to the breast cancer 

subtype – 28-47% for ER-positive breast cancer, 23-33% for HER2-amplified breast cancer 

and 8-25% for TNBC (Miller et al., 2011). Indeed, clinical trials combining endocrine therapy 

with PI3K inhibitors have proven to be successful resulting in near-complete tumour 

regression in comparison to either agent alone (Schwartzberg and Vidal, 2020). For instance, 

the BOLERO-2 clinical trial demonstrated that combination of the mTOR inhibitor everolimus 

and the AI exemestane improved PFS (10.6 months versus 4.1 months for exemestane plus 

placebo) in patients with ER+ advanced breast tumours (Baselga et al., 2012). Furthermore, 

tamoxifen combined with everolimus proved to have more favourable clinical outcome with 

increase in the time to progression from 4.5 months for single agent tamoxifen to 8.6 months 

for the dual therapy in patients with metastatic breast cancer who are resistant to AI therapy 

(Bachelot et al., 2012).  

 

Finally, another mechanism of resistance to endocrine therapy is the overexpression and 

increased activity of oestrogen receptor co-factors, which have an important functional role 

in ER regulation, and their dysregulation can result in constitutive transcription of ER target 

genes. For example, a study of breast cancer patients who received either adjuvant 

tamoxifen or no endocrine therapy following surgery revealed that high phosphorylation 

levels of nuclear receptor coactivator 3 (NCOA3/AIB1) induced via HER2 signalling were 

associated with worse outcome and reduced response to tamoxifen (Osborne et al., 2003). 

In particular, patients with high expression levels of HER2 and AIB1 experienced shorter 

disease-free survival rates (5-year DFS = 42%, 95% CI = 22% - 63%) in comparison to patients 

who had either high HER2 and low AIB1, low HER2 and high AIB1, or no overexpression of 

either target (5-year DFS = 70%, 95% CI = 62% - 77%), suggesting that high expression of both 

HER2 and AIB1 might be indicative of tamoxifen resistance. 
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1.5 Conclusion 

 

Despite the success of endocrine and anti-HER2 targeted therapies, 15-20% of early luminal 

B breast cancers are intrinsically resistant to endocrine therapy and still recur following 

curative surgery. In the case of advanced disease, 30-40% demonstrate acquired hormone 

therapy resistance (Anurag, Ellis and Haricharan, 2018). Although HER2-positive luminal B 

breast cancers have often been grouped with other HER2-positive or ER-positive cancers in 

clinical trials, the specific interactions between the ER and HER2 suggest it should be 

considered as a separate disease. A better understanding of how endocrine resistance occurs 

in this molecular subtype may lead to a more targeted and ultimately more successful 

treatment for this breast cancer subtype. 

 

1.6 Aims of Study 

 

Since ER-positive HER2-positive luminal B breast cancer has a worse prognosis than other ER-

positive breast cancers, the overall aim of this thesis is to investigate the role of HER2 

activation and its binding partners in driving this breast cancer molecular subtype.  

 

The aims of this study are therefore: 

 

1) To generate a HER2-overexpressing ER-positive breast cancer pre-clinical model 

system and characterise HER2 phosphorylation sites (Y1221/22 and Y1248) and their 

role in downstream signalling. 

2) To identify new HER2-binding partners in ER-positive breast cancer cells and 

subsequently study their functional roles. 

3) To perform an in-silico validation and pre-clinical characterisation of a gene 

expression signature which detects HER2 Y1248 phosphorylation and determine its 

potential as a prognostic and/or predictive biomarker. 
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2.1 Tissue Culture 

 

All tissue culture was carried out under aseptic conditions in a class II laminar flow safety 

cabinet (ESCO Lifesciences). Cell lines were maintained in a humidified incubator at 37oC and 

5% CO2 (Galaxy 170S, New Brunswick Scientific). Cell lines were cultured in either 75 cm2 or 

175 cm2 flasks, containing 10 ml or 20 ml of growth medium, respectively. Cell lines were 

grown in a monolayer until they reached approximately 80% confluency, at which stage 

media was removed, cells were washed with 2 ml or 3 ml phosphate buffered saline (PBS) 

(Oxoid #BR0014G), respectively and incubated with 1x trypsin (refer to Appendix 1, section 

7.1) (2 ml for T75 and 3 ml for T175 flasks) for 5 minutes at 37oC allowing cells to detach. 

Following trypsinisation, cells were resuspended in 3 ml or 4 ml complete media, respectively 

and a fraction of the cell suspension was transferred into a new flask, where media was 

added to a final volume of either 10 ml (T75 flask) or 20 ml (T175 flask). Flasks were then 

returned to the incubator at 37oC for continuous maintenance. The ratio at which cells were 

split was based on the surface area of the new flask and the doubling time of the cell line. 

Cell lines were routinely tested for mycoplasma using MycoAlert Mycoplasma Detection Kit 

(Lonza #LT07-418). 

 

2.1.1 Maintenance of Cell Lines 

 

MCF7 – Luminal A breast cancer cell line derived from a 69-year-old woman with metastatic 

breast cancer (adenocarcinoma). Cells were maintained in Dulbecco’s Modified Eagle 

Medium (DMEM) (Gibco #41965062) supplemented with 10% foetal bovine serum (FBS) 

(Gibco #10270106). Isogenic MCF7 cells overexpressing the doxycycline-inducible plasmid 

system (pCLX-pTF-R1-DEST-R2-EBR65) were grown in DMEM media supplemented with 5% 

Tetracycline-free FBS (Pan Biotech #P30-3602). Cells stably overexpressing the pHAGE-HER2 

plasmid system were cultured in DMEM media supplemented with 5% FBS. 

 

SKBR3 – HER2-overexpressing breast cancer cell line. SKBR3 cells were derived from a 43-

year-old woman with malignant adenocarcinoma and were maintained in McCoy’s 5A media 

(Gibco #26600080) supplemented with 10% FBS.  

 

BT474 – Luminal B breast cancer cell line isolated form a solid, invasive ductal carcinoma of 

the breast of a 60-year-old female. Cells were maintained in DMEM media supplemented 

with 10% FBS. 
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MDA-MB-453 – HER2-overexpressing breast cancer cell line obtained from a 48-year-old 

female patient with metastatic breast carcinoma. Cells were maintained in DMEM media 

supplemented with 10% FBS.  

 

HCC1954 – HER2-overexpressing breast cancer cell line derived from an invasive ductal 

carcinoma of a 61-year-old female. Cells were maintained in Roswell Park Memorial Institute 

(RPMI) 1640 media (Gibco #21875091) supplemented with 10% FBS. 

 

MDA-MB-231 – Triple negative breast cancer cell line belonging to the claudin-low molecular 

subtype. This cell line was established from a metastatic mammary adenocarcinoma of a 51-

year-old woman. Cells were maintained in DMEM media supplemented with 10% FBS. 

 

BT-20 – Triple negative breast cancer cell line belonging to the basal A molecular subtype. 

The cell line was obtained from an invasive ductal carcinoma of a 74-year-old female patient. 

Cells were maintained in DMEM/F12 media (Gibco #31331093) supplemented with 10% FBS.  

 

Hs-578-T – Triple negative breast cancer cell line belonging to the basal B molecular subtype. 

The cell line was isolated from an invasive ductal carcinoma of a 74-year-old woman. Cells 

were maintained in DMEM media supplemented with 10% FBS.  

 

293FT: 293FT is a human embryonic kidney cell line, which stably expresses the SV40 large T 

antigen from the pCMVSPORT6TAg.neo plasmid. The cell line is compatible for use with 

ViraPower lentiviral expression systems for production of viral particles and allows for 

expression of high protein levels from plasmids containing the SV40 origin. This cell line was 

grown in DMEM media supplemented with 10% FBS, 2 mM L-glutamine (Gibco #25030-024), 

1x MEM non-essential amino acids (NEAA) (Gibco #11140-035), 1 mM sodium pyruvate 

(Gibco #11360-039) and 500 µg/ml Geneticin (G418) (Sigma-Aldrich #04727878001).  
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Table 2.1: Breast cancer cell line characteristics. 

Cell line ER status PR status HER2 status BRCA1 status 

MCF7 +ve +ve -ve WT 

SKBR3 -ve -ve +ve WT 

BT474 +ve +ve +ve WT 

MDA-MB-453 -ve -ve +ve WT 

HCC1954 -ve -ve +ve WT 

MDA-MB-231 -ve -ve -ve WT 

BT-20 -ve -ve -ve WT 

Hs-578-T -ve -ve -ve WT 

 

 

2.1.2 Freezing Cells 

 

Once cells reached 80% confluency, they were washed with PBS, trypsinised and 

resuspended in complete growth media as described in section 2.1. Cell suspension was then 

transferred into a 15 ml Falcon tube and centrifuged at 1500 rpm for 5 minutes at room 

temperature. Supernatant was then aspirated, and the cell pellet was resuspended in 

freezing media (90% FBS and 10% DMSO (Fisher Chemical #D4120PB08)). The cell pellet from 

a T75 flask was divided across 3 cryovials (1 ml aliquot per cryovial) or across 6-7 cryovials 

from a T175 flask. Finally, cryovials were placed into Mr. Frosty (Thermo Fisher Scientific 

#5100-0001) and left overnight at -80oC. Cells were then moved to liquid nitrogen for long-

term storage.  

 

2.1.3 Thawing Cells 

 

Cryovials containing frozen cells were removed from liquid nitrogen and were quickly thawed 

in a 37oC water bath. The contents of the cryovial were transferred to a T25 flask containing 

5 ml of pre-warmed growth media for the relevant cell line. Flasks were left in the incubator 

at 37oC overnight and the following day growth medium was removed and replaced with 

fresh medium. Cells were grown until 80% confluency and were cultured as previously 

described (section 2.1). 
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2.1.4 Cell Counting 

 

Once the cells were trypsinised and resuspended in growth media as previously described in 

section 2.1, 10 µl of cell suspension was added to 10 µl of Trypan blue (Thermo Fisher 

Scientific #15250061) in a 1.5 ml Eppendorf tube. 10 µl of this solution was loaded onto a 

Countess Cell Counting Chamber Slide (Thermo Fisher Scientific #C10228). Cell number was 

then quantified by the Countess II Automated Cell Counter (Invitrogen), where live cell count 

was used as a readout.  

 

2.1.5 MTT Cell Viability Assay 

 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide) (Sigma-Aldrich 

#M2003) assay was used to assess cell proliferation. Cells were counted and seeded at 3 x 

103 cells/well in 200 μl media in a 96-well plate and left to incubate overnight at 37oC and 5% 

CO2. The isogenic doxycycline-inducible MCF7 cells were initially plated in P90 plates at 6 x 

104 cells/ml in 10 ml media with or without doxycycline (1 µg/ml) (Sigma-Aldrich #D9891) for 

48 hours before trypsinising and re-plating in a 96-well plate as described above. Doxycycline-

containing medium was replaced with fresh medium containing fresh doxycycline every 48 

hours. Cells were incubated over a 96- (doxycycline inducible system) or 192-hour period 

(HER2 stably expressing cells) and plates were assayed every 24 hours. At the end point of 

the experiment, 20 µl of 5 mg/ml MTT (refer to Appendix 1, section 7.1) was added to each 

well and plates were incubated for 2 hours at 37oC. The supernatant was then aspirated and 

75 µl of DMSO was added to dissolve formazan crystals. Absorbance was read at 570 nm 

using a Synergy II microplate reader (BioTek). Proliferation curves displaying the raw 

absorbance values were then generated using Prism 9.1.2 software (GraphPad Software). 

 

2.1.6 Migration and Invasion Assays 

 

2.1.6.1 Wound-scratch Assay 

 

Cells were seeded in a 12-well plate at 3 x 105 cells/well in 2 ml media and were left to 

incubate until cells were fully confluent and a monolayer was formed. Multiple scratches per 

well were then created by scraping the cell monolayer using a 200 µl sterile pipette tip. The 

wells were washed with 2 ml PBS to remove any floating cells/debris and 2 ml fresh growth 

media was added. To monitor the wound healing process, brightfield images were acquired 
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every 24 hours over a 96-hour period using the High-Content Screening-Analysis platform 

(Thermo Scientific ArrayScan XTI) at a 5x magnification. The High-Content instrument was set 

to 37oC and 5% CO2. Images were analysed using the Fiji software (NIH, Bethesda, MD). The 

area of the wound at each time point was measured using either the freehand selection tool 

or the MRI wound healing plugin. Wound healing is presented as the percentage of wound 

closure relative to the scratch area at 0h.  

 

2.1.6.2 xCELLigence Migration and Invasion Assays 

 

The xCELLigence Real-Time Cell Analyser (RTCA) DP system (Roche Applied Science) was used 

to assess real-time cell migration and invasion. This system provides a dynamic kinetic profile 

of the cell population throughout the length of the experiment. The CIM-Plate 16 (ACEA 

Biosciences #5665817001) consists of a lower and an upper chamber, the latter containing 

microelectronic sensors (Fig.2.1). This allows the detection of cells as they move (migrate or 

invade) from the top to the bottom chamber. The recorded values are representative of the 

impedance changes, which reflect cells migratory and invasive abilities.  

 

160 µl of complete growth medium, which serves as a chemoattractant was added to each 

well of the lower chamber. For the migration assay, the upper chamber was then hydrated 

with 30 µl of serum-free medium and the plate was left to equilibrate for 1h at 37oC. For the 

invasion assay, the upper chamber was coated with 20 µl of 5% Matrigel (Corning #354277) 

and the plate was incubated for 2h at 37oC, allowing the gel to solidify. Once the CIM-Plate 

16 was equilibrated, it was placed in the instrument and a background reading was 

recorded. Next, cells were trypsinised, resuspended in serum-free media and adjusted to 4 

x 104 cells/well in 100 µl of serum-free media and added to the upper chamber in duplicate; 

the plate was left to incubate at room temperature for 30 minutes. The isogenic doxycycline-

inducible MCF7 cells were initially plated in P90 plates at 6 x 104 cells/ml in 10 ml media and 

were either left untreated or treated with doxycycline (1 µg/ml) for 48 hours before 

trypsinising and re-plating into the 16-well CIM plate as previously described. Following the 

30-minute incubation, the plate was returned to the xCELLigence instrument, and the run 

was initiated. Each run continued for 400 sweeps/scans, with each sweep being taken every 

15 minutes. Data was represented as either raw values or as a fold change of the induced 

HER2-mutant cell lines relative to induced HER2-WT MCF7 cells, normalised to their relative 

doxycycline uninduced conditions. 
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Figure 2.1: An image of a CIM-Plate 16 for performing migration and invasion assays using 

the xCELLigence platform (Scrace et al., 2013). 

 

 

2.1.7 Soft Agar Assay 

 

A basal agarose layer was prepared by mixing 250 µl of 2x DMEM medium (refer to Appendix 

1, section 7.1) with 250 µl of 1% low gelling temperature agarose (Alfa Aesar #J66319) to 

achieve a final concentration of 1x DMEM medium and 0.5% agarose. 500 µl of the basal 

agarose was aliquoted into each well of a 24-well plate and the plate was incubated at room 

temperature to allow the agarose to solidify. Cells were then trypsinised as described in 

section 2.1, resuspended in 2x DMEM medium and adjusted to 5 x 103 cells/well in 250 μl 

media. To form the upper layer 250 µl of the cell suspension was mixed with 250 µl of 0.7% 

agarose (1:1 ratio) and the solution was then added onto the basal layer. Finally, 500 µl of 

complete growth medium was added per well and replaced every 3-4 days to prevent the 

upper agarose layer from drying out (Fig.2.2). The plates were transferred to a 5% CO2 

incubator and were incubated at 37oC for 2 weeks before being stained with 1 mg/ml of 

nitrotetrazolium blue chloride (Merck #N6876) (refer to Appendix 1, section 7.1) for 2 hours 

at 37oC. The number of colonies larger than 0.1 mm in diameter were quantified using the 

GelCount software (Oxford Optronix). 
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Figure 2.2: A schematic representation of the steps involved in setting up a soft agar assay. 

 

 

2.1.8 Colony Formation Assay 

 

Cells were trypsinised as described in section 2.1, counted and a pre-determined number of 

cells was seeded in duplicate into a 6-well plate (1000-5000 cells/well in 2 ml media). The 

following day, cells were treated with a dose range of lapatinib (10 μM to 0.005μM) (Sigma-

Aldrich #CDS022971-25MG) or with DMSO corresponding to the amount present in the 

highest inhibitor concentration. The drug-containing medium was replaced every 3-4 days. 

After a 10-day treatment period, growth medium was removed, cells were washed with PBS 

and cell colonies were stained for 30 minutes at room temperature with 2 ml of crystal violet 

(refer to Appendix 1, section 7.1). Following the 30-minute incubation, plates were gently 

washed under running water and were left to dry overnight. Stained colonies were counted 

using the GelCount software. To determine percentage survival fraction, the number of 

colonies in the drug treated conditions were normalised to the number of colonies formed 

following treatment with the vehicle control (DMSO). Dose-response curves were generated 

and IC50 values were calculated using Prism 9.1.2 software (GraphPad Software) (refer to 

section 2.6 for the method used to calculate IC50 values). 

 

For siRNA transfection experiments (see Reverse siRNA Transfection, section 2.1.9), cells 

were initially seeded in P90 plates. 24 hours later, cells were trypsinised (as described in 

section 2.1) and plated in 6-well plates at the following seeding densities: 1 x 103, 4 x 103, 1 x 

104, and 1.5 x 104 cells/well in 2 ml media. 48 hours post siRNA transfection, cells were 

treated with lapatinib (0.05 µM, 0.5 µM or 1 µM) or with DMSO (for each condition cells were 

plated in duplicate). Once colonies had reached sufficient size (no more than 50 cells/colony), 

colonies were stained with crystal violet as described above. The percentage survival fraction 

was calculated based on the two equations bellow (Franken et al., 2006): 

 

Basal layer 
(0.5% agarose) 

Cell‐containing 
upper layer 

(0. 5% agarose) 

Overlay layer 
(complete media) 

Cell colonies 
ready to stain

2 weeks
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PE (plating efficiency) = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑
 x 100% 

 

SF (survival fraction) = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 𝑎𝑓𝑡𝑒𝑟 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑥 𝑃𝐸
 x 100% 

 

2.1.9 Reverse siRNA Transfection 

 

Each siRNA (Qiagen) (refer to Table 7.1, Appendix 1, section 7.1 for sequences) was 

resuspended in nuclease free water to a final concentration of 20 µM. In a 15 ml Falcon tube, 

2 ml of Opti-MEM media (Gibco #31985-047) was combined with 20 µl of Lipofectamine 

RNAiMax transfection reagent (Invitrogen #13778150) and incubated for 5 minutes at room 

temperature. 5 µl of the relevant siRNA (20 μM stock concentration) was then added to the 

tube to achieve a final concentration of 10 nM. The mixture was incubated for 20 minutes at 

room temperature. Luciferase siRNA was used as a non-targeting negative control. In the 

meantime, cells were trypsinised as described in section 2.1, counted and adjusted to 6 x 104 

cells/ml in 8 ml of complete growth media and added to P90 plates. The transfection mixtures 

were added dropwise to the P90 plates, which were subsequently transferred to a 5% CO2, 

37oC incubator. After 24 hours, the transfection mix was replaced with fresh growth media, 

and where appropriate, doxycycline was added to the culture (1 μg/ml). Seventy-two hours 

post transfection, protein lysates were collected and were subjected to western blot analysis. 

For the assessment of lapatinib sensitivity after siRNA mediated knockdown, cells were re-

plated into 6-well plates 24 hours after siRNA transfection (as described in section 2.1.8). All 

siRNA transfections were carried out using penicillin/streptomycin free media. 

 

2.1.10 Generation of Lapatinib Resistant Cell Lines 

 

SKBR3 and HCC1954 cells were used to generate lapatinib resistant cell lines. Initially, cells 

were exposed to pre-determined IC50 values for lapatinib – 0.3 μM for SKBR3 and 0.5 μM for 

HCC1954 cells. Drug-containing media was replaced every 3-4 days and lapatinib 

concentrations were increased in a stepwise manner every two weeks for the duration of 6 

months. The parental cell lines were maintained in parallel in the presence of DMSO. At the 

end of the 6-month period, cells were tested for sensitivity to lapatinib by colony formation 

assay as described in section 2.1.8. SKBR3 and HCC1954 cells were continuously cultured in 

1.2 µM and 4 µM lapatinib, respectively. Dose-response curves were generated using Prism 

9.1.2 software (GraphPad Software). 
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2.2 Bacterial Methods 

 

A full list of all the plasmids used in this project is shown in Appendix 6, section 7.6. All 

plasmids were either purchased from Addgene (as bacterial stabs) or Thermo Fisher Scientific 

(in a lyophilised form) or were generated in the lab by performing Gateway BP or LR clonase 

reactions.  

 

2.2.1 Determination of DNA Concentration and Purity 

 

All purified plasmid DNA samples were quantified by using the dsDNA setting on the 

NanoDrop One Spectrophotometer (Thermo Fisher Scientific). A blank measurement was 

initially taken of the appropriate DNA resuspension reagent (double-distilled water (ddH2O)). 

After cleaning the pedestal surface, 1 µl of each DNA sample was measured in duplicate to 

assure accuracy and the average was recorded to obtain the average DNA concentration 

(ng/µl). The quality of the DNA was assessed based on the ratio of A260/A230 and 

A260/A280, where values of 2.0-2.2 and 1.8, respectively indicate pure DNA.  

 

2.2.2 Transformation of Competent Cells 

 

2.2.2.1 E. coli DH5α Competent Cells 

 

DH5α competent cells (Invitrogen #18265017) were used for performing the BP clonase II 

reaction. Briefly, 50 µl of the cells were aliquoted per sample in a 1.5 ml microcentrifuge tube 

and 1 µl of the BP reaction mix (refer to section 2.2.5) was added. Contents were mixed 

briefly and incubated on ice for 30 minutes. Cells were then heat-shocked for 20 seconds at 

42oC and immediately returned to ice for 2 minutes. In a sterile environment using a Bunsen 

burner, 950 µl of S.O.C medium (Melford #S26300-50.0) was added to each sample. Tubes 

were incubated in an orbital shaking incubator (MaxQ 6000, Thermo Fisher Scientific) at 250 

rpm for 1h at 37oC. 100 µl of the transformed bacteria was plated on agar plates (refer to 

Appendix 5, section 7.5) containing kanamycin (50 µg/ml) (Merck #BP861) and were 

incubated upside-down overnight at 37oC. Individual colonies were then selected from the 

plates and were used for either miniprep (section 2.2.3), followed by Sanger sequencing 

(section 2.2.10) or maxiprep (section 2.2.4).  
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2.2.2.2 One Shot Stbl3 Chemically Competent E. coli Cells 

 

One Shot Stbl3 competent cells (Invitrogen #C737303) were used for performing the LR 

clonase reaction. The principle is the same as described in section 2.2.2.1 with a few small 

changes. Two µl of the LR reaction mix (see section 2.2.6) were mixed gently with 50 µl of 

Stbl3 cells. The cells were incubated on ice for 30 minutes, followed by a 30-second 

incubation at 42oC and immediate return to ice for 2 minutes. One ml of pre-warmed LB broth 

media (refer to Appendix 5, section 7.5) was added to each sample and cells were left to 

recover for 1h at 37oC with shaking at 225 rpm. Finally, 100 µl of the transformation mix were 

plated on ampicillin-containing (100 µg/ml) (Sigma-Aldrich #A9393) agar plates and were 

incubated overnight at 37oC. 

 

2.2.2.3 XL10-Gold Ultracompetent Cells 

 

XL10-Gold ultracompetent cells (Agilent Technologies #200315) were used to clone the 

modified plasmid DNA following the site-directed mutagenesis reaction (refer to section 

2.2.7). For each transformation, 45 µl of the XL10-Gold cells were thawed on ice and were 

mixed with 2 µl of β-mercaptoethanol supplied with the kit. The contents of the tube were 

mixed gently every 2 minutes for a total of 10 minutes, after which 2 µl of the DpnI-treated 

DNA was transferred to the cells. For subsequent steps, the protocol from section 2.2.2.2 was 

used with the small difference that cells were mixed with 500 µl of S.O.C media instead of 1 

ml of LB broth media, and 50 µl of the transformed cells were plated onto agar plates 

containing the appropriate antibiotic selection. 

 

2.2.3 Small Scale Plasmid DNA Preparation (Miniprep) 

 

To purify plasmid DNA on a small scale, a single colony of transformed bacteria containing 

the desired plasmid was used to inoculate 5 ml of LB broth media supplemented with the 

appropriate antibiotic selection (either kanamycin (50 µg/ml) or ampicillin (100 µg/ml)). The 

culture was incubated overnight at 37oC with 225 rpm shaking. The following morning, 500 

µl of the overnight bacterial culture was mixed with 500 µl sterile 50% glycerol (v/v) into a 

cryovial and was immediately placed at -80oC for a long-term storage. The remaining 

overnight culture was centrifuged at 4000 rpm for 5 minutes at room temperature, after 

which the supernatant was discarded. The bacterial pellet was subsequently processed for 

plasmid DNA purification using the QIAprep Spin Miniprep Kit (Qiagen #27104) according to 
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the manufacturer’s instructions. Briefly, the pellet was resuspended and lysed in 250 μl of 

the provided P1 and P2 buffers, respectively. The reaction was precipitated by adding 350 µl 

N3 buffer, followed by a 10-minute centrifugation at maximum speed and at room 

temperature in a conventional table-top microcentrifuge. The supernatant was then loaded 

onto a QIAprep 2.0 spin column and centrifuged at maximum speed and at room 

temperature for 1 minute. The column was subsequently washed with 500 μl PB and 750 μl 

PE buffers, with a 1-minute centrifugation step between each wash. Finally, the plasmid DNA 

was eluted in 50 µl ddH2O and was subjected to quantification analysis as described in section 

2.2.1. Purified DNA was stored at -20oC long-term. 

 

2.2.4 Large Scale Plasmid DNA Purification (Maxiprep) 

 

To purify plasmid DNA on a large scale, either a single bacterial colony containing the desired 

plasmid or a small aliquot from the frozen glycerol stock was used to inoculate a 5 ml starter 

culture of LB broth supplemented with the appropriate antibiotic. The starter culture was 

incubated at 37oC for 6 hours while shaking at 225 rpm and was subsequently transferred to 

250 ml LB broth media containing the appropriate antibiotic. The bacterial culture was 

incubated overnight at 37oC with shaking at 225 rpm, and the next morning, the plasmid DNA 

was purified using the PureLink HiPure Plasmid Filter Maxiprep Kit (Invitrogen #K210016) 

according to the manufacturer’s instructions. Overnight bacterial cultures were transferred 

into centrifuge bottles and centrifuged for 10 minutes at 4000 x g at room temperature. The 

supernatant was discarded, and as described in section 2.2.3, the cell pellets were 

resuspended, lysed, and precipitated with the provided buffers. The precipitated lysate was 

then loaded onto the HiPure Filter Maxi column and once the lysate had completely passed 

through, the filter was removed, and the column washed with wash buffer. Finally, the DNA 

was eluted with high-salt elution buffer. Isopropanol (Sigma-Aldrich #I9516) was added to 

desalt and concentrate the DNA, followed by a final 70% ethanol (Honeywell #E-7023) wash 

step. The DNA was then eluted with 500 µl ddH2O, quantified and stored at -20oC. 

 

2.2.5 Gateway BP Clonase II Recombination Reaction 

 

To generate an entry clone containing the desired gene ErbB2 (pDONR221-ErbB2), the 

Gateway BP clonase II recombination reaction was performed using the BP Clonase II enzyme 

mix kit (Thermo Fisher Scientific #11789-020). For optimal efficiency, the pBABEpuro-ErbB2 

plasmid was linearised with NotI-HF restriction enzyme (NEB #R3189) – a unique enzyme 
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which does not cut within ErbB2, in a reaction outlined in Table 2.2. The reaction was 

incubated for 1h at 37oC.  

 

Table 2.2: Reaction set-up for pBABEpuro-ErbB2 linearisation. 

Components Volume (µl) 

pBABEpuro-ErbB2 (1 µg) 1 

NotI-HF 1 

10x CutSmart buffer (NEB #B7204) 5 

ddH2O Up to 50 

 

The DNA was then precipitated with 0.1 volume of 3 M sodium acetate (Sigma-Aldrich 

#S2889) and 2.5 volumes of 100% ethanol. The DNA was pelleted by a 15-minute 

centrifugation at 4oC and max speed, followed by two wash steps with 70% ethanol. Finally, 

the supernatant was removed, and the DNA pellet was resuspended in TE buffer (Invitrogen 

#8019005) to achieve a final concentration of 50-150 ng/µl. The BP reaction was assembled 

as described in Table 2.3. 

 

Table 2.3: Reaction set-up for BP clonase II recombination reaction. 

Components Sample volume (µl) Positive control volume (µl) 

Linearised pBABEpuro-

ErbB2 (15-150 ng) 
1-7 - 

pDONR221 donor vector 

(150 ng/µL) 
1 1 

pEXP7-tet positive control 

(50 ng/µl) 
- 2 

BP clonase II enzyme mix 2 2 

TE buffer Up to 10 Up to 10 

 

The reactions were incubated for 1h at 25oC and terminated by the addition of 1 µl Proteinase 

K solution in a 10-minute incubation at 37oC. The newly ligated plasmid DNA was transformed 

into DH5α competent cells as described in section 2.2.2.1 to select for pDONR221-ErbB2 

entry clones. 
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2.2.6 Gateway LR Clonase II Recombination Reaction 

 

To generate a lentiviral expression clone (pCLX-pTF-R1-DEST-R2-EBR65-ErbB2) the Gateway 

LR clonase II recombination reaction was performed using the LR Clonase II enzyme mix kit 

(Thermo Fisher Scientific #11791-020). The LR reaction was performed at room temperature 

as outlined in Table 2.4. The reactions were incubated at 25oC for 1h, 1 µl Proteinase K was 

then added to each reaction and subsequently incubated for 10 minutes at 37oC. The newly 

ligated plasmid DNA was transformed into Stbl3 competent cells as described in section 

2.2.2.2 to select for pCLX-pTF-R1-DEST-R2-EBR65-ErbB2 expression clones. 

 

 

Table 2.4: Reaction set-up for LR clonase II recombination reaction. 

Components Volume (µl) 

Entry clone (50-150 ng) 1-7 

pCLX-pTF-R1-DEST-R2-EBR65 destination vector (150 ng/µl) 1 

LR clonase II enzyme mix 2 

TE buffer Up to 10 

 

 

2.2.7 Site-directed Mutagenesis (SDM) 

 

Specific primers containing the desired mutations were custom designed using the parental 

DNA as a template and were ordered from Eurofins. Primer sequences are listed in Table 7.4 

in Appendix 5, section 7.5.  

 

PCR reactions were performed using the QuickChange II XL site-directed mutagenesis kit 

(Agilent Technologies #200521) under the conditions described in Table 2.5 and following 

the cycling parameters from the protocol in Table 2.6. The cycling reactions were carried out 

in a thermal cycler (2720 Thermal Cycler, Applied Biosystems). 
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Table 2.5: Reaction set-up for site-directed mutagenesis. 

Components Volume (µl) 

10x reaction buffer 5 

dsDNA template (10 ng) X 

Forward (5’) primer (125 ng) X 

Reverse ( ’) primer (125 ng) X 

dNTP mix 1 

QuikSolution 3 

PfuUltra HF DNA polymerase (2.5 U/µl) 1 

ddH2O Up to 50 

 

 

Table 2.6: Cycling conditions for performing site-directed mutagenesis PCR reaction. 

Step Number of cycles Temperature (oC) Time (minutes) 

1 x1 95 1 

2 x18 

95 00:50 

60 00:50 

68 1 min/1 kb 

3 x1 68 7 

4 x1 4 Hold 

 

 

Amplified reactions were then treated with 1 µl of DpnI restriction enzyme (10 U/µl) 

(provided with the SDM kit) and were incubated at 37oC for 1 hour to digest parental 

methylated DNA. The newly synthesised mutated DNA is protected from digestion as it is un-

methylated. Finally, the DpnI treated DNA was transformed into XL10-Gold ultracompetent 

cells as described in section 2.2.2.3 and the presence of the desired mutations was assessed 

by Sanger sequencing as described in section 2.2.10. 

 

2.2.8 Restriction Endonuclease Digest 

 

To verify the newly generated plasmids, single or double diagnostic restriction digests were 

performed using the restriction endonuclease enzymes outlined in Table 7.6 in Appendix 5, 

section, 7.5. 20 µl reactions were carried as outlined in Table 2.7 using a buffer compatible 



 Chapter 2 – Materials and Methods 

97 
 

with the enzyme(s) used. For double-digest reactions, the NEB Double Digest Finder was used 

to determine the most suitable buffer for high enzyme activity 

(https://nebcloner.neb.com/#!/redigest). Reactions were incubated for 1h at 37oC. Following 

the enzymatic reactions, digests were run on a DNA agarose gel (refer to Appendix 5, section 

7.5) and expected fragment sizes were visualised using the ChemiDoc Imaging System (Bio-

Rad #17001401).  

 

 

Table 2.7: Reaction set-up for restriction endonuclease digest. 

Components Volume (μl) 

DNA (0.5 μg) X 

Restriction enzyme 0.5 

10x NEBuffer 2 

ddH2O Up to 20 

 

 

2.2.9 DNA Agarose Gel Electrophoresis 

 

To visualise the digested plasmid DNA, samples were run on a 0.8% agarose gel. Agarose gels 

were prepared by mixing the appropriate amount of agarose with 1x TAE buffer (Tris-acetate-

EDTA) (refer to Appendix 5, section 7.5), the mixture was boiled in the microwave until the 

agarose was dissolved. The solution was left to cool down before adding SYBR Safe (1:10000 

dilution) (Invitrogen #S33102). The solution was then poured into a gel-casting tray and 

allowed to solidify. DNA samples were mixed with 6x loading dye (NEB #B7025) and were 

then loaded onto the gel along with a 1kb DNA ladder (NEB #N3232), which was used as a 

size marker. DNA was separated by gel electrophoresis at 100V for approximately 1h, and 

DNA bands were subsequently visualised using the ChemiDoc Imaging System (Bio-Rad 

#17001401). Image analysis was performed using Image Lab Software v6.1 (Bio-Rad). 

 

2.2.10 Sanger Sequencing  

 

Sequencing reactions were performed by Genewiz according to their guidelines. 20 µl 

reactions containing 30-100 ng/µl plasmid DNA were sent for Sanger sequencing along with 

10 µM of each sequencing primer (listed in Table 7.5 in Appendix 5, section 7.5). Results were 
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then analysed using either ApE plasmid editor v3.0.6 or NCBI Nucleotide BLAST online tool 

aligning the parental with the mutated DNA sequences. 

 

2.2.11 Generation of Lentivirus Particles 

 

Lentivirus particles were produced using the ViraPower Packaging Mix (Invitrogen 

#K497500), which consists of three packaging plasmids (pLP1, pLP2, and pLP/VSVG) that 

provide structural and replication proteins needed to produce lentivirus. The following steps 

were followed in order to produce lentiviral particles containing either HER2-WT or HER2-

phospho site mutant genes. 293FT cells were seeded in P90 plates in complete growth 

medium without antibiotics (3.5 x 105 cells/ml in 10 ml media) so that the cells are 90-95% 

confluent on the day of transfection. The cells were left to adhere overnight in a 5% CO2 

humid atmosphere at 37oC. On the day of transfection, in a 15 ml Falcon tube, 1.5 ml of Opti-

MEM media without antibiotics was mixed with 36 µl of Lipofectamine 2000 transfection 

reagent (Invitrogen #11668019) and was left to incubate for 5 minutes at room temperature. 

In a fresh 15 ml tube containing 1.5 ml Opti-MEM media, 3 µg of the expression plasmid DNA 

was mixed with 9 µg of the ViraPower packaging mix, which was then combined with the 

diluted Lipofectamine 2000 mix. This mixture was incubated for 20 minutes at room 

temperature, after which the DNA-Lipofectamine complexes were added dropwise to each 

plate. Plates were topped up with 7 ml normal growth media and were rocked gently back 

and forth. The plates were incubated overnight at 37oC in a humidified 5% CO2 incubator. 

Twenty-four hours later, medium was replaced with fresh growth medium, and 72 hours post 

transfection virus was harvested by collecting the virus-containing media in a 15 ml Falcon 

tube and centrifuging at 3000 rpm for 15 minutes at 4oC. The viral supernatant was then 

filtered through 0.45 µm membrane filters (Sarstedt #831826), aliquoted into 1 ml cryovials 

and stored at -80oC.    

 

2.2.12 Blasticidin and Puromycin Kill Curves 

 

As the doxycycline-inducible vector contains the Bsd cassette (refer to the vector map in 

Fig.7.4 in Appendix 6, section 7.6), which provides blasticidin resistance as a selection marker 

for mammalian cells and the pHAGE expression system contains the puromycin resistance 

cassette (refer to the vector map in Fig.7.6 and Fig.7.7 in Appendix 6, section 7.6), the optimal 

concentration of these two antibiotics was determined to allow for the selection of stable 

cells expressing the gene of interest.  
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MCF7 cells were trypsinised as described in section 2.1, counted and seeded in a 12-well 

plate at 5 x 103 cells/well in 2 ml media. Cells were then treated with a dose range of either 

blasticidin (0-15 µg/ml) (Gibco #A1113903) or puromycin (0-20 µg/ml) (InvivoGen #ant-pr-1). 

Drug-containing media was replenished every   days with fresh media containing each drug’s 

concentration range. Cells were grown for approximately 10 days until the cells in the 

untreated/low dose wells reached confluency. At that stage, medium was removed, cells 

were washed with PBS and were stained with crystal violet for 30 minutes at room 

temperature. Plates were washed under running water and left to dry overnight. The lowest 

concentration, which resulted in complete cell death was selected as the optimal 

concentration for selection of stably transduced mammalian cells: 4 µg/ml for blasticidin and 

0.5 µg/ml for puromycin (Fig.2.3, (A and B)).   
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Figure 2.3: MCF7 blasticidin and puromycin kill curves – 5 x 103 cells were plated into each 

well of a 12-well plate and were grown in the presence of varying concentrations of either 

blasticidin (A) or puromycin (B). Cells were grown until control wells reached 100% 

confluency (~ 10 days), at which point cells were fixed and stained with crystal violet. The 

concentration, which resulted in complete cell death, was selected for subsequent 

experiments.   
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2.2.13 Transduction of Mammalian Cells 

 

Cells were trypsinised as described in section 2.1, counted, and seeded into P90 plates, so 

that they are 80% confluent on the day of lentiviral transduction. One ml of each viral stock 

was thawed and added to 5 ml of complete growth media. Polybrene (Sigma-Aldrich #TR-

1003) was added to a final concentration of 8 µg/ml and the virus was added dropwise to the 

cells. Plates were rocked gently back and forth and incubated at 37oC and 5% CO2 overnight. 

The following day, media was replaced by selection media, containing either blasticidin or 

puromycin at the concentrations indicated in section 2.2.12. Cells were grown in selection 

for 1-2 weeks, after which protein lysates were collected for validation by western blot 

analysis. Antibiotic was added regularly to maintain the selective pressure. 

 

All viral work was performed under the recommended guidelines for working with biosafety 

level 2 organisms.  

 

2.3 RNA Techniques 

 

2.3.1 RNA Extraction 

 

Cells were plated at a seeding density of 6 x 104 cells/ml in 5 ml media in a P60 culture dish 

and incubated at 37oC in a humidified 5% CO2 incubator. Twenty-four hours later, media was 

aspirated and 1 ml of RNA STAT-60 reagent (Amsbio #CS-502) was added to each plate. Plates 

were rocked for several minutes allowing the cells to lyse, and the lysates were then 

transferred into a 1.5 ml RNase-free microcentrifuge tube. 200 µl of chloroform (VWR 

#22711.244) was added to each tube and tubes were vortexed vigorously for 10-15 seconds. 

The samples were incubated at room temperature for 3 minutes and were subsequently 

centrifuged at 13000 rpm for 15 minutes at 4oC. The top aqueous layer was carefully removed 

and transferred to a new sterile microcentrifuge tube. 500 µl isopropanol was then added, 

tubes were inverted 5-6 times and placed on ice for 30 minutes. The tubes were centrifuged 

at maximum speed for 10 minutes at 4oC, following which the supernatant was discarded. 

The RNA pellet was washed with 1 ml of cold 75% ethanol, mixed and centrifuged at 4oC for 

10 minutes at 7600 rcf. The ethanol was aspirated, and DNA pellets were left to air-dry at 

room temperature. Once dried, the DNA pellets were resuspended in 20-30 µl nuclease free 

water, quantified as described in section 2.3.2, and subsequently stored at -80oC. 
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2.3.2 RNA Quantification 

 

RNA samples were quantified using the same protocol as described in section 2.2.1 using the 

RNA setting on the NanoDrop. RNA purity was assessed based on the A260/A280 ratio, where 

values of 2.0 represent good quality samples. RNA samples with an A260/A280 ratio below 

1.7 were discarded and the extraction repeated. RNA samples were sent to Fulgent Genetics 

for RNA-sequencing analysis.  

 

2.4 Protein Techniques 

 

2.4.1 Protein Extraction 

 

Cells for western blot analysis were grown in P90 culture plates at a cell density of 5-6 x 104 

cells/ml in 10 ml growth media. Immunoprecipitation experiments were seeded at 5 x 104 

cells/ml in P150 culture dishes (20 ml total volume). When cells reached 80% confluency, 

they were collected for protein extraction. Media was collected in a pre-chilled 15 ml Falcon 

tube, 1 ml of cold PBS was added to each plate and cells were gently scraped using a cell 

scraper. This cell suspension was then transferred to the relevant 15 ml tube on ice. Cells 

were pelleted at 2000 rpm for 5 minutes at 4oC. Supernatant was then removed, and 

depending on the size of the cell pellet, resuspended in the appropriate amount of 

radioimmunoprecipitation assay (RIPA) buffer (refer to Appendix 3, section 7.3) 

supplemented with protease (Sigma-Aldrich #539134-1ML) and phosphatase (Roche 

#4906837001) inhibitors and transferred to a 1.5 ml microcentrifuge tube. Cells were lysed 

on ice for 30 minutes, followed by a 20-minute spin at 13000 rpm at 4oC. Supernatants were 

transferred to a fresh microcentrifuge tube and protein lysates were stored at -20oC for 

further use.  

 

2.4.2 Protein Quantification 

 

The Pierce BCA Protein Assay Kit (Thermo Fisher Scientific #23227) was used to quantify 

protein samples. This colorimetric method is based on the bicinchoninic acid (BCA) reaction 

with cuprous cation (Cu1+), which is initially reduced from Cu2+ to Cu1+ by interaction with 

proteins in an alkaline environment. This purple colour change is then measured at a 

wavelength of 562 nm.  
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Protein samples were initially diluted 1:10 in PBS in a 0.5 ml microcentrifuge tube. 10 µl of 

this mixture was then transferred in duplicate to a 96-well plate. A standard curve was 

prepared by diluting a bovine serum albumin (BSA) sample (2000 µg/ml) to 1000 µg/ml, 500 

µg/ml, 250 µg/ml, 125 µg/ml, and 25 µg/ml. The BCA reagent was prepared by mixing 1 part 

of Reagent B to 50 parts of Reagent A, and 200 µl of this solution was added to the protein 

lysate in each well of the 96-well plate. The plate was incubated at 37oC for 30 minutes and 

absorbance was measured at 562 nm using a Synergy II microplate reader (BioTek) and Gen5 

software. Protein concentrations of the lysates were determined using the following 

equation: 

 

y = mx + b, 

where y – absorbance of sample; m – slope of the line; b – y-intercept of the line and x – 

protein amount (µg). 

 

2.4.3 Preparation of Protein Samples 

 

30-50 µg of protein lysate was mixed with 2x SDS-PAGE Laemmli sample buffer (refer to 

Appendix 3, section 7.3), briefly vortexed, spun down for 1 minute at maximum speed and at 

room temperature in a small microcentrifuge and boiled for 10 minutes at 85oC. The 

denatured protein samples were then loaded onto a gel for western blot analysis. 

 

2.4.4 SDS Polyacrylamide Gel Electrophoresis 

 

Protein separation was performed using a 4-20% Mini-PROTEAN TGX precast protein gel (Bio-

Rad #4561093 or #4561095). Once the comb and the green tape at the bottom of the gel 

were removed, the gel was placed in a Mini-PROTEAN Tetra cell (Bio-Rad #1658004EDU). The 

tank was filled with 1x SDS-PAGE running buffer (refer to Appendix 3, section 7.3). Protein 

samples (as prepared in section 2.4.3) were loaded and a PageRuler Plus Prestained Protein 

Ladder (Thermo Fisher Scientific #26619) was used as a reference for protein size. Proteins 

of interest were separated by gel electrophoresis at 150V for 50-60 minutes using a PowerPac 

HC High-Current Power Supply (Bio-Rad #1645052). 
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2.4.5 Protein Transfer 

 

Following protein separation, the gel was carefully removed from the cassette and proteins 

transferred onto a 0.2 µM nitrocellulose membrane (GE Healthcare Life Sciences #10600015) 

using the Trans-Blot Turbo transfer system (Bio-Rad #1704150). Prior to the transfer, a 

‘blotting sandwich’ was assembled by placing two sponges at the bottom of the transfer 

cassette, followed by a filter paper, the nitrocellulose membrane, the gel, which were then 

covered with another piece of filter paper, two more sponges and the top of the transfer 

cassette. All components were initially soaked into a 1x transfer buffer (Bio-Rad #10026938). 

Following the assembly of the transfer cassette, proteins were transferred at 25V for 10 

minutes in a semi-dry environment. To ensure that proteins were successfully transferred 

and to confirm uniform loading, membranes were stained for 5 minutes at room temperature 

with Ponceau S solution (Sigma-Aldrich #P7170). The membrane was cut and briefly washed 

in TBS-T (refer to Appendix 3, section 7.3) to remove excess stain and blocked in 5% blocking 

solution (5% Marvel milk in TBS-T) for 1h at room temperature on a rocking platform to 

minimise non-specific antibody binding. 

 

2.4.6 Primary and Secondary Antibody Incubation 

 

Membranes were incubated in primary antibodies overnight at 4oC (refer to Appendix 3, 

section 7.3, Tables 7.2 and 7.3 for details of antibodies and dilutions). The following day, 

membranes were washed 3x in TBS-T (refer to Appendix 3, section 7.3) for 5 minutes each at 

room temperature, before incubation with the relevant horseradish peroxidase (HRP)-linked 

secondary antibodies for 1h at room temperature. Subsequently, membranes were washed 

3x times in TBS-T solution for 5 minutes at room temperature. 

 

2.4.7 Detection and Imaging 

 

Membranes were incubated with detection reagent for 3-5 minutes – either Luminata Forte 

(Merck Millipore #WBLUF0100) or Luminata Crescendo (Merck Millipore #WBLUR0100). 

Protein bands were visualised using the ChemiDoc Imaging System. Image analysis was 

performed using Image Lab Software v6.1. 
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2.4.7.1 Densitometry Analysis 

 

Densitometry analysis of western blot membranes or phospho-kinase array membranes was 

performed using Fiji software. Horizontal rectangles were drawn around the bands of interest 

for a given protein, and the bands were subsequently quantified to generate peaks. The 

background was then subtracted from each peak to determine the specific intensity value for 

each band. For western blot analysis, the differences in protein-protein interactions between 

HER2-WT and HER2 phospho-site mutant MCF7 cells were represented as a ratio between 

the intensity value of the band for RET or Grb2 compared to the intensity value of the band 

for HER2 for each individual cell line. Subsequently, the differences between RET/HER2 and 

Grb2/HER2 were represented as a ratio of HER2 phospho-site mutant cells relative to HER2-

WT MCF7 cells. 

 

2.4.8 Immunoprecipitation (IP) 

 

30 µl of Dynabeads M-280 sheep anti-rabbit magnetic beads (Invitrogen #11203D) were used 

for each IP. Beads were washed twice in RIPA buffer containing protease and phosphatase 

inhibitors and lysis buffer was removed using a magnetic rack. For antibody conjugation, 

beads were resuspended in 500 µl of RIPA buffer and 1 µg of primary antibody was added 

per tube. The relevant IgG antibody was used as a negative control. Antibodies were 

conjugated at room temperature for 3-4 hours on a tube roller. During this incubation period, 

protein samples were harvested and quantified as previously described in sections 2.4.1 and 

2.4.2. In some instances, cells were fixed in 1% formaldehyde (refer to Appendix 2, section, 

7.2) for 20 minutes at room temperature before lysis. In order to quench the reaction, 1.25 

M glycine (Sigma-Aldrich #G8898) was added to each plate to achieve a final concentration 

of 0.25 M and then incubated for 5 minutes at room temperature. Cells were then washed 

3x in PBS, and either used immediately for IP or stored at -20oC. For each IP reaction, protein 

samples were adjusted to 1 mg of protein in 500 µl of RIPA buffer. 10 µl of washed beads 

were then added to each sample to pre-clear the lysates for 1h at 4oC. A small fraction of the 

protein lysate was put aside for western blot analysis. The antibody-conjugated beads were 

washed 3x with 500 µl RIPA buffer and incubated with the pre-cleared samples overnight at 

4oC (Fig.2.4).  

 

The next day, the beads were washed 3-5 times in 500 μl RIPA buffer, buffer was completely 

removed, and the beads were resuspended in 30 µl of 2x SDS-PAGE Laemmli sample buffer. 
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Samples were boiled at 85oC for 10 minutes and analysed by western blot as described above 

(sections 2.4.4 – 2.4.7).  

 

2.4.8.1 LC-MS/MS Proteomics 

 

Samples for mass spectrometry analysis were handled with care and additional measures 

were employed to reduce protein contaminants (i.e., the designated working area was 

thoroughly cleaned, lab coat’s cuffs were tucked into gloves). IP samples were prepared as 

described in section 2.4.8. Following the last wash with RIPA buffer, any excess buffer was 

completely removed from the magnetic beads, which were then stored at -80oC until further 

use. A small fraction sample from each IP was removed to allow validation of successful pull-

down of the protein of interest. The dried beads were sent to the University of Edinburgh for 

quantitative liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis, 

which was performed using Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo 

Fisher Scientific). A list of potential hits was generated by the proteomics unit at the 

University of Edinburgh, in which all listed IDs had a false discovery rate (FDR) < 0.01 and the 

provided label-free quantification (LFQ) values were used for subsequent downstream 

analysis.  



 

 

Figure 2.4: A schematic representation of the step-by-step process for protein immunoprecipitation.
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2.4.9 Human Phospho-Kinase Array (R&D Systems #ARY003C) 

 

All reagents were prepared in advance according to manufacturer’s instructions. Initially, 1 

ml of the blocking buffer (Array Buffer 1) was pipetted into each well of an 8-well plate 

supplied with the kit. The membranes containing the capture antibodies were then added on 

top and were incubated for 1h at room temperature on a rocking platform. In the meantime, 

cells were lysed using Lysis Buffer 6 and subsequently, protein lysates (prepared and 

quantified as described in sections 2.4.1 and 2.4.2, respectively) were diluted to 500 µg in 

Array Buffer 1 to a final volume of 2 ml. Following the 1-hour incubation, the blocking buffer 

was removed from the membranes and was replaced with 1 ml of the relevant cell lysates. 

The plate was then incubated overnight at 4oC on a rocking platform. The next morning, each 

membrane was washed three times with 20 ml of 1x Washing Buffer for 10 minutes each. 

Reconstituted Detection Antibody Cocktails A and B were diluted in Array Buffer 2/3 (1:50) 

and were loaded onto each membrane. The plate was incubated on a rocking platform for 2 

hours at room temperature. Membranes were then washed three times with 1x Washing 

Buffer for 10 minutes at room temperature. Subsequently, membranes were incubated for 

30 minutes at room temperature with 1 ml Streptavidin-HRP, following which membranes 

were washed three times with 1x Washing Buffer for 10 minutes each. Finally, membranes 

were incubated for 1 minute with 1 ml of the prepared Chemi Reagent Mix and multiple 

exposures were taken by using the ChemiDoc Imaging System. Densitometry analysis was 

performed using the Fiji software as described in section 2.4.7.1. 

 

2.4.10 A Phosphotyrosine Peptide Microarray (PamGene) 

 

2.4.10.1 Preparation of Cell Lysates 

 

Cells were plated in P90 plates at 5 x 104 cells/ml in 10 ml media and were left to adhere 

overnight. For the doxycycline-inducible system, cells were left untreated or treated with 

doxycycline (1 µg/ml) for 48 hours prior to cell harvesting. To prepare the lysis buffer, Halt 

Protease and Phosphatase Inhibitor Cocktails (Pierce) were diluted 1:100 in M-PER 

Mammalian Extraction Buffer (Pierce). On the day of harvesting, culture medium was 

removed, and cells were washed twice with ice-cold PBS. Cells were then scraped in M-PER 

extraction buffer using a cell scraper and lysates were mixed several times to ensure 

homogeneous solution. Lysates were transferred to a 1.5 ml microcentrifuge tube and were 

centrifuged at 4oC for 15 minutes at maximum speed. The cell debris were pelleted, and the 
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clear supernatant was moved to a fresh tube. Protein concentration was then quantified as 

described in section 2.4.2 and samples were frozen at -80oC for further use. 

 

2.4.10.2 Experimental Set-up 

 

Once samples were quantified, protein concentration was adjusted to 0.5 µg/µl in M-PER 

buffer. Each well of the PamChip microarray was initially blocked with 2% BSA solution, which 

was supplied by PamGene. The basic mix was then prepared according to the protocol in 

Table 2.8 and 40 µl of that mix was added to each well of the PamChip. 

 

 

Table 2.8: Reaction set-up for PamChip reaction. 

Ingredient Amount (µl) Final concentration 

10x PK wash buffer 4 1x 

100x BSA 0.4 1x 

FITC-conjugated PY20 Ab 0.6 - 

DTT (1 M) 0.4 10 mM 

ATP (4 mM) 4 400 µM 

PTK additive 4 - 

MilliQ water 16.6 - 

Lysate 10 0.5 µg/µl 

Total volume 40 - 

 

 

The PamChip was then placed into the PamStation12 instrument (Wolvenhoek 10, ‘s-

Hertogenbosch, Netherlands), and the run was initiated. Samples are pumped up and down 

through the porous membrane and images were taken every 5 minutes to allow the 

generation of a real time kinetics profile. Data analysis was performed using the BioNavigator 

software (PamGene). 

 

2.5 Immunofluorescence (IF) 

 

Immunofluorescence was performed for HER2 plasma membrane staining. Cells were plated 

onto glass coverslips in a 6-well plate (5 x 104 cells/ml in 2 ml media) and allowed to adhere 
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overnight. Cells were fixed with 4% paraformaldehyde for 30 minutes on ice (refer to 

Appendix 4, section 7.4). Coverslips were washed 3x with PBS and then permeabilised with 

0.4% Triton X-100 (refer to Appendix 4, section 7.4) for 30 minutes at room temperature. 

Cells were washed again 3x with PBS and subsequently blocked in 3% BSA (refer to Appendix 

4, section 7.4) for 30 minutes at room temperature. Primary antibodies, diluted in blocking 

buffer (3% BSA), were added onto the cells, and incubated at room temperature for 1h. Cells 

were washed three times with wash buffer (refer to Appendix 4, section 7.4) before being 

incubated with a secondary Alexa Fluor 488-conjugated antibody (refer to Table 7.3, 

Appendix 3, section 7.3) for 1h at room temperature protected from light. Cells were washed 

again 3x with wash buffer before a final single wash with PBS. Finally, the coverslips were 

mounted onto glass slides using ProLong Gold Antifade Reagent with DAPI (Invitrogen 

#P36931). The slides were sealed with nail varnish and either stored in a dedicated slide box 

or analysed using a Leica DMI6000 B inverted microscope at a 40x magnification and the LAS 

AF software. 

 

2.6 Calculation of IC50 values  

 

Percentage survival fractions for cells treated with an inhibitor were determined (refer to 

section 2.1.8) and the data was entered into a XY table in Prism 9.1.2 software (GraphPad 

Software, La Jolla, CA, USA). In order to calculate the absolute IC50 values, the X values 

(inhibitor concentrations) were log transformed and non-linear regression analysis was 

performed using the log (inhibitor) vs response (three parameters) equation. In addition, the 

‘Top’ parameter was constrained to have a constant value of 100 (Y=100). The absolute IC50 

values were reported as the interpolated X values when Y=50. Individual IC50 values are 

indicated throughout the results chapters under each graph.  

 

2.7 Survival Analysis 

 

Kaplan-Meier survival analysis using Prism 9.1.2 software (GraphPad Software, La Jolla, CA 

USA) was performed to assess recurrence-free survival and overall survival across the 

Mulligan breast cohort and the publicly available METABRIC cohort, respectively. The data 

was presented as the probability of survival versus time in months. Statistical significance 

was determined using the log-rank (Mantel-Cox) test. Hazard ratios with 95% confidence 

intervals (CIs) for recurrence-free and overall survival were also calculated.  
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Box and Whisker plot analysis was used to visualise data distribution according to patient 

HER2 status and phospho-HER2 gene signature scores in the Mulligan breast dataset and the 

METABRIC cohort, where the whiskers indicate the minimum and maximum value in each 

sample group. Statistical evaluation of this relationship was carried out using two-tailed 

Fisher’s exact test, where p-values are reported in the figure legend below each graph. 

 

2.8 Statistical Analysis 

 

Prism 9.1.2 software (GraphPad Software, La Jolla, CA, USA) was used for all statistical 

analysis. Depending on the number of variables within an experiment, one of the following 

tests was performed: Student’s unpaired two-tailed t-test, one- or two-way ANOVA followed 

by Tukey’s post hoc test. The exact test used is indicated in the figure legend of individual 

experiments. For correlation analysis, the Spearman’s rank correlation was applied. P-values 

smaller or equal to 0.05 were considered statistically significant (Table 2.9).  

 

Table 2.9: Indication of statistically significant p-values. 

p-value Symbol 

≤ 0.05 * 

≤ 0.01 ** 

≤ 0.001 *** 

≤ 0.0001 **** 
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3.1 Introduction 

 

Breast cancer is a very heterogeneous disease. Gene-expression profiling has identified five 

distinct molecular subtypes: luminal A - hormone receptor positive (HR+)/HER2-negative 

(HER2-) tumours, luminal B - HR+, and either HER2+ or HER2- tumours, HER2-amplified 

tumours, claudin-low and tumours that do not express any of these markers, named triple-

negative breast cancer (TNBC) (Nicolini, Ferrari and Duffy, 2018). This thesis focuses on 

ER+HER2+ luminal B breast cancer, which represents only about 10% of all breast cancer cases 

(Anderson, Rosenberg and Katki, 2014). This subtype is complex and requires specific 

systemic treatment approaches. Although there is substantial evidence that current 

endocrine therapies have significantly improved patient outcome and survival in this disease 

setting, their success is limited by the development of either intrinsic or acquired resistance. 

As discussed previously (refer to Chapter 1, section 1.4), some of the key mechanisms of 

resistance to endocrine therapy include loss of ER expression, ER mutational status, as well 

as bidirectional crosstalk between ER and receptor tyrosine kinases, in particular HER2 

(Arpino et al., 2008). This crosstalk is probably one of the most prominent mechanisms of 

primary drug resistance in this subclass of breast cancer. Abundant preclinical and clinical 

evidence suggests that HER2-overexpressing cancers are less likely to respond to endocrine 

therapy (Lousberg, Collignon and Jerusalem, 2016); (Shou et al., 2004). The increased growth 

factor receptor signalling leads to activation of downstream signalling cascades, such as the 

MAPK and PI3K/AKT signal transduction pathways, which in turn activate ER transcriptional 

activity through receptor phosphorylation (Leeuw, Neefjes and Michalides, 2011); (S et al., 

1995). The phosphorylation of ER co-regulators (i.e., amplified in breast cancer 1 (AIB1)) is 

equally important in transmitting activating signals in the ER pathway (Mora and Brown, 

2000); (RC et al., 2004). Similarly, phosphorylation of oestrogen receptor can result in ligand-

independent or tamoxifen-dependent activation of the receptor, and therefore enhanced ER 

signalling. In particular, phosphorylation of specific sites in the ER receptor leads to subtle 

confirmational changes, which promote binding of coactivators even in the absence of 

ligands or in the presence of tamoxifen (R et al., 2004); (W et al., 2007). This receptor hyper-

activation increases the ability of oestrogen and anti-oestrogens, such as tamoxifen, to 

interact with ER and to recruit other transcriptional co-regulators to ER-targeted promoters, 

which further potentiates ER signalling.  

 

Taking all of this into account and keeping in mind that targeting ER alone is not sufficient in 

combating ER+HER2+ breast cancer, various clinical trials have been designed to combine 
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agents targeting both ER and HER2 signalling pathways simultaneously. Table 3.1 highlights 

some of the current ongoing and completed phase II/III clinical trials combining HER2-

targeting agents with fulvestrant or AIs. 



 

Table 3.1: Ongoing and completed clinical trials in ER+HER2+ breast cancer combining endocrine therapy with HER2-targeting agents. 

Study 
Patient 

requirements 
Study phase Treatment regimen Status Reference 

TAnDEM 

(NCT00022672) 
ER+HER2+ MBC 

Randomised 

Phase III 
Anastrozole ± Trastuzumab Completed (Kaufman et al., 2009) 

NCT00073528 

ER+HER2-/+ 

advanced or 

metastatic BC 

Randomised 

Phase III 
Letrozole ± Lapatinib Completed (Johnston et al., 2009) 

eLEcTRA 

(NCT00171847) 
ER+HER2-/+ MBC 

Randomised 

Phase IV 
Letrozole ± Trastuzumab Completed (J et al., 2012) 

NCT01160211 ER+HER2+ MBC 
Randomised 

Phase III 

AI + Trastuzumab/Lapatinib/ 

Trastuzumab + Lapatinib 
Active (Johnston et al., 2021) 

NCT03289039 ER+HER2+ MBC 
Randomised 

Phase II 
Neratinib ± Fulvestrant Active 

(Neratinib +/- Fulvestrant in HER2+, ER+ 

Metastatic Breast Cancer - ClinicalTrials.gov, 

(Accessed 16/08/2021)) 

NCT01275859 
ER+HER2+ early 

BC 
Phase II 

Letrozole + Lapatinib as a 

neo-adjuvant treatment 
Completed 

(Neoadjuvant Combined Endocrine and HER2 

Target Therapy in Postmenopausal Women With 

ER and Her2 Positive Breast Cancer - 

ClinicalTrials.gov, (Accessed 16/08/2021)) 
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The crosstalk between ER and receptor tyrosine kinase signalling pathways is one of the 

mechanisms implicated in resistance to both hormone therapy and HER2-targeted therapy. 

Although there are ongoing and completed clinical trials assessing anti-HER2 and endocrine 

combination therapies, a better understanding of this network is of clinical importance as it 

may lead to novel therapeutic strategies. On this note, there is little experimental evidence 

on the role and importance of HER2 phosphorylation sites – Y1221/22 and Y1248 in ER+HER2+ 

breast cancer, which when phosphorylated may lead to receptor activation and subsequent 

downstream signalling. HER2/ErbB2 is a membrane-bound receptor tyrosine kinase, which 

belongs to the epidermal growth factor receptor (EGFR) family. In humans, there is a total of 

58 receptor tyrosine kinases, which are further divided into 20 subfamilies (Manning et al., 

2002); (Robinson, Wu and Lin, 2000). The structure of RTKs is highly conserved between 

receptors, where HER2 consists of an extracellular N-terminal domain, which has four 

subdomains (I-IV) (Ogiso et al., 2002), a single α-helix transmembrane domain, which 

promotes dimer stabilisation, and an intracellular cytoplasmic region. The latter contains the 

tyrosine kinase domain, responsible for the catalytic activity of the receptor, which is flanked 

by both the juxtamembrane region and the carboxyl terminal tail (Lemmon and Schlessinger, 

2010). Typically, in the absence of a ligand, RTKs remain catalytically inactive and are held in 

that state by intramolecular autoinhibitory mechanisms. Ligand binding at the extracellular 

portion of the receptor triggers receptor dimerization and subsequent favourable 

conformational changes, leading to transphosphorylation of specific tyrosine residues (Butti 

et al., 2018). Activation of members of the EGFR family is receptor-mediated, where ligand 

binding has no direct effect on the dimer formation. Bivalent ligands recognise two distinct 

sites (subdomain I and III) within the extracellular portion of a single receptor molecule 

instead of binding to two separate receptors. This ligand-receptor interaction causes 

conformational changes, which expose a dimerisation arm in domain II, which was previously 

tethered by intramolecular forces with domain IV (Burgess et al., 2003). This open receptor 

confirmation allows for interaction of the dimerisation arm in domain II of one receptor with 

a second ligand-bound receptor. Unlike other members of the EGFR family, HER2 is an orphan 

receptor and does not bind to any specific ligands (Klapper et al., 1999). In addition, the 

crystal structure of HER2 revealed that it is found in an active conformation which resembles 

ligand-bound EGFR (Garrett et al., 2003). As a result, HER2 can readily interact with other 

ligand-bound family members or can be activated through homodimerisation following gene 

amplification or receptor overexpression primarily during cancer (Citri and Yarden, 2006); 

(Harari and Yarden, 2000). HER3/ErbB3 is the preferred HER2 interacting partner, where 

several studies utilising siRNA mediated HER3 knockdown or shHER3-expressing HER2-
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amplified xenografts demonstrated significant decrease in cell viability and tumour size in 

the absence of HER3, respectively (Lee-Hoeflich et al., 2008).  

 

Before ligand binding and receptor activation, the tyrosine kinase domain of the receptor is 

found in cis-autoinhibition, preventing it from mediating downstream signals. However, 

ligand-induced dimerisation reverses this inactive conformation. All tyrosine kinase domains 

contain a N-lobe, a C-lobe, and an activation loop (Huse and Kuriyan, 2002). For members of 

the EGFR family, the tyrosine kinase domain is activated through an allosteric mechanism, in 

which the C-lobe of a receptor monomer in the dimer pair (known as the activator kinase) 

interacts with the N-lobe of the other monomer (the receiver kinase) (Zhang et al., 2006). As 

a result, the inhibitory interactions in the receiver kinase domain are destabilised and it 

adopts an active configuration. In addition, tyrosine residues in the carboxyl terminal tail of 

the activator kinase are also trans-phosphorylated. Subsequently, these phosphorylated 

tyrosines act as docking sites for downstream substrates and modulators or as scaffolding 

platforms and promote induction of signalling networks (Pawson, 2007). As a result, RTKs can 

regulate a wide range of transduction pathways including the MAPK, PI3K/AKT, and 

JAK/STAT, and therefore have an important role in various cellular processes. They are an 

essential component of normal cellular communication and maintenance of homeostasis 

through the regulation of cell growth and survival, cell cycle and apoptosis (Sangwan and 

Park, 2006). As a result of their involvement in cellular modulation processes, RTK function 

and activity are tightly regulated. Nevertheless, aberrant activation or dysregulation of kinase 

signalling pathways has been well documented and has been implicated to have a partial role 

in the development and progression of cancer. The most common mechanisms for this 

altered signalling can occur through mutations, genetic modifications and amplifications or 

defects in regulatory pathways, which may in turn lead to enhanced cell growth and survival, 

whilst inhibiting apoptotic stimuli (Paul and Mukhopadhyay, 2004).  

 

Protein phosphorylation is one of the most common and important post-translational 

modifications, responsible for regulating cellular activity and transmitting signals. 

Phosphorylation of HER2 is a prerequisite for initiation of downstream signalling and 

represents the functional and active form of the receptor. There are six reported 

phosphorylation sites within HER2, which are found in the C-tail of the receptor – Y1023, 

Y1112, Y1139, Y1196, Y1221/22 and Y1248 (Hazan et al., 1990). Phosphorylation of Y1139 

residue has been shown to increase the transcriptional activity of STAT3; it also serves as a 

docking site for Grb2 and therefore induces Ras/ERK signalling (Ren and Schaefer, 2002). 
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Y1196 phosphorylation promotes binding of the adaptor molecule Crk to HER2 and activates 

ERK in a Ras-independent manner, a signalling mechanism through which HER2 drives cell 

migration and disruption of cell polarity (Dankort et al., 2001); (Lucs, Muller and 

Muthuswamy, 2009); (Marone et al., 2004). Phosphorylation of HER2 at Y1112 has been 

shown to have an important role in the regulation of HER2 signalling by targeting HER2 for 

ubiquitination and proteasomal degradation through an interaction with c-Cbl E3 ligase 

(Klapper et al., 2000). In contrast, phospho-tyrosine Y1023 has been identified as a negative 

regulator of HER2 transforming activity, and mutation of this site leads to increased signalling 

through HER2 (Dankort et al., 1997). In addition to these phosphorylation sites, a more recent 

study has identified a phosphorylation site present in the activation loop of the kinase 

domain of HER2 – Y877, whose role is yet to be fully elucidated (Bose et al., 2006). Several 

studies have reported that the main autophosphorylation sites in HER2 are Y1248 and 

Y1221/22. A study by Lucs, Muller and Muthuswamy, 2009 showed that Y1221/22 had high 

affinity for interaction with the adaptor molecule Shc1, which was sufficient to inhibit cell 

death mechanisms. In addition, determination of HER2 phosphorylation status at residues 

Y1221/22 was identified as an additional marker of poor survival rates for patients with 

hormone receptor positive breast cancer (Frogne et al., 2009). The phosphorylation of Y1248 

was shown to recruit DOK-R, which subsequently resulted in activation of the MAPK signalling 

network (Dankort, Jeyabalan, et al., 2001). Moreover, several studies have established a 

correlation between phosphorylated HER2 at Y1248 with clinicopathological characteristics 

of breast cancer and have suggested a clinical utility of phospho-Y1248 as a predictor of poor 

prognosis for patients with invasive ductal carcinoma (RAMIĆ et al., 201 ); (Taniyama et al., 

2008). Taken together, it appears that all HER2 phosphorylation sites can mediate cellular 

transformation through the interaction with different signalling molecules, which highlights 

their effectiveness in mediating oncogenic signals, but also suggests a functional redundancy 

between these tyrosine phosphorylation residues.  

 

Due to the suggested roles of Y1221/22 and Y1248 residues as potential clinical predictors of 

poor survival for breast cancer patients, this thesis focused on these HER2 phosphorylation 

sites to further investigate their transforming functions. As a result, cell lines overexpressing 

HER2 constructs that harbour mutations in Y1221/22 and/or Y1248 autophosphorylation 

sites were generated. These models would hopefully provide an insight into the roles of 

HER2-phospho sites in an ER+HER2+ background and might suggest new therapeutic 

strategies for combating therapy resistance.  
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3.1.1 Aim 

 

The aim of this chapter was to generate and characterise the HER2-negative MCF7 cell line 

overexpressing constructs containing either HER2-wild type (WT) receptor or phospho-site 

abrogation mutant receptors at each of the major phosphorylation sites – Y1221/22 and 

Y1248 single mutants or a double mutant (HER2-DM), in which both phosphorylation sites 

are catalytically inactive. 

 

3.1.2 Objectives 

 

• To validate the success of the HER2-phospho site modifications and the subsequent 

overexpression of the wild type and the altered HER2 receptors. 

• To investigate phenotypic changes which may occur due to HER2-phospho site 

modifications. 

• To investigate the impact of the phospho-site modifications on HER2 signalling and 

function.  
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3.2 Results 

 

3.2.1 Doxycycline Inducible HER2 Expression System 

 

3.2.1.1 Generation of MCF7 Isogenic Cell Lines Containing HER2-WT and HER2-phospho site 

Abrogation Mutants (HER2-Y1248N, HER2-Y1221/22N and HER2-DM). 

 

To understand the role of HER2 auto-phosphorylation sites (Y1248 and Y1221/22) in ER-

positive background, doxycycline inducible HER2-expressing constructs containing either the 

wild-type receptor (HER2-WT) or HER2-phospho site abrogation mutants at each of the major 

phosphorylation sites (HER2-Y1248N, HER2-Y1221/22N, and HER2-double mutant (HER2-

DM)) were generated. The relevant tyrosine residues (Tyr, Y) were mutated to asparagine 

(Asn, N) via site-directed mutagenesis (SDM) as previously described (Chapter 2, section 

2.2.7). Constructs containing HER2-WT and HER2 mutants were expressed in the ER-positive 

HER2-negative breast cancer cell line, MCF7. Stably expressing cells were selected after a 2-

week blasticidin selection. The step-by-step generation of the cell lines is outlined in the 

schematic shown in Fig.3.2.1. 

 

The pBABEpuro vector containing the ErbB2 gene was commercially available and purchased 

from Addgene. To verify that the plasmid contained the right gene product, a diagnostic 

restriction digest was performed, and the generated fragments were analysed on an agarose 

gel by gel electrophoresis. A double digest using the restriction enzymes NdeI and SpeI 

(unique cutters) was performed, therefore two bands of 3.1 kb and 5.7 kb were expected as 

shown on the gel in Fig.3.2.2, lane 3. The observed band with a size of 8.9 kb corresponds to 

the full-sized plasmid.  

 

Next, the donor vector pDONR221, which was required at a later stage as an entry vector to 

perform the Gateway LR cloning reaction, was also validated by a diagnostic digest (Fig.3.2.1). 

A simultaneous enzymatic digest was performed with the restriction enzymes ApaI and NcoI 

(unique cutters), therefore two fragments were expected – 1.4 kb and 3.3 kb. The agarose 

gel in Fig.3.2.2, lane 2 is representative of this digest.
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Figure 3.2.1: A schematic representing the step-by-step cloning process for the generation 

of lentiviral vectors containing either HER2-WT, HER2-Y1221/22N, HER2-Y1248N or HER2-

DM constructs – (A) A BP cloning reaction facilitating the in vitro recombination of 

pBABEpuro-ErbB2 plasmid (containing attB sites) and the donor vector pDONR221 

(containing attP sites) to generate the entry clone pDONR221-ErbB2. (B) Once the entry clone 

was generated, site-directed mutagenesis was performed to generate HER2-phospho site 

mutants at the following phosphorylation sites – Y1221/22, Y1248 and double phospho 

mutant (in which a tyrosine residue was mutated to an asparagine). This entry clone 

(containing attL sites) was used in a LR recombination reaction with the destination vector 

pCLX-pTF-R1-DEST-R2-EBR65 (containing attR sites) to generate a lentiviral expression clone 

encoding one of the following constructs: HER2-WT, HER2-Y1221/22N, HER2-Y1248N, or 

HER2-DM. HEK293FT cells were then transfected with the viral DNA to produce viral particles. 

Those viral particles were subsequently used to transduce the HER2-negative breast cancer 

cell line MCF7. Cells were finally subjected to a two-week blasticidin selection (4 μg/ml – a 

dose determined with a kill curve experiment) allowing for the generation of a stable cell 

population expressing one of the above-mentioned modified HER2 constructs. 
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Figure 3.2.2: Diagnostic restriction digest of pDONR221 and pBABEpuro-ErbB2 – Agarose 

gel electrophoresis of pDONR221 (lane 2) and pBABEpuro-ErbB2 (lane 3) plasmids treated 

with ApaI + NcoI and NdeI + SpeI, respectively for 1h at 37oC. Products were run on 0.8% 

agarose gel. The expected fragments and their sizes are indicated with an arrow.  
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The first step in the process of generating a viral vector expressing HER2 constructs 

containing either wild-type or phospho-site mutated HER2 receptor was to perform a 

Gateway BP cloning reaction, in which the ErbB2 gene from the pBABEpuro-ErbB2 plasmid 

was cloned into pDONR221 vector to create a Gateway entry clone vector (Chapter 2, section 

2.2.5). To check the success of the reaction, a diagnostic restriction enzyme digest was 

performed on the final vector product, now containing the ErbB2 gene. Two unique enzymes 

were used – AflII and NdeI, which cut once in the vector backbone and once in the gene, 

respectively. Gel electrophoresis was performed, and the generated fragments were 

visualised on a DNA agarose gel (Fig.3.2.3). 
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Figure 3.2.3: Diagnostic restriction digest of pDONR221-ErbB2 – Agarose gel electrophoresis 

of pDONR221 plasmid, containing ErbB2 gene after a Gateway BP cloning reaction treated 

with AflII and NdeI enzymes for 1h at 37oC. Products were run on 0.8% agarose gel. The 

expected fragments and their sizes are indicated with an arrow.  
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Next, in order to assess the role of individual HER2 phosphorylation sites, each tyrosine (Tyr, 

Y) – Y1221/22 and Y1248 – was then mutated to asparagine (Asn, N) using a site-directed 

mutagenesis kit. A construct containing both phospho-site mutations (HER2 double mutant 

(HER2-DM)) was also generated. These modifications were expected to catalytically 

inactivate phosphorylation at these sites. To confirm if these phospho-site mutations were 

successfully inserted, Sanger sequencing was performed using the appropriate primers 

(Appendix 5, section 7.5, Table 7.5) (Fig.3.2.4). 
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                           HER2-WT                                                                                     HER2-WT 

                             

                           

                     HER2-Y1221/22N                                                                  HER2-Y1248N 

                                                                              HER2-WT 

…………………  

…………………  

                                                                              HER2-DM 

Figure 3.2.4: Confirmation of site-directed mutagenesis – Sanger sequencing analysis 

confirming phospho-site mutations in HER2-Y1221/22N (A), HER2-Y1248N (B), and HER2-DM 

(C) constructs. Targeted nucleotides are highlighted in red.  

A B  

C  
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Once these constructs were generated, they were further cloned into the pCLX-pTF-R1-DEST-

R2-EBR65 lentiviral vector through Gateway LR cloning reaction to facilitate viral production 

for subsequent transduction into the MCF7 cell line. As previously, diagnostic restriction 

digest of the empty vector was performed to confirm the presence of the correct plasmid 

sequence. Several different enzymes were used, some of which cut the vector twice – AflII, 

SpeI and XhoI – therefore, two bands were expected for each of these individual reactions 

(Fig.3.2.5, lanes 2, 3, and 5), whereas XbaI is a unique cutter – only one band was expected 

(Fig.3.2.5, lane 4). 

 

Once the Gateway LR cloning reaction was performed, in which wild-type HER2 and all three 

phospho-HER2 mutants were cloned from the pDONR221 vector into the pCLX-pTF-R1-DEST-

R2-EBR65 destination vector (Chapter 2, section 2.2.6), a diagnostic restriction digest was 

performed to validate these constructs (Fig.3.2.6, (A-B)). Once again, these modifications 

were also assessed by Sanger sequencing, using the appropriate sequencing primers, to 

ensure successful incorporation of each mutation in the final destination vector (data not 

shown).  
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Figure 3.2.5: Diagnostic restriction digest of pCLX-pTF-R1-DEST-R2-EBR65 – Agarose gel 

electrophoresis of empty pCLX-pTF-R1-DEST-R2-EBR65 plasmid treated with AflII, SpeI, XbaI 

and XhoI enzymes for 1h at 37oC. Products were run on 0.8% agarose gel. The expected 

fragments and their sizes are indicated with an arrow or with a colour-coded asterisk (*).  

                    

 

Figure 3.2.6: Diagnostic restriction digest of pCLX-pTF-R1-DEST-R2-EBR65 containing HER2-

WT or HER2-Y1248N (A) and HER2-Y1221/22N or HER2-DM (B) constructs – Agarose gel 

electrophoresis of HER2-containing pCLX-pTF-R1-DEST-R2-EBR65 plasmid treated with AgeI 

and EcoRV enzymes for 1h at 37oC. Products were run on 0.8% agarose gel. The expected 

fragments and their sizes are indicated with an arrow. 

1 2 3 4 5 

A B 
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3.2.1.2 Validation of Doxycycline Induced HER2 Expression in HER2-WT, HER2-Y1221/22N, 

HER2-Y1248N, and HER2-DM MCF7 Cells. 

 

Following the generation of HER-WT, HER2-Y1221/22N, HER2-Y1248N and HER2-DM MCF7 

cells, their expression levels were assessed by western blot analysis. Since pCLX-pTF-R1-

DEST-R2-EBR65 vector contains a tetracycline-responsive promoter, this allows for 

modulation of gene expression by the addition of tetracycline or other derivatives, such as 

doxycycline. In order to validate overexpression of HER2-WT and HER2-phospho site mutants 

in MCF7 cells, a time-course experiment was initially performed (0h, 6h, 12h, 24h, 48h, and 

72h) with doxycycline (1 μg/ml) to determine the time point at which HER2 expression would 

be induced. The time-course experiment was performed with only two of the constructs – 

HER-WT and HER2-Y1248N. For HER2-WT overexpressing cells, there was a weak HER2 

expression after a 12-hour treatment with doxycycline, where expression levels increased 

with longer doxycycline treatment times and peaked at 48h (Fig.3.2.7, (A)). Similarly, HER2 

expression in HER2-Y1248N expressing cells was first induced after a 24-hour treatment with 

doxycycline, where expression levels were similar at 48 and 72 hours (Fig.3.2.7, (B)). As 

expected, no phosphorylation of HER2 at Y1248 was detected in HER2-Y1248N, since this 

phosphorylation site was mutated. The SKBR3 HER2-positive cell line was used as a positive 

control, whereas parental MCF7 cells were used as a negative control. Since both constructs 

had similar HER2 expression levels after treatment with doxycycline for 48h, this time point 

was used for HER2 doxycycline induction for all subsequent experiments in this project.  

 

Next, to determine the optimal doxycycline concentration required to induce HER2 

expression, MCF7 HER2-overexpressing cells were treated with increasing doses of 

doxycycline (0.1 μg/ml, 1 μg/ml, 5 μg/ml, and 10 μg/ml) and cells were harvested for western 

blot analysis 48 hours after treatment initiation. The results showed that different levels of 

HER2 expression could be achieved with distinct doses of doxycycline, however, even the 

lowest dose of doxycycline (0.1 μg/ml) was sufficient to induce HER2 expression (Fig.3.2.8, 

(A-B)). Nevertheless, 1 μg/ml doxycycline appeared to lead to clear and strong HER2 

expression across all conditions, therefore, this dose was used throughout the rest of the 

project.  

 

Finally, to assess if HER2 expression levels were comparable across all four HER2-

overexpressing cell lines to allow unbiased future data analysis and interpretation, western 

blot analysis was performed. In the absence of doxycycline, HER2 expression was not 
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induced, and protein levels were not detected (Fig.3.2.9). On the contrary, upon doxycycline 

addition, expression of both phosphorylation sites was detected in HER2-WT cells. In HER2-

Y1248N mutant cells, phosphorylation was detected only at the Y1221/22 phosphorylation 

site, whereas in the HER2-1221/22N mutant cells, only Y1248 was phosphorylated. In the 

HER2-DM MCF7 cells, both Y1248 and Y1221/22 phosphorylation sites are mutated, 

therefore, only total HER2 protein levels were detected, but not phosphorylated HER2 

(Fig.3.2.9). Overall, all studied cell line model systems expressed HER2 to the same level. 
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Figure 3.2.7: Time-course optimisation of doxycycline induced HER2 expression in HER2-

WT or HER2-Y1248N MCF7 cells – Representative western blot analysis of HER2-WT (A) or 

HER2-Y1248N (B) MCF7 cells treated with doxycycline (1 µg/ml) or left untreated across 

several different time points (0-72h) (n=2). SKBR3 cells were used as a positive control for 

HER2 expression, whereas parental MCF7 cells were used as a negative control. Expression 

levels of pHER2 (Y1248) and total HER2 were assessed. Vinculin was used as a loading control. 

n = number of independent experiments.  
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Figure 3.2.8: Dose-response optimisation of doxycycline to assess HER2 expression in HER2-

WT and HER2-Y1248N (A) or HER2-Y1221/22N and HER2-DM (B) MCF7 cells – 

Representative western blot analysis of HER2-WT and HER2-Y1248N (A) or HER2-Y1221/22N 

and HER2-DM (B) MCF7 cells treated with increasing concentrations of doxycycline or left 

untreated for 48 hours (n=2). SKBR3 cells were used as a positive control for HER2 expression, 

whereas parental MCF7 cells were used as a negative control. Expression levels of pHER2 

(Y1248), pHER2 (Y1221/22) and total HER2 were assessed. Cyclophilin was used as a loading 

control. n = number of independent experiments. 
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Figure 3.2.9: Doxycycline induced HER2 expression in HER2-WT, HER2-Y1248N, HER2-

Y1221/22N and HER2-DM MCF7 cells – Representative western blot analysis of HER2-WT, 

HER2-Y1248N, HER2-Y1221/22N and HER2-DM MCF7 cells treated with doxycycline (1 µg/ml) 

or left untreated for 48 hours (n=3). Expression levels of pHER2 (Y1248), pHER2 (Y1221/22) 

and total HER2 were assessed. Cyclophilin was used as a loading control. n = number of 

independent experiments. 
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3.2.1.3 Phenotypic Characterisation of MCF7 Cells Expressing Doxycycline Inducible HER2-

WT, HER2-Y1221/22N, HER2-1248N, or HER2-DM. 

 

To investigate the role of HER2 phosphorylation sites, several phenotypic assays were 

performed – proliferation, migration, and invasion assays. First, to assess the proliferative 

potential of MCF7 cells expressing either wild-type HER2 or HER2-phospho site mutants, a 

MTT cell viability assay was performed as previously described in Chapter 2, section 2.1.5. 

Cells were seeded in a 96-well plate and absorbance readings were taken every 24 hours over 

a 96-hour period. Surprisingly, there were no significant differences in the proliferative 

potential of HER2-WT cells treated or untreated with doxycycline (Fig.3.2.10, (A)). However, 

significantly increased proliferation rates were observed at 72h in HER2-Y1248N and HER2-

Y1221/22N doxycycline uninduced MCF7 cells, and at 96h in HER2-DM doxycycline untreated 

cells relative to their doxycycline induced counterparts (Fig.3.2.10, (B-D)). In addition, both 

doxycycline untreated and treated HER2-WT MCF7 cells proliferated at a slower rate in 

comparison to HER2-phospho site mutants, where two-way ANOVA analysis revealed 

significant differences at 72 and 96 hours (Fig.3.2.10, (E-F)). 

 

 

 

 

 

 

 

 



 Chapter 3 – Results Part One 

136 
 

 

 

Figure 3.2.10: HER2-phospho site mutants exhibit increased proliferation in comparison to 

HER2-WT MCF7 cells – MTT proliferation assay in MCF7 HER2-WT (A), HER2-Y1248N (B), 

HER2-Y1221/22N (C), and HER2-DM (D) cells untreated or treated with doxycycline (1 µg/ml) 

for 48 hours. A-D) Graphs display the absorbance values measured at 570 nm over a 96-hour 

period between doxycycline induced and uninduced cells. Statistical analysis involved 

unpaired two-tailed t-test and significance is indicated by *p < 0.05, **p < 0.01. E-F) Graphs 

comparing the proliferation rates of doxycycline untreated (E) or treated (F) HER2-WT, HER2-

  

 

E
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Y1248N, HER2-Y1221/22N and HER2-DM MCF7 cells. The bar graphs on the right indicate the 

significant differences at 72h and 96h, where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p 

< 0.0001 show significance for HER2-WT cells, whereas +p < 0.05 shows significance for HER2-

Y1248N cells. Statistical analysis involved two-way ANOVA followed by Tukey’s post hoc test. 

Results represent the mean ± standard error of the mean (SEM) of one representative 

experiment (n=3). n = number of independent experiments. 
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HER2-overexpressing cells were grown in DMEM media supplemented with 5% FBS. FBS 

contains growth factors which can affect cell growth and proliferation and can therefore 

mask differences in proliferation between doxycycline treated and untreated cells. Since the 

HER2-WT MCF7 cells did not present different proliferation properties upon induction of 

HER2, a range of FBS concentrations (0-10%) was compared to allow assessment of the ability 

of cells to proliferate and survive under different growth conditions. A MTT assay was 

performed in HER2-WT MCF7 cells in the presence or absence of doxycycline over a period 

of 96 hours. The results showed that increasing concentrations of FBS resulted in exponential 

cell proliferation in both doxycycline untreated and treated HER2-WT MCF7 cells, where cell 

growth seemed to plateau at 8% FBS (Fig.3.2.11, (A-D)). Similar to the results above, HER2-

overexpression did not promote increased growth rates in doxycycline induced HER2-WT 

cells, and even resulted in significantly decreased proliferation in comparison to their 

uninduced counterparts.  
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Figure 3.2.11: HER2-induced expression in HER2-WT MCF7 cells results in decreased 

proliferation – A-D) MTT proliferation assay in MCF7 HER2-WT cells untreated or treated 

with doxycycline (1 µg/ml) comparing a range of FBS concentrations (0-10%) over a 96-hour 

period. Graphs display the mean absorbance values measured at 570 nm ± standard error of 

the mean (SEM) of one representative experiment (n=3). Statistical analysis involved 

unpaired two-tailed t-test and significance is indicated by *p < 0.05, **p < 0.01, and ****p < 

0.0001. n = number of independent experiments. 
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After having assessed the proliferation properties of HER2-WT and HER2-phospho site 

mutants, the next aim was to determine if abrogation of the phosphorylation sites would 

affect the ability of cells to migrate and invade. Therefore, the xCELLigence system was 

utilised, which provides a real-time label free monitoring of the migratory and invasive 

properties of cells. As shown in Fig.3.2.12, (A), HER2 induction with doxycycline resulted in 

enhanced migratory potential across all four cell lines in comparison to their uninduced 

counterparts. Interestingly, HER2-Y1221/22N and HER2-DM MCF7 cells showed significant 

reduction in their ability to migrate in comparison to HER2-WT and HER2-Y1248N cells, 

indicating that Y1221 might have a role in mediating migratory signals. Differences in 

migration were seen not only upon treatment with doxycycline, but also in its absence. This 

was unexpected considering that the uninduced cell lines should all behave in a similar 

fashion since they all have the same genetic background. In order to account for any 

differences at basal level due to promoter leakage, the doxycycline-induced conditions were 

normalised to their uninduced paired cells, and results were then plotted as a fold change 

difference in comparison to HER2-WT cells. As shown in Fig.3.2.12, (B), there was a 1.5-fold 

reduction in the migratory potential of HER2-DM cells in relation to HER2-WT and HER2-

Y1248N cells. There was no significant difference in migration between MCF7 cells 

overexpressing the wild-type receptor and those bearing the Y1221/22 phospho mutant, 

suggesting that both phosphorylation sites are equally important and only abrogation of both 

sites simultaneously leads to decrease in migratory signals.  

 

The next experiment aimed to determine the invasive ability of cells in the presence of 

phospho-site mutations. Similar to the observations made with the migration assay, HER2 

induction resulted in enhanced invasion of HER2-WT and HER2-mutant MCF7 cells when 

compared to their uninduced counterparts (Fig.3.2.13, (A)). However, single HER2-phospho 

site mutant MCF7 cells (HER2-Y1248N and HER2-Y1221/22N), as well as HER2-DM cells, 

showed significant reduction in invasion versus the wild-type HER2-expressing MCF7 cells. In 

addition, there was a significant loss in the invasive potential of HER2-Y1221/22N and HER2-

DM MCF7 cells compared to HER2-Y1248N MCF7 cells, implicating a more important role for 

Y1221 in invasion. Again, due to the differences observed across the uninduced conditions, 

the data for each HER2-expressing cell line was first normalised to that of their relative 

uninduced control. The data was then plotted as a fold change with respect to HER2-WT cells. 

This however revealed no differences in invasion across the HER2-mutant MCF7 cells 

(Fig.3.2.13, (B)).  
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The migratory and invasive potential of HER2-WT and HER2-mutant cell lines was measured 

up to 48 hours post-seeding, however, there were no differences in proliferation at this time 

point. Therefore, the enhanced migratory and invasive potential of HER2-WT cells after 

doxycycline induction is not due to increased proliferation rates. Moreover, the fact that 

HER2 overexpression mediated differences in migration and invasion at an early time point 

but did not do so for proliferation until 72 hours indicates that in this time period some of 

the signalling molecules differentially regulated by HER2 expression levels play a role in 

driving higher levels of migration and invasion while at the same time remain agnostic to cell 

proliferation. Furthermore, since the fold change differences in migration observed between 

doxycycline induced expression of HER2-WT and HER2-DM cells were more pronounced in 

comparison to the differences in their invasive potential, likely indicates a more important 

role for HER2 phosphorylation sites in HER2-driven migration.  
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Figure 3.2.12: Abrogation of HER2 phosphorylation sites results in reduced migratory 

potential in HER2-DM cells – A) xCELLigence assay assessing the migratory potential of HER2-

WT, HER2-Y1248N, HER2-Y1221/22N, and HER2-DM MCF7 cells untreated or treated with 

doxycycline (1 µg/ml) for 48 hours. Results represent the mean of three independent 

experiments ± standard error of the mean (SEM) (n=3). Statistical analysis involved two-way 

ANOVA followed by Tukey’s post hoc test. Significance is indicated by *p < 0.05, **p < 0.01, 

***p < 0.001 for HER2-WT cells, whereas +p < 0.05, ++p < 0.01, ++++p < 0.0001 indicate 

significance for HER2-Y1248N cells. B) Bar graph showing the fold change differences 

between HER2-phospho site mutants in comparison to HER2-WT cells. Doxycycline treated 

conditions were initially normalised to their doxycycline untreated counterparts. Statistical 

analysis involved one-way ANOVA followed by Tukey’s post hoc test. Significance is indicated 

by ***p < 0.001 for HER2-WT cells and +++p < 0.001 for HER2-Y1248N cells. n = number of 

independent experiments. 
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Figure 3.2.13: Abrogation of HER2 phosphorylation sites has no effect on invasive potential 

– A) xCELLigence assay assessing the invasive potential of HER2-WT, HER2-Y1248N, HER2-

Y1221/22N, and HER2-DM MCF7 cells untreated or treated with doxycycline (1 µg/ml) for 48 

hours. Results represent the mean of three independent experiments ± standard error of the 

mean (SEM) (n=3). Statistical analysis involved two-way ANOVA followed by Tukey’s post hoc 

test. Significance is indicated by **p < 0.01 and ***p < 0.001 for HER2-WT cells, whereas +p 

< 0.05 and ++p < 0.01 indicate significance for HER2-Y1248N cells. B) Bar graph showing the 

fold change differences between HER2-phospho site mutants in comparison to HER2-WT 

cells. Doxycycline treated conditions were initially normalised to their doxycycline untreated 

counterparts. Statistical analysis involved one-way ANOVA followed by Tukey’s post hoc test. 

n = number of independent experiments. 
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3.2.1.4 Investigating the Role of HER2 Phosphorylation Sites in the Activation of Downstream 

Signalling Pathways Utilising a Phospho-Kinase Array. 

 

Phospho-kinase arrays are high-throughput screening tools which allow for the simultaneous 

detection of 37 different human kinases (R&D Systems). Capture antibodies are spotted in 

duplicate across a nitrocellulose membrane. Lysed samples are mixed with a cocktail of 

biotinylated detection antibodies and are incubated overnight. The protein-detection 

antibody complex is then recognised and bound by its cognate capture antibody, where the 

interaction is detected by the release of a chemiluminescent signal following the addition of 

Streptavidin-Horseradish Peroxidase. The chemiluminescence produced is proportional to 

the phosphorylation level of the bound analyte. Finally, densitometry analysis is performed 

for each spot on the membrane to calculate the intensity of the signal and therefore, the 

relative phosphorylation.  

 

Utilising a phospho-kinase array allows for the simultaneous assessment of a number of 

differentially phosphorylated kinases and was therefore used to determine the overall 

signalling landscape in HER2-WT, HER2-Y1248N and HER2-Y1221/22N doxycycline induced 

MCF7 cells. Protein was extracted from doxycycline treated MCF7 cells overexpressing wild-

type HER2 or harbouring mutations in either Y1248 or Y1221/22 phospho-sites. Following 

protein quantification and normalisation, lysates were incubated with the detection 

antibodies and the nitrocellulose membranes overnight. The following day, an HRP-

conjugated streptavidin complex was added to each membrane to allow chemiluminescence 

detection. The resulting signal is representative of the level of phosphorylation across 

different tyrosine kinases (Fig.3.2.14, (A)). 

 

The heat-map shown in Fig.3.2.14, (B) represents the fold change differences in the 

phosphorylation status of different kinases in HER2-Y1248N and HER2-Y1221/22N MCF7 cells 

in comparison to HER2-WT cells. Overall, it seems that the mutations in HER2-phospho sites 

resulted in differential phosphorylation across the kinases in the array, with the majority of 

them being less phosphorylated/activated. Of interest, EGFR – a known HER2-interacting 

partner involved in the activation of a number of downstream signalling cascades, had 

reduced phosphorylation levels in the two phospho-site mutants in comparison to HER2-WT. 

In addition, another interesting result was the decreased levels of phospho-ERK (T202/Y204) 

and phospho-JNK (T183/Y185), which are signalling molecules part of the MAPK signalling 

pathway. As previously discussed, the MAPK transduction pathway is one of the main 
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cascades through which HER2 exerts its functions. The reduced kinase phosphorylation seen 

across the two single phospho-site mutants indicates that these phosphorylation sites are 

important for signalling through the MAPK pathway. On the other hand, the phosphorylation 

levels observed across members part of the AKT signalling pathway varied between HER2-

Y1248N and HER2-Y1221/22N expressing MCF7 cells. Most of the kinases had decreased 

activity in HER2-Y1248N, whereas most of them had increased phosphorylation in HER2-

Y1221/22N in comparison to HER2-WT, such as phospho-AKT (S473). This implicates a role 

for Y1248 in transducing signals through the AKT signalling pathway, whereas lack of 

Y1221/22 resulted in increased AKT phosphorylation and a possible compensatory role for 

Y1248 or another RTK, hence the increased signal detected in phosphorylated AKT in HER2-

Y1221/22N cells. This result can also suggest a suppressive role for Y1221/22 under normal 

conditions, and therefore when abrogated, there is increased activation of the PI3K/AKT 

signalling pathway.  
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Figure 3.2.14: A phospho-kinase array identifies differences in downstream signalling in 

HER2-Y1248N and HER2-Y1221/22N cells compared to HER2-WT cells – A) A phospho-kinase 

array (R&D Systems) following incubation with protein lysates from doxycycline treated (1 

µg/ml) HER2-WT, HER2-Y1248N and HER2-Y1221/22N MCF7 cells. Chemiluminescence 

signals were detected following the addition of a secondary HRP-conjugated antibody. The 

signal intensity is proportional to the amount of phosphorylated protein present in the 

sample. B) Heat-map representing log fold change differences in signal intensity of the listed 

kinases in HER2-Y1248N and HER2-Y1221/22N MCF7 cells compared to HER2-WT cells.  
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To validate the results from the kinase array, HER2 expression was induced with a 48-hour 

treatment with doxycycline, after which western blot analysis was performed. The activation 

differences between signalling molecules part of the MAPK pathway were further explored 

since it is one of the major transduction cascades in HER2-mediated signalling. In addition, 

mutations in the two single HER2 phosphorylation sites (Y1248 and Y1221/22) led to 

decreased signals across kinases involved in this pathway, therefore, they can be exploited 

further as potential targets for treatment. 

 

As shown in Fig.3.2.15, (A), doxycycline-induced HER2-expression resulted in increased 

protein levels of phospho-ERK and phospho-JNK across all cell lines in comparison to their 

control (doxycycline untreated) counterparts. However, when the phosphorylation levels of 

ERK and JNK were compared between doxycycline treated HER2-WT and HER2-Y1248N or 

HER2-Y1221/22N MCF7 cell lines, phospho-ERK and phospho-JNK expression was decreased 

in the mutants as opposed to HER2-WT cells, which is consistent with previously observed 

results from the RTK array. HER2-DM expressing MCF7 cells also resulted in decreased 

phospho-JNK protein levels similar to the single mutants, therefore it appears that these 

HER2 sites are responsible for signal transduction through the JNK pathway, and their 

absence leads to abrogated signalling. Nevertheless, when both phosphorylation sites were 

mutated in HER2-DM, phospho-ERK levels were slightly increased in comparison to HER2-WT 

cells. 

 

Unfortunately, there was a lack of reproducibility in the expression levels of both phospho-

ERK and phospho-JNK across the HER2-overexpressing cell lines when replicate experiments 

were performed. In one case, phospho-ERK expression was at similar levels between all 

doxycycline induced HER2-expressing cells (Fig.3.2.15, (B)), whereas in other instances 

phospho-ERK levels in HER2-phospho site mutants were decreased in comparison to HER2-

WT cells (Fig.3.2.15, (C)). JNK phosphorylation was more inconsistent and varied across all 

cell line models (Fig.3.2.15, (A-C)). A possible explanation is that the upregulation of 

phospho-JNK levels might have been in response to stress stimuli. Based on these findings, it 

was not possible to draw any firm conclusions for the involvement of HER2 phosphorylation 

sites in driving downstream signalling activation and promoting changes in cellular 

responses.  
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Figure 3.2.15: Differences in the MAPK signalling pathway between HER2-WT and HER2-

phospho site mutant MCF7 cells – A-C) Representative western blot analysis examining the 

expression of signalling molecules part of the MAPK transduction pathway in HER2-WT, 

HER2-Y1248N, HER2-Y1221/22N, and HER2-DM MCF7 cells treated with doxycycline (1 

µg/ml) or left untreated for 48 hours. Expression levels of pHER2 (Y1248), pHER2 (Y1221/22), 

pERK (T202/Y204), and pJNK (T183/Y185), as well as total HER2, ERK and JNK were assessed. 

Cyclophilin was used as a loading control. 
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3.2.1.5 Sensitivity of HER2-WT and HER2-phospho site Mutants in Response to Lapatinib.  

 

HER2-phospho site mutant MCF7 cell lines have been studied so far in terms of their 

phenotypic characteristics and ability to mediate transforming signals to downstream 

signalling molecules. The next aim was to assess if HER2-phospho site mutations would have 

an effect on response to HER2-targeted therapy, and in particular to the tyrosine kinase 

inhibitor lapatinib. To determine the sensitivity of HER2-overexpressing cells to lapatinib, a 

10-day colony formation assay was performed. Cells were treated with increasing doses of 

the drug (0-2.5 µM) and relevant IC50 values were calculated. Surprisingly, doxycycline 

induced HER2-WT overexpressing MCF7 cells were not sensitive to lapatinib treatment when 

compared to their doxycycline untreated controls (Fig.3.2.16, (A)). The same result was 

observed across the three phospho mutant cell lines – HER2-Y1248N, HER2-Y1221/22N and 

HER2-DM (Fig.3.2.16, (B-D)), as evidenced by the similar IC50 values (Fig.3.2.16, (G)). In 

addition, there were no differences in the survival phenotype of doxycycline induced HER2-

WT cells and HER2-phospho mutant MCF7 cells (Fig.3.2.16, (F)), indicating that HER2 

phosphorylation sites might not have a direct role in response to HER2 kinase inhibition. 
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  G 

Cell line Lapatinib IC50 [µM] Fold change 

HER2-WT -Dox 0.07 
1.6 

HER2-WT +Dox 0.11 

HER2-Y1248N -Dox 0.08 
2.1 

HER2-Y1248N +Dox 0.17 

HER2-Y1221/22N -Dox 0.03 
3.3 

HER2-Y1221/22N +Dox 0.099 

HER2-DM -Dox 0.06 
1.7 

HER2-DM +Dox 0.1 
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Figure 3.2.16: Sensitivity of HER2-WT and HER2-phospho site mutants to the dual tyrosine 

kinase inhibitor lapatinib – A-D) A 10-day colony formation assay assessing sensitivity of 

doxycycline untreated or treated (1 µg/ml) HER2-WT (A), HER2-Y1248N (B), HER2-Y1221/22N 

(C), and HER2-DM (D) MCF7 cells in response to lapatinib. Results are expressed as a 

percentage survival fraction and are representative of the mean of three independent 

experiments ± standard error of the mean (SEM) (n=3). Colony formation was normalised to 

DMSO treated cells. E) A graph comparing the sensitivity of doxycycline uninduced HER2-WT 

and HER2-phospho site mutant MCF7 cells to lapatinib. F) A graph comparing the sensitivity 

of doxycycline induced HER2-WT and HER2-phospho site mutant MCF7 cells to lapatinib. G) 

Table showing IC50 values for lapatinib and fold change differences between the IC50 values 

of doxycycline treated or untreated HER2-WT, HER2-Y1248N, HER2-Y1221/22N, and HER2-

DM MCF7 cells. n = number of independent experiments. 
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3.2.1.6 Doxycycline Treatment Has a Negative Effect on Cell Proliferation and Downstream 

Signalling. 

 

The results to date created an unclear picture as to the role of HER2 phosphorylation sites in 

HER2 function. The advantage of using a system with an inducible gene expression is that it 

offers a robust, controlled environment for experimental design and data interpretation. The 

inconsistent findings however, led us to investigate the inducible model system further. A 

previously published report (Ahler et al., 2013), along with the differential expression of 

phospho-JNK in HER2-overexpressing cells (Fig.3.2.15), suggested that doxycycline treatment 

itself might have off-target effects and could alter the phenotype of our cell systems.  

 

To test this hypothesis, a MTT assay was performed to compare the proliferation rates 

between doxycycline treated (1 μg/ml) and untreated MCF7 parental cells over a 96-hour 

period. At the same time, the effect of different FBS concentrations on cell proliferation was 

also evaluated (as discussed in section 3.2.1.3 of this chapter). As suggested by Ahler and 

colleagues, doxycycline had a direct effect on cell proliferation, and MCF7-Par doxycycline 

treated cells showed significant decrease in growth (Fig.3.2.17, (A-D)). The different FBS 

concentrations did not seem to affect proliferation in a negative way, and as expected, as the 

FBS concentrations increased, proliferation rates also increased. There was a decrease in 

absorbance signals at 8% and 10% FBS concentrations across all treatments and time points, 

which might be attributed to the fact that under these conditions cells grow at a faster rate 

and may have become confluent during the experiment, leading to death. 
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Figure 3.2.17: Doxycycline has a negative effect on cell proliferation – A-D) MTT 

proliferation assay in parental MCF7 (MCF7-Par) cells untreated or treated with doxycycline 

(1 µg/ml) comparing a range of FBS concentrations (0-10%) over a 96-hour period. Graphs 

display the mean absorbance values measured at 570 nm ± standard error of the mean (SEM) 

of one representative experiment (n=2). Statistical analysis involved unpaired two-tailed t-

test and significance is indicated by *p < 0.05, **p < 0.01, and ****p < 0.0001. n = number of 

independent experiments. 
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To further study the effects of doxycycline on our model systems, the ability of doxycycline 

to induce changes in the activation of downstream signalling molecules was assessed. To test 

this, protein lysates were collected from MCF7-Par cells after a 48-treatment with 

doxycycline. There was no difference in the expression levels of phospho-ERK between 

doxycycline untreated or treated MCF7 cells (Fig.3.2.18). However, there was a marked 

increase in the phosphorylation levels of JNK following the addition of doxycycline, 

suggesting that doxycycline might have an off-target effect and might be driving activation 

of the JNK signalling cassette, part of the MAPK signalling pathway. JNK kinases are a family 

of proteins that play a central role in stress signalling pathways and are activated in response 

to different stress stimuli including growth factors, oxidative stress, DNA damage and 

inflammatory cytokines (Johnson and Nakamura, 2007); (Zeke et al., 2016). Taken together, 

these results might explain the previously observed unpredictability in levels of stress-related 

phosphorylated proteins and make this inducible model system unsuitable for the purposes 

of this project. 

 

Even though the data revealed that the doxycycline-inducible system had some undesirable 

effects on signalling, this finding was made at a later stage in the project. As a result, this 

system was used for the mass spectrometry experiment and the PamGene functional kinase 

assay described later in Chapter 4. Nevertheless, important hits were further validated in a 

stable HER2-expressing isogenic cell line model described in the following sections.  
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Figure 3.2.18: Doxycycline treatment leads to activation of the JNK pathway – 

Representative western blot analysis examining the effect of doxycycline on downstream 

signalling pathways in MCF7-Par cells treated with doxycycline (1 µg/ml) or left untreated for 

48 hours (n=2). Expression levels of pMEK (S217/221), pERK (T202/Y204), pJNK (T183/Y185), 

and pAKT (S473), as well as total MEK, ERK, JNK and AKT were assessed. Cyclophilin was used 

as a loading control. n = number of independent experiments. 
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3.2.2 Stable pHAGE-HER2 Expression System  

 

3.2.2.1 Generation of MCF7 Isogenic Cell Lines Containing HER2-WT and HER2-phospho site 

Abrogation Mutants (HER2-Y1248F, HER2-Y1221/22F and HER2-DM). 

 

Since it was established that doxycycline had off-target effects and had confounding effects 

on cell proliferation and signalling, a new system which did not require induction of gene 

expression was used. This system would hopefully facilitate the reliable assessment of the 

roles of each phospho-site mutation in an ER+HER2+ background environment. In this 

instance, the lentiviral vector pHAGE was used as the system of choice. Both the pHAGE-puro 

(used as an empty vector control) and the pHAGE-ErbB2 vectors were obtained from 

Addgene. A diagnostic restriction digest was performed to validate the vectors, and the 

fragments were subsequently visualised on an agarose gel. pHAGE-puro was cut with two 

sets of enzymes in two separate reactions (SspeI+NcoI and SspeI+XhoI), and the generated 

products are shown on the gel in Fig.3.2.19. The band with a size of 7.5 kb corresponds to 

the full-sized plasmid. The undigested plasmid was loaded as a positive control. The pHAGE-

ErbB2 vector was similarly subjected to digestion with two sets of restriction enzymes in two 

separate reactions (XbaI+NcoI and XhoI (the latter enzyme has two cutting sites within the 

plasmid)), and fragments were visualised after running gel electrophoresis (Fig.3.2.20).  

 

As previously described, site-directed mutagenesis was performed in the pHAGE-ErbB2 

plasmid to introduce a mutation in each of the HER2 phosphorylation sites – Y1221/22, Y1248 

or double mutant (DM), which abrogates phosphorylation at these sites. The relevant 

tyrosine residues (Tyr, Y) were mutated to phenylalanine (Phe, F), as although the most 

structurally similar to tyrosine, phenylalanine does not contain a free alcohol group for 

phosphate binding. Following SDM, HER2 constructs were sequenced, and insertion of the 

correct modifications was confirmed (Fig.3.2.21). MCF7 cells were transduced with each of 

the above-mentioned constructs and stable populations were generated following 1-week 

puromycin selection (0.5 μg/ml – a dose determined after a kill curve experiment). 
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Figure 3.2.19: Diagnostic restriction digest of pHAGE-puro – Agarose gel electrophoresis of 

empty pHAGE-puro plasmid treated with either SspI+NcoI or SspI+XhoI enzymes for 1h at 

37oC. Products were run on 0.8% agarose gel. The expected fragments and their sizes are 

indicated with an arrow. 

 

 

Figure 3.2.20: Diagnostic restriction digest of pHAGE-ErbB2 – Agarose gel electrophoresis of 

pHAGE-ErbB2 plasmid treated with either XbaI+NcoI or XhoI enzymes for 1h at 37oC. Products 

were run on 0.8% agarose gel. The expected fragments and their sizes are indicated with an 

arrow. 
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A                             HER2-WT                                          B                             HER2-WT 

                

 

                

                          HER2-Y1221/22F                                                            HER2-Y1248F 

 

C                                                                        HER2-WT 

……….  

………  

HER2-DM 

 

Figure 3.2.21: Confirmation of site-directed mutagenesis in pHAGE-ErbB2 – Sanger 

sequencing analysis confirming phospho-site mutations in HER2-Y1221/22F (A), HER2-

Y1248F (B), and HER2-DM (C) constructs. Targeted nucleotides are highlighted in red.  
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3.2.2.2 Validation of HER2 Expression in MCF7 Cells Containing Either Empty Vector (EV), 

HER2-WT, HER2-Y1221/22F, HER2-Y1248F or HER2-DM Constructs. 

 

In order to visualise successful localisation of HER2 to the cytoplasmic region of the cell, 

fluorescence microscopy was performed in HER2-WT MCF7 cells and pHAGE-EV control cells. 

As shown in Fig.3.2.22, (A), green fluorescence signal was detected only in cells 

overexpressing HER2 and not in EV-expressing MCF7 cells, with a stronger fluorescence 

intensity concentrated at the cell surface. 

 

To further validate and assess HER2 expression in the newly generated HER2-phospho site 

mutant overexpressing MCF7 cells, western blot analysis was performed (Fig.3.2.22, (B)). 

There were enhanced phospho-HER2 levels in MCF7 cells containing the HER2-WT in 

comparison to the pHAGE-EV-expressing cells. No expression of phospho-Y1248 was 

detected in cells harbouring the Y1248F mutation, whereas phospho-Y1221/22 levels were 

unaffected. The opposite was true for HER2-Y1221/22F expressing MCF7 cells, where 

phospho-Y1248 was expressed at similar levels to HER2-WT cells, but phosphorylation at 

Y1221/22 was not detected. Only total HER2 levels were detected in HER2-DM MCF7 cells, 

which lacked phosphorylation at the two mutated HER2-phosphorylation sites. Following this 

validation step, HER2-overexpressing MCF7 cells were taken forward for functional analysis.  
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Figure 3.2.22: Validation of HER2 expression in HER2-WT, HER2-Y1248F, HER2-Y1221/22F, 

and HER2-DM MCF7 cells – A) Representative immunofluorescence analysis of HER2 in 

pHAGE-EV and HER2-WT MCF7 cells (n=1). The cells were labelled with HER2 mouse antibody 

and incubated overnight at 4oC and then labelled with goat anti-mouse IgG Alexa Fluor 488-

conjugated secondary antibody for 1h at room temperature. Nuclei were stained with 

ProLong Gold Antifade Reagent with DAPI. Samples were captured using Leica DMI6000 B 

inverted microscope at a 40x magnification. B) Representative western blot analysis in HER2-

WT, HER2-Y1248F, HER2-Y1221/22F and HER2-DM MCF7 cells (n=3). Expression levels of 

pHER2 (Y1248), pHER2 (Y1221/22) and total HER2 were assessed. Cyclophilin was used as a 

loading control. n = number of independent experiments. 
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3.2.2.3 HER2-Y1221/22F and HER2-DM MCF7 Cells Exhibit Increased Growth Rates in 

Comparison to pHAGE-EV at 192h.  

 

To determine if the absence of phosphorylation in HER2 single or double mutants would 

result in different proliferation rates, a MTT assay was performed. Readings were taken every 

24 hours for the duration of the experiment over 192 hours. As shown on the graph in 

Fig.3.2.23, (A), there was not a significant difference in the proliferation phenotypes of the 

HER2-overexpressing MCF7 cells until 192h, where significant differences in proliferation 

were detected between HER2-Y1221/22F and HER2-DM cells in comparison to pHAGE-EV 

cells. This indicates that while HER2 overexpression does not have a role in driving cell 

growth, it may be involved in the activation of a potential survival pathway in the absence of 

HER2 phosphorylation at Y1221/22. In addition, the fact that the proliferation rate of pHAGE-

EV cells drops at 192h in comparison to all HER2-overexpressing cells, even though it is not 

statistically significant, might indicate that cells harbouring the HER2 receptor have lost their 

contact inhibition properties and therefore continue to grow and survive even upon reaching 

confluency. Under normal conditions, contact inhibition of proliferation is a regulatory 

mechanism activated upon high-cell density/confluency, whereby normal cells receive 

signals to halt proliferation and cell division (Eagle and Levine, 1967). Loss of this 

characteristic is a hallmark for malignant transformation, uncontrolled cell growth and 

increased cellular ability for invasion and metastasis (Hanahan and Weinberg, 2000); 

(McClatchey and Yap, 2012). The image in Fig.3.2.23, (B) illustrates a colour change in culture 

media from red (due to the presence of phenol red, which is a pH indicator dye) to yellow 

across all HER2-overxpressing MCF7 cells, but not the pHAGE-EV cells, which is potentially 

due to media acidification in result of high cellular growth. This might imply that pHAGE-EV 

MCF7 cells stop proliferating as indicated by the red colour of the medium following contact 

inhibition, whereas MCF7 cells transformed with the HER2 constructs might have lost this 

property, therefore they continue to divide and utilise all growth factors present in the 

media, thus turning the medium colour yellow.  
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Figure 3.2.23: HER2-Y1221/22F and HER2-DM cells exhibit increased proliferation in 

comparison to pHAGE-EV at 192h – A) MTT proliferation assay in pHAGE-EV, HER2-WT, 

HER2-Y1248F, HER2-Y1221/22F, and HER2-DM MCF7 cells over a 192-hour period. Graph 

displays the mean absorbance values measured at 570 nm ± standard error of the mean 

(SEM) (n=5). Statistical analysis involved one-way ANOVA followed by Tukey’s post hoc test 

and significance is indicated by *p < 0.05. B) An image showing colour change in growth 

media across pHAGE-EV, HER2-WT, HER2-Y1248F, HER2-Y1221/22F, and HER2-DM MCF7 

cells following continuous cell culture. n = number of independent experiments. 
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3.2.2.4 Lack of HER2 Phosphorylation at Y1221/22 Results in Decreased Migration. 

 

Next, to examine if modifications in the HER2 phosphorylation sites would result in any 

differences in the migratory ability of the cells, an in vitro wound scratch assay was 

performed. Cells were plated and 24 hours later, multiple scratches were made in each well 

of a 12-well plate. Migration was monitored over a 96-hour period, and finally, data was 

calculated as a percentage of wound closure relative to the size of the scratch at time 0 hours. 

The results illustrated that HER2-WT cells had increased migratory rates compared to pHAGE-

EV MCF7 cells as indicated by the reduced size of the wound (Fig.3.2.24). This was also true 

for HER2-Y1248F and HER2-DM MCF7 cells, which was evident 48 hours after the initial 

scratch. Interestingly, HER2-Y1221/22F MCF7 cells migrated at a significantly slower rate in 

comparison to HER2-WT, HER2-Y1248F and HER2-DM cells, but their wound size was 

comparable to that of pHAGE-EV cells. This data indicates that Y1221/22 might have an 

important role in driving migration. Surprisingly, HER2-DM cells displayed the same 

percentage of wound closure as that observed in HER2-WT MCF7 cells, suggesting a 

compensatory adaptation to the lack of HER2 Y1248 and Y1221/22 phospho-sites. 
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Figure 3.2.24: HER2-Y1221/22F cells exert reduced migratory rates in comparison to HER2-

WT cells – Wound scratch assay monitoring wound closure over a 96-hour period, and 

therefore the migration ability of pHAGE-EV, HER2-WT, HER2-Y1248F, HER2-Y1221/22F, and 

HER2-DM MCF7 cells. Cells were seeded in a 12-well plate at 3 x 105 cells/well and were 

cultured until cells were fully confluent and a monolayer was formed. Multiple scratches per 

well were created by scraping the cell monolayer using a 200 µl sterile pipette tip. A) 

Representative bright-field images at 0, 24, 48, 72 and 96 hours acquired using the High-

Content Screening-Analysis platform at a 5x magnification. B) Data is presented as a 

percentage of wound closure relative to time point 0 hours (the point the initial scratch was 

made) and is representative of the mean of at least six scratches per condition ± standard 

error of the mean (SEM) (n=3). Statistical analysis involved one-way ANOVA followed by 

Tukey’s post hoc test, where #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 indicate 

significant differences between pHAGE-EV and HER2-overexpressing cells; *p < 0.05, **p < 

0.01, ***p < 0.001 indicate significance between HER2-Y1221/22F and HER2-WT, HER2-

Y1248F or HER2-DM MCF7 cells. n = number of independent experiments. 
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3.2.2.5 HER2-Y1221/22F, HER2-Y1248F and HER2-DM Cells Lose Their Anchorage-

Independent Ability to Grow.  

 

The ability of transformed cells to grow independently and to form colonies irrespective of 

their surroundings (for example, in the absence of a solid surface) is one of the hallmarks of 

cancer, known as anchorage-independent growth. The soft agar colony formation assay is a 

well-established method which allows for the in vitro study and evaluation of the 

transforming properties of cells (Borowicz et al., 2014). Therefore, cells able to grow in an 

anchorage-independent manner are considered to be carcinogenic and to possess a 

malignant phenotype.  

 

To assess if the phosphorylation status of HER2 would affect the ability of cells to form 

colonies in an anchorage-independent fashion, a soft agar assay was performed, and colony 

formation was monitored over a period of two weeks. The data demonstrated that HER2-

overexpression has an important role in promoting cellular transformation as indicated by 

the increased number of colonies in HER2-WT MCF7 cells compared to pHAGE-EV control 

(Fig.3.2.25). Furthermore, abrogation of HER2-phosphorylation sites completely reversed 

this phenotype, highlighting the requirement for HER2-phosphorylation and activation in 

driving this malignant phenotype. 
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Figure 3.2.25: HER2-phospho site mutants lack the ability to form colonies in an anchorage-

independent manner – Soft agar assay assessing the anchorage independent colony 

formation in MCF7 cells overexpressing empty vector (EV), HER2-WT, HER2-Y1248F, HER2-

Y1221/22F, and HER2-DM over a two-week period. A) Representative images of the number 

of colonies formed (indicated in red) in pHAGE-EV and HER2-overexpressing MCF7 cells. B) 

Bar graph showing number of colonies formed in pHAGE-EV, HER2-WT, HER2-Y1248F, HER2-

Y1221/22F, and HER2-DM MCF7 cells. Data shown is the mean ± standard error of the mean 

(SEM) of one representative experiment (n=2). Statistical analysis involved one-way ANOVA 

followed by Tukey’s post hoc test, where **p < 0.01 and ***p < 0.001 indicate significant 

differences; ns indicates non-significant differences between pHAGE-EV and HER2-phospho 

site mutants. n = number of independent experiments. 
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3.2.2.6 Abrogation of HER2-Y1221/22 Leads to Reduced MEK and ERK Signalling. 

 

Following the phenotypic characterisation of the HER2-overexpressing MCF7 cells, 

differences in the signalling properties of HER2-WT and HER2-phospho site mutant MCF7 

cells were subsequently investigated. Cell pellets were lysed, and protein lysates were 

subjected to western blot analysis. Expression of phospho-HER2 and total HER2 was assessed 

and as expected, HER2 was phosphorylated at Y1248 in HER2-WT and HER2-Y1221/22F cells, 

whereas phospho-Y1221 was detected only in HER2-WT and HER2-Y1248F cells. HER2 was 

not phosphorylated at Y1248 and Y1221/22 in HER2-DM cells (Fig.3.2.26). The oestrogen 

receptor was also probed for and a decrease in expression levels was observed across HER2-

WT cells and the three phospho-site mutants in comparison to pHAGE-EV cells. 

Overexpression of HER2, regardless of its phosphorylation status, resulted in increased 

phosphorylation of MEK and ERK in comparison to pHAGE-EV cells, but lack of Y1221/22 led 

to relatively lower expression levels of phospho-MEK and phospho-ERK in relation to HER2-

WT cells. No difference was observed in phospho-JNK expression levels across the cell lines 

(Fig.3.2.26). Taken together, these results implicate a role for Y1221/22 in signalling through 

the MAPK/ERK signalling cascade. Surprisingly, there was sustained phosphorylation of ERK 

and MEK in HER2-DM MCF7 cells, which suggests a possible compensatory adaptation to the 

lack of HER2 phosphorylation, an artefact of the constitutive expression of HER2. Finally, as 

previously discussed, the crosstalk between HER2 and ER was confirmed, where oestrogen 

receptor levels decreased in response to HER2 signalling, therefore indicating an inverse 

relationship between the expression of the two receptors.   
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Figure 3.2.26: Differences in the MAPK signalling pathway between HER2-WT and HER2-

phospho site mutant MCF7 cells – Representative western blot analysis examining the 

expression of signalling molecules part of the MAPK transduction pathway in HER2-WT, 

HER2-Y1248F, HER2-Y1221/22F, and HER2-DM MCF7 cells (n=3). Expression levels of pHER2 

(Y1248), pHER2 (Y1221/22), pMEK (S217/221), pERK (T202/Y204), and pJNK (T183/Y185), as 

well as total HER2, oestrogen receptor α, MEK, ERK and JNK were assessed. Cyclophilin was 

used as a loading control. n = number of independent experiments. 
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3.2.2.7 MCF7 Cells Overexpressing pHAGE-HER2-WT are Sensitive to the Tyrosine Kinase 

Inhibitor Lapatinib.  

 

Finally, the sensitivity of HER2-overexpressing MCF7 cells to the dual tyrosine kinase inhibitor 

lapatinib was examined to determine if absence of HER2 phosphorylation would render the 

cells more resistant to the drug. A 10-day colony formation assay was performed to assess 

the survival phenotypes of MCF7 cells overexpressing either EV, HER2-WT, HER2-Y1248F, 

HER2-Y1221/22F, or HER2-DM after treatment with increasing concentrations of lapatinib (0-

10 µM) (Fig.3.2.27, (A)). There was a decrease in the IC50 values of HER2-WT cells in 

comparison to pHAGE-EV cells from 1.44 µM to 0.3 µM (a fold change of 0.21) (Fig.3.2.27, 

(B)). HER2-Y1248F and HER2-Y1221/22F overexpressing MCF7 cells displayed similar 

lapatinib IC50 values of 0.88 µM and 0.99 µM and a fold change of 0.6 and 0.69, respectively. 

Lack of HER2 phosphorylation in HER2-DM cells made the cells slightly less responsive to the 

inhibitor with an IC50 of 1.15 µM, similar to the IC50 of pHAGE-EV cells (1.44 µM). These 

results indicate that the HER2-WT receptor overexpressed in MCF7 cells is functionally active 

by responding to lapatinib, and that HER2 Y1248 and Y1221/22 phosphorylation sites are 

required for sensitivity to the TKI. 
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         B 

Cell line Lapatinib IC50 [µM] Fold change (relative to EV) 

pHAGE-EV 1.44 - 

HER2-WT 0.3 0.21 

HER2-Y1248F 0.88 0.6 

HER2-Y1221/22F 0.99 0.69 

HER2-DM 1.15 0.8 

 

Figure 3.2.27: Sensitivity of HER2-WT and HER2-phospho site mutants to the dual tyrosine 

kinase inhibitor lapatinib – A) A 10-day colony formation assay assessing sensitivity of 

pHAGE-EV, HER2-WT, HER2-Y1248F, HER2-Y1221/22F, and HER2-DM MCF7 cells in response 

to lapatinib. Results are expressed as a percentage survival fraction and are representative 

of the mean of three independent experiments ± standard error of the mean (SEM) (n=3). 

Colony formation was normalised to DMSO treated cells. B) Table showing IC50 values for 

lapatinib and fold change differences of HER2-WT, HER2-Y1248F, HER2-Y1221/22F, and 

HER2-DM MCF7 cells relative to the empty vector expressing cells. n = number of 

independent experiments. 
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3.3 Discussion 

 

The development of durable and effective treatment options for breast cancer patients could 

be enhanced by a better understanding of the complex network of signalling mechanisms 

employed by the cells, as well as studying the specific roles of phosphorylation sites within 

receptors involved in these signalling cascades. As previously discussed, HER2 overexpression 

in ER-positive breast cancer has been linked to poor prognosis and primary endocrine therapy 

resistance (Shou et al., 2004). In another study, the authors demonstrated that in an in vivo 

model of ER+ HER2-overexpressing breast cancer cells (MCF7 HER2/18 xenografts), high 

levels of HER2 were associated with de novo resistance to tamoxifen, which was 

predominantly mediated by ER nongenomic mechanisms. In addition, the same group also 

suggested a rationale for the combination of HER2-targeting agents with endocrine therapy 

(Massarweh et al., 2008). Since then, several clinical trials have shown the benefit of this dual 

strategy (Johnston et al., 2009); (Kaufman et al., 2009), nevertheless a proportion of patients 

still experience both primary and acquired drug resistance. 

 

The phosphorylated form of HER2 represents the active and functional form of the receptor, 

which is an essential step in initiating recruitment of adaptor molecules and signal 

transducers involved in various downstream pathways, where HER2 promotes proliferation 

through the MAPK and survival by activation of the PI3K/AKT pathways (Yarden & Sliwkowski, 

2001). Six tyrosine phosphorylation residues located in the C-tail of the intracellular kinase 

domain have been identified to date (Y1023, Y1112, Y1139, Y1196, Y1221/22, and Y1248), 

which all play a role in exerting HER2 catalytic functions. Two of the phospho-sites – 

Y1221/22 and Y1248 have been predominantly studied, and their abundance has been 

analysed by IHC in several breast cancer patient cohorts, where the prevalence of phospho-

HER2 at Y1248 was detected in 0-38% and that of Y1221/22 in 10-15% of patients. Due to 

their clinical relevance and the association of HER2 phosphorylation with activation of 

downstream signalling networks, the work presented in this thesis focused on these two 

HER2 phosphorylation sites with the aim to further elucidate their roles in mediating 

transforming signals in ER+HER2+ background. 

 

To characterise the roles of HER2 phosphorylation sites in HER2-mediated transformation, 

the tyrosine autophosphorylation sites at Y1221/22 and Y1248 were altered to asparagine or 

phenylalanine residues by site-directed mutagenesis. Utilising this approach, a series of point 

mutations were generated in which the individual (single mutants) or both tyrosine residues 
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(double mutant) were modified. In addition, these phospho-site mutants were successfully 

introduced in two different systems – a doxycycline inducible system and a HER2-stably 

overexpressing cell line model. The work described in this chapter demonstrated that both 

HER2-phosphorylation sites (Y1221/22 and Y1248) were equally involved in driving 

proliferation, suggesting there may be a potential redundancy in this pathway, however, 

Y1221/22 seemed to be the main driver of migration. In addition, the HER2-phosphorylation 

sites under investigation were shown to have a role in cellular transformation by promoting 

anchorage-independent growth. Furthermore, signalling through the MAPK pathway was 

reduced in the absence of Y1221/22, which is consistent with the reduced migratory rates 

seen with this phospho-site mutant. Finally, the data revealed that the HER2-WT 

overexpressing MCF7 cells were functionally active by responding to lapatinib, but lack of 

even one of the HER2 phosphorylation sites rendered the cells less sensitive to the drug 

treatment. Most of these conclusions were made using the HER2-overexpressing stable 

MCF7 cell lines, since it was determined that doxycycline treatment had an off-target effect 

in the MCF7 HER2-inducible model system, and therefore, might have masked any potential 

phenotypical differences between the HER2-phospho site mutants. 

 

Initially, an expression system containing an inducible promotor was designed to achieve 

controlled transcriptional regulation, in which the expression of HER2 could be modulated 

by the addition of the tetracycline-derivative doxycycline (a Tet-On system). Tet-On systems 

rely on the presence of a tetracycline-regulated trans-activator (rt-TA), which in the presence 

of an effector, such as doxycycline, binds to TetO sites within a tetracycline-responsive 

promoter (Ptet), thus switching gene expression on (Gossen et al., 1995). Inducible systems 

are routinely used due to their ease of use, high efficiency, and fewer side effects. In addition, 

the inducible promoter allows for reversible manipulation of gene expression, and therefore 

flexibility to study the role and function of specific genes or the consequence of a certain 

genetic change in various cellular processes (Das et al., 2016). The initial experiments 

determined that the best doxycycline concentration and the best time point to induce and 

detect robust levels of HER2 across all four MCF7 cell line models, containing either HER2-

WT or HER2-phospho site mutants, were 1 μg/ml (Fig.3.2.8) and a 48-hour treatment 

(Fig.3.2.7), respectively. This is consistent with findings in the literature, where different 

groups have shown that gene expression can be induced with a range of doxycycline 

concentrations (0.25 - 2 μg/ml) over a time course of 24-72 hours (Luger et al., 2018). It is 

important to note that inducible gene expression is also dependable on the promoter driving 

transcription, the gene that is being transcribed, as well as the cell line, which is being 
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transduced with the lentivector, therefore sensitivity to doxycycline and induction rate can 

vary significantly between different model systems (Kallunki et al., 2019).  

 

Despite the wide use and the success of the inducible gene expression system, the present 

study demonstrated some limitations, where the data presented in this chapter suggested 

that doxycycline treatment had a negative effect on cell growth and resulted in upregulation 

of stress-induced pathways, such as the JNK signalling cascade. The decreased proliferation 

rate, although not statistically significant across all time points, was initially illustrated by 

comparing the doxycycline untreated and treated HER2-overexpressing cells, where all 

untreated conditions, regardless of the HER2-phospho site modifications, exerted higher 

growth rates in comparison to their induced counterparts (Fig.3.2.10). This was unexpected, 

since HER2 overexpression has been previously linked to uncontrolled cell growth and 

tumorigenesis (Guo et al., 2006); (Muthuswamy et al., 2001); (Neve et al., 2001). The 

cytotoxic effect of doxycycline on cell proliferation was further exemplified upon treatment 

of MCF7-Par cells with 1 μg/ml of the antibiotic, where the doxycycline-treated cells exerted 

significantly reduced proliferative rates (Fig.3.2.17). This result is supported by several 

studies, which have examined a dose-dependent proliferative effect of doxycycline on a 

panel of cancer cell lines (Ahler et al., 2013); (Luger et al., 2018); (Xie et al., 2008). Although 

the tested cell lines differ from the cell line utilised in the present study – MCF7, the results 

indicate that different cell lines have different sensitivity to doxycycline and doses ranging 

from 1 – 10 μg/ml could lead to impaired proliferative abilities. In addition, treatment with 

doxycycline has been shown to have a confounding effect on cellular metabolism. Ahler et 

al., 2013 performed Gene Set Enrichment Analysis (GSEA) of doxycycline treated and 

untreated MCF-12A cells, which revealed significant enrichment of metabolic genes in the 

doxycycline-treated cells versus the vehicle control. Furthermore, another study reported 

that doxycycline can impair mitochondrial function and can therefore result in metabolic 

changes by interfering with mitochondrial protein translation (Luger et al., 2018). In the 

present study, the MTT assay was used to examine cell proliferation, which measures the 

enzymatic reduction of a yellow tetrazolium dye to purple formazan crystals by mitochondrial 

dehydrogenases, and therefore, this assay is an indicator of the metabolic activity of viable 

cells but provides an indirect read out for cellular proliferation (Riss et al., 2016). Since 

doxycycline influences cellular metabolism, the observed differences in absorbance values 

between doxycycline-treated and untreated HER2-WT and HER2-phospho site mutant MCF7 

cells might be an indication of altered metabolic activity rather than true representation of 

proliferation abilities. Therefore, to assess cell proliferation, a different assay which is not 
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dependent on cellular metabolism, such as cell counting, should be performed to confirm 

our findings.  

 

In addition to the overall negative effect of doxycycline on cell proliferation, significantly 

lower levels of proliferation were observed in the HER2-WT MCF7 cells in comparison to 

HER2-phospho site mutants (Fig.3.2.10). It is possible that in the present experiment HER2-

WT was not expressed at the same level when compared to the HER2-mutant cells, although 

it was previously shown by western blot that HER2 protein levels were very similar, if not the 

same, across all inducible cell lines, regardless of the changes in HER2 phosphorylation sites 

(Fig.3.2.9). To confirm this hypothesis, a more direct method, such as a PCR or a quantitative 

PCR (qPCR), should be performed since it would provide a qualitative and quantitative 

evidence, respectively for the gene expression levels in each uninduced and induced 

condition. Another possible explanation could be that the catalytically inactive phospho 

mutants might employ alternative signalling pathways leading to their increased proliferation 

rates. A similar pattern was demonstrated with a drug-induced blockade of receptor 

phosphorylation. Lapatinib is a dual tyrosine kinase inhibitor, which antagonises the kinase 

activity of both EGFR and HER2, preventing phosphorylation of their substrates and 

downstream pathway activation (Xia et al., 2002); (Xia et al., 2005). Although lapatinib has 

been approved for the treatment of advanced or metastatic HER2-positive breast cancer and 

despite its proven clinical benefit, it has also been associated with resistance (D’Amato et al., 

2015). In a paper by Wang et al., 2011, the authors demonstrated that lapatinib resistant 

ER+HER2+ cells exhibited increased cell proliferation in comparison to the parental cell lines, 

which was due to a switch in dependence from the HER2 pathway to ER signalling. Moreover, 

western blot analysis revealed that although phosphorylated levels of EGFR, HER2 and HER3 

were reduced in lapatinib-resistant cell lines, enhanced ER activity was observed, suggesting 

that ER might have been used as an escape pathway upon inhibition of phosphorylation of 

the EGFR family members (Wang et al., 2011). Another possibility for the increased 

proliferation rates of HER2-phospho site mutants versus HER2-WT expressing MCF7 cells is 

the upregulation of activated HER3, where HER2/HER3 heterodimers have been most 

associated with a role in tumour progression and development (Alimandi et al., 1995). As 

demonstrated by Garrett and colleagues, upon HER2 inhibition with lapatinib, HER3 was 

found to be upregulated in a PI3K dependant manner as a compensatory mechanism 

providing survival signalling (Garrett et al., 2011). Finally, alternative receptor tyrosine 

kinases, such as the membrane-bound receptor AXL, have been reported to be upregulated 

in in vitro models of ER+HER2+ breast cancer and have been associated with acquired 
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resistance to lapatinib. For instance, BT474 cells resistant to lapatinib showed upregulated 

levels of AXL, which was accompanied by sustained signalling through the PI3K/AKT signalling 

pathway. Furthermore, induction of AXL expression has been linked to ER activity, 

subsequently resulting in AKT phosphorylation (Liu et al., 2009). All these compensatory 

mechanisms provide a credible explanation for the increased number of proliferating cells as 

indicated by the higher absorbance values of HER2-Y1248N, HER2-Y1221/22N and HER2-DM 

cells in comparison to HER2-WT MCF7 cells. Of note, the expression of the above-mentioned 

proteins (EGFR, HER3, AXL, AKT) was not evaluated in the doxycycline inducible system, 

therefore further investigation is required to confirm these speculations.  

 

Finally, to investigate the proliferation of HER2-WT MCF7 cells even further, a FBS titration 

experiment was performed since it was hypothesised that high levels of growth factors, such 

as EGF, might activate alternative receptors i.e., EGFR – a known HER2 interacting partner, 

thus its activation might mask the role of HER2 itself (Fig.3.2.11). There was a similar trend 

between uninduced and induced HER2-WT cells, where increasing concentrations of FBS led 

to increased proliferation rates, and only FBS concentrations of 8% and above resulted in 

plateaued cell proliferation. This suggested that the effect of HER2 on cell growth could be 

observed when low FBS concentrations were used, therefore in all subsequent experiments, 

cells were grown in media supplemented with 5% FBS. An alternative experiment could have 

been performed, where cells were serum starved for several hours before subjecting them 

to a proliferation assay to exclude any residual stimulation by the growth factors present in 

the FBS. Nevertheless, the negative effect of doxycycline on cell growth was clearly observed, 

further supporting the need for an alternative model system.  

 

Next, the role of HER2 phosphorylation sites in driving migration and invasion was 

investigated since HER2 has been previously implicated to play part in these processes. 

Abrogation of the two HER2 phosphorylation sites simultaneously resulted in reduced 

migratory ability of HER2-DM cells in comparison to HER2-WT MCF7 cells (Fig.3.2.12). On the 

other hand, there were not any significant differences in the invasive ability of HER2-WT and 

HER2-phospho site mutant MCF7 cells (Fig.3.2.13). The lack of differences in invasion 

between HER2-WT and HER2-phospho site mutant cells indicates that these phosphorylation 

sites are not responsible for driving the HER2 invasive phenotype. This suggests that there 

are other genetic/epigenetic events or signalling pathways involved in promoting invasive 

behaviour. It would be interesting to probe for the expression of epithelial mesenchymal 

transition markers since it has been previously shown that overexpression of HER2 can 
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suppress the gene expression of epithelial cadherin (E-Cadherin), and therefore, enhance 

cells’ migratory and invasive capacity (Wu et al., 2012). Epithelial-to-mesenchymal transition 

(EMT) is a biological process, which enables the transformation of epithelial cells to assume 

a mesenchymal cell phenotype through the breakdown of cell-cell junctions (Craene & Berx, 

2013); (Singh & Settleman, 2010). This process, also known as ‘cadherin switch’, is associated 

with increased cell motility, tumour invasiveness, and the upregulation of transcription 

factors such as SNAIL, SLUG, and neural cadherin (N-Cadherin), as well as the concomitant 

downregulation of E-Cadherin (Gheldof & Berx, 2013); (Klymkowsky & Savagner, 2009).  

 

A significant variability was observed between the doxycycline untreated MCF7 cells when 

their proliferative, migratory and invasive ability was assessed. These differences might be 

attributed to basal promoter leakiness. This means that even in the absence of doxycycline, 

the gene product is being transcribed at a very low efficiency, which might indeed result in 

differences in phenotype. It is important to point out that HER2 protein levels were not 

detected in any of the uninduced conditions, but western blot analysis might not have been 

sensitive enough to detect differences in expression levels. Therefore, a more quantitative 

method, such as qPCR might be necessary to assess the differential levels of the gene 

product. It has been previously reported that the pTF inducible promoter (in our inducible 

system HER2 transcription is controlled by the activity of the pTF promoter) has a very low 

background activity, but in the presence of doxycycline, its transcription activity is greatly 

enhanced (Giry-Laterrière et al., 2011). However, in another study, it has been suggested that 

transcription can take place not only at the active state of the promoter, but also at the 

uninduced, inactive state since different nucleosome protein binding sites can result in 

different expression efficiencies, supporting our hypothesis for promoter leakiness (Huang et 

al., 2015). Another suggestion for the variable phenotype seen in the doxycycline uninduced 

cells might be contributed to the fact that a virus titration step was not performed, and 

therefore the multiplicity of infection (MOI) might have differed between the four HER2-

overexpressing cell lines. The MOI is important since it gives information about the number 

of viral particles that infect individual cells, thus having a higher MOI indicates a higher viral 

potency and a higher rate of incorporation into the host genome, which may influence cell 

behaviour and phenotype. 

 

The effect of doxycycline was further investigated on the activation of downstream signalling 

pathways. Treatment of MCF7-Par cells resulted in upregulation of the JNK signalling 

pathway marked by increase in phospho-JNK levels (Fig.3.2.18). The c-Jun N-terminal kinases 
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(JNK), also known as stress-activated protein kinases (SAPK), are members of the MAPK 

family and were first characterised by their activation in response to stress stimuli such as 

UV radiation (Dérijard et al., 1994). Further studies have shown that they are activated in 

response to different stress events, including inflammatory cytokines, DNA damage, 

oxidative stress, or osmotic shock. Nevertheless, they also have important functions in 

regulating physiological processes, such as cell growth and survival, apoptosis, migration, 

DNA repair, and cellular metabolism. Therefore, dysregulated signal transduction through 

the JNK pathway is associated with chronic inflammation, tumorigenesis, and 

neurodegeneration among others (Johnson & Nakamura, 2007); (Zeke et al., 2016). Taken 

together, the difference in phospho-JNK levels between doxycycline treated and untreated 

parental MCF7 cells is clearly a doxycycline-mediated effect. Furthermore, some variability 

was observed in the expression levels of signalling molecules part of the MAPK and JNK 

signalling pathways when the role of HER2 phosphorylation sites in downstream pathway 

activation was investigated. Initially, a phospho-kinase array was performed because it allows 

for the simultaneous analysis of a broad spectrum of kinases and provides a general overview 

of the signalling landscape within a single condition (Fig.3.2.14). Validation of the expression 

levels of proteins part of the MAPK cascade was subsequently performed since MAPK is one 

of the most implicated pathways in dysregulated HER2 signalling. Some variability between 

the results from the kinase array and the western blot analysis was expected since the array 

detects the proteins in their native form, whereas western blotting detects the denatured 

form of the protein. In addition, antibody sensitivity for a certain target might vary, as well 

as it could have been raised against a different epitope. Keeping that in mind, reproducible 

expression levels of phospho-ERK and phospho-JNK by western blot were hard to achieve 

when replicate experiments were performed, which is most likely attributed to the 

doxycycline off-target effects (Fig.3.2.15). 

 

The activity of lapatinib, a tyrosine kinase inhibitor which targets the kinase domain of HER2, 

was assessed in MCF7 cells overexpressing HER2-WT and HER2-phospho site mutants instead 

of the activity of trastuzumab, a monoclonal antibody targeting the extracellular portion of 

HER2. Interestingly, no significant differences in response to lapatinib were determined, not 

only between doxycycline uninduced and induced MCF7 cells, but also between HER2-WT 

and HER2-phospho site mutant overexpressing MCF7 cells. To generate the HER2-phospho 

site mutants, a tyrosine residue was mutated to an asparagine. These two amino acids are 

quite different in structure, where asparagine has an amino group instead of an aromatic 

ring. It is likely that the changes produced by the amino acid substitution can lead to 
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conformational changes in the protein structure, which might in turn impair proper drug 

binding and therefore response.  

 

Having established that the inducible expression system has some limitations, mainly 

attributed to the doxycycline off-target effects, a different model system was employed to 

further investigate phenotypical differences between HER2-WT and HER2-phospho site 

mutant MCF7 cells. Therefore, stable MCF7 cell lines overexpressing HER2-WT, HER2-Y1248F, 

HER2-Y1221/22F and HER2-DM were generated using the pHAGE lentivirus plasmid system 

and site-directed mutagenesis to introduce the desired modifications. In addition, in this 

scenario, the tyrosine (Tyr, Y) residues were substituted to phenylalanine (Phe, F) residues, 

since Phe is the most structurally similar amino acid to Tyr with the only difference that it 

does not contain a free alcohol group for phosphate binding. Stable expression systems have 

been and still are widely used for the characterisation of a gene of interest in terms of its 

phenotypic and functional roles. They offer long term protein expression and highly 

reproducible data. Indeed, several important signalling pathways like apoptosis, mTOR and 

Hippo pathways have been discovered by using classic stable expression systems (Kallunki et 

al., 2019). Nevertheless, these stable systems can be associated with some disadvantages. 

For example, irreversible manipulation of gene expression could trigger compensatory 

adaptation, masking the true phenotype of the genetic alteration. In addition, constitutive 

expression of the modified gene could alter cellular dependency on the target and its 

relevant signalling pathways. Therefore, choosing the right expression system and including 

the appropriate controls is of vital importance for correct and reliable data interpretation.  

 

After the successful generation and validation of HER2-overexpressing cell lines containing 

catalytically inactive phospho mutants at Y1221/22 and Y1248 phosphorylation sites 

(Fig.3.2.22), the first aim was to study their role in driving proliferation. Differences in growth 

rates were not observed between MCF7 cells containing empty vector or HER2-

overexpressing cells until 192 hours when HER2-Y1221/22F and HER2-DM MCF7 cells showed 

slight increase in proliferation (Fig.3.2.23). However, the data suggested that this event might 

be associated with loss of contact inhibition in the HER2-transformed cells, which is a 

hallmark for malignant transformation and increased cellular ability for invasion and 

metastasis (Hanahan & Weinberg, 2000). The lack of growth differences between wild-type 

HER2 and phospho-site abrogated mutants suggests that Y1221/22 and Y1248 redundantly 

mediate HER2 signalling to promote proliferation, but it also highlights the robustness with 

which HER2 transduces proliferative signals. It is important to note that HER2 possesses other 
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phosphorylation sites, which are intact in our system and might also contribute towards the 

sustained cellular proliferation. This result is supported by other studies, which have also 

demonstrated that HER2 phosphorylation sites are interchangeable in their ability to drive 

cell growth (Lucs et al., 2009); (Wolf-Yadlin et al., 2006). Lucs et al. showed that MCF-10A 

cells grown on matrigel expressing only one of four HER2 autophosphorylation sites – Y1139, 

Y1196, Y1221/22 or Y1248, except the phospho-deficient mutant cells, were able to induce 

proliferation as indicated by the increased levels of Ki67. Nevertheless, the study also 

suggested that HER2 might have a role in inhibiting apoptosis and therefore promoting cell 

survival, and in particular Y1221/22 was the sole tyrosine residue responsible for this 

phenotype (Lucs et al., 2009). As a result, subsequent studies are needed to examine the 

expression levels of anti-apoptotic markers in our model systems, such as BCL-2 and BCL-XL, 

and determine if Y1221/22 and/or Y1248 might have a role in transducing downstream 

survival signals.  

 

Wolf-Yadlin and colleagues have also reported that cells overexpressing HER2, regardless of 

the stimuli they received (EGF or HRG), did not facilitate enhanced proliferation in 

comparison to their parental counterparts as measured by 3H-thymidine incorporation (Wolf-

Yadlin et al., 2006). In agreement with these findings, no differences in the proliferative 

potential of EV- and HER2-overexpressing MCF7 cells were detected. This might indicate that 

HER2 expression is not sufficient to induce cell growth in our model system or that higher 

levels of the receptor are required for the cells to acquire this behaviour. Alternatively, cells 

might have already achieved saturated proliferation levels due to the expression of ER in 

MCF7 cells. ER has been previously linked to mediating proliferative signals and therefore 

driving tumorigenesis. In a study by Tan et al., the authors demonstrated that ERα and Ki67 

co-localised in three ER-positive breast cancer cell lines (MCF7, T47D and ZR-75-1). 

Furthermore, they also showed that ER was co-expressed with different cyclins, suggesting 

that ERα might be present at different stages of the cell cycle progression. It is important to 

note that this study also ruled out a role for EGFR in driving cell proliferation, where upon 

EGFR inhibition with gefitinib, cells still progressed through the cell cycle (Tan et al., 2009). 

In another study, the authors investigated the role of ER and ectopically expressed EGFR in 

MCF7 cells and concluded that stimulation of cells with estradiol and EGF does not have a 

synergistic effect on cell proliferation, since the dual treatment did not result in enhanced 

proliferation (Moerkens et al., 2014). Taken together, these results suggest that ER might be 

the main regulator of proliferation in our model system.  
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Unlike the lack of differences in proliferation between the HER2-overexpressing cells, the 

results presented in this chapter suggested that phosphorylation of Y1221/22 has a role in 

driving migration, since absence of this phospho site resulted in decreased percentage of 

wound closure (Fig.3.2.24), a finding which was also demonstrated with the HER2-inducible 

system. This is consistent with the literature, where Y1221/22 has been previously shown to 

couple to signalling pathways required for efficient cell migration (Marone et al., 2004). The 

authors demonstrated that T47D cells expressing Y1221/22 add-back phospho-mutant 

resulted in a migration phenotype similar to that seen in HER2-WT overexpressing cells. 

Furthermore, by performing a competitive binding assay, they showed that a phospho-

Y1221/22 peptide but not a non-phosphorylated peptide resulted in inhibition of cell 

migration, further highlighting the role of Y1221/22 in mediating migratory signals to 

downstream signalling molecules. Surprisingly, in the present study, HER2-DM 

overexpressing MCF7 cells did not have a reduced migratory ability. One possible explanation 

is that since these cells still have several other intact HER2 phosphorylation sites (Y1023, 

Y1139, and Y1196), these sites might be responsible for the sustained migratory phenotype 

of HER2-DM cells, even in the absence of Y1221/22 and Y1248 phospho sites. Indeed, in 

addition to Y1221/22, Marone et al. also confirmed the requirement for Y1196 

phosphorylation for cell migration. Moreover, they also determined that Y1221 and Y1196 

recruit different signalling complexes through which they mediate their functions (Marone 

et al., 2004). The authors only investigated the roles of HER2 phosphorylation sites 

independently from each other, but never studied the lack of two of them simultaneously. 

Therefore, it is possible that although absence of Y1221/22 results in decreased migration in 

HER2-Y1221/22F cells, phosphorylation at Y1196 drives cell migration in HER2-DM cells as a 

compensatory mechanism. Nevertheless, further analysis is necessary to explore these 

phenotypical differences between HER2-Y1221/22F and HER2-DM overexpressing MCF7 

cells. An alternative explanation for the sustained migratory signals of HER2-DM cells is that 

the amino acid substitutions lead to confirmational changes which might have an activating 

effect on downstream pathways, where the increased ability of cells to migrate is an artefact 

of these point mutations (Hamborg et al., 2021). Finally, it is likely that MCF7 cells stably 

overexpressing HER2-DM might have undergone a selection pressure allowing them to adapt 

to constitutive HER2 signalling even in the absence of two of the main HER2 

autophosphorylation sites – Y1221/22 and Y1248, which in turn may result in activation of 

pathways that under other circumstances are dependable on the presence of these phospho 

sites (Lucs et al., 2009). 
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Activation and phosphorylation of HER2 lead to signal transduction through two main 

pathways – MAPK and PI3K/AKT pathways (Pupa et al., 2005). Overexpression of wild-type 

HER2 in MCF7 cells resulted in increased phosphorylation of MEK and ERK (Fig.3.2.26). The 

phosphorylation of Y1221/22 was found to be essential for HER2-mediated migration, 

supported by the observation that MCF7 cells overexpressing HER2-Y1221/22F had reduced 

levels of phospho-MEK and phospho-ERK. The role of HER2-Y1221/22 for activation of the 

Ras/MAPK signalling pathway has been previously reported and the recruitment of the 

adaptor protein Shc has been shown to be an important modulator of this pathway (Dankort, 

Jeyabalan, et al., 2001); (Dankort, Maslikowski, et al., 2001). The sustained phosphorylation 

of MEK and ERK observed in HER2-DM expressing MCF7 cells is consistent with our previous 

hypothesis of adapted compensatory signalling owing to constitutive HER2 expression. Taken 

together, the data presented here suggests that phosphorylation of the HER2 receptor at 

Y1221/22 is important for efficient cell migration through activation of the MAPK pathway. 

Moreover, mutation of HER2 Y1221/22 did not mediate any effects on proliferation but 

affected the migratory ability of cells. These findings indicate that HER2 utilises different 

residues to exert specific functions, and that additional signalling molecules/partners 

complementing HER2 activity might also be involved. Further experiments are required to 

fully elucidate the signalling mechanisms through which HER2 mediates its functions. For 

example, employing an omics approach, such as a reverse phase protein array (RPPA) or RNA-

sequencing could be used to identify functional differences across multiple pathways 

simultaneously.  

 

Our results demonstrated an important role for HER2 in mediating transforming signals, 

where HER2-overexpressing MCF7 cells that harbour mutations in the tyrosine 

autophosphorylation sites Y1221/22 and Y1248 were significantly impaired in their ability to 

form colonies in an anchorage-independent manner (Fig.3.2.25), a property required for 

tumour formation. In a previous study however, the authors demonstrated the ability of 

single HER2-phosphorylation sites to independently mediate transforming signals, where 

single Y1221/22 or Y1248 phospho-site add-back mutants in Rat-1 fibroblasts resulted in the 

formation of colonies in a soft agar assay. Nevertheless, one of the HER2 phosphorylation 

sites – Y1023 failed to induce colony formation, suggesting a role for this phospho site as a 

negative regulator of cellular transformation (Dankort, Jeyabalan, et al., 2001). The fact that 

this phosphorylation site is intact in our model system might explain why the presence of 

Y1221/22 or Y1248 in HER2-Y1248F or Y1221/22F single mutants, respectively fails to induce 

the anchorage-independent ability of cells to form colonies. Alternatively, the use of different 
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cell lines from different species (rat-derived fibroblasts versus the breast cancer cell line 

MCF7) might make the interpretation of results difficult. Overall, our results suggest that 

both Y1221/22 and Y1248 are equally important and functionally redundant in cellular 

transformation, nevertheless they exert this function through distinct signalling effector 

mechanisms, since HER2-Y1248F expressing cells retain the ability to activate MEK/ERK 

pathway. Further studies are required to elucidate the exact downstream pathways involved 

in mediating HER2 transforming signals.  

 

Finally, the response of HER2-phospho site mutants to the dual tyrosine kinase inhibitor 

lapatinib was investigated. Even in the absence of only one of the HER2 phosphorylation sites 

(HER2-Y1248F or HER2-Y1221/22F), the phospho-mutant MCF7 cells were more resistant to 

the drug in comparison to HER2-WT MCF7 cells (Fig.3.2.27), suggesting that an intact HER2 

receptor is required for lapatinib’s mode of action. An important validation step would be to 

confirm that downstream signalling cascades are inactivated in the presence of the kinase 

inhibitor. In addition, the response to endocrine therapy, as well as a dual treatment with an 

anti-HER2 agent and a hormonal therapy should be investigated due to the bidirectional 

crosstalk between HER2 and ER pathways. Indeed, a decrease in ER expression levels was 

observed upon overexpression of HER2, which seemed to be unaffected by the presence of 

HER2 phospho-site abrogation mutants (Fig.3.2.26). This is consistent with the literature, 

where it has been previously reported that ER protein expression is downregulated in 

response to increased signalling by growth factor receptors (Massarweh et al., 2006); (Stoica 

et al., 2000). In addition, in ER+ HER2-overexpressing cancers, levels of ER have been 

negatively correlated with the expression of HER2 and EGFR (Konecny et al., 2003). 

Furthermore, the increased signalling through growth factor receptors leads to activation of 

signalling pathways such as the MAPK and PI3K/AKT, which in turn can phosphorylate and 

activate ER transcriptional activity, leading to a ligand-independent activation of the ER 

(Arpino et al., 2008); (Knowlden et al., 2003). Several retrospective studies have suggested 

that cancers with increased levels of both HER2 and the ER coactivator AIB1 are less sensitive 

to endocrine therapy such as tamoxifen (Kirkegaard et al., 2007);.(Osborne et al., 2003) 

Taken together, these mechanisms can lead to a more oestrogen-independent and malignant 

phenotype, rendering patients more susceptible to endocrine therapy resistance. On the 

other hand, upregulation of ER has also been associated with resistance to anti-HER2 

therapies. In a preclinical study, breast cancer xenografts treated with HER2-targeting agents 

had increased expression levels of both ER and BCL-2 (Giuliano et al., 2015). In another study, 

HER2-overexpressing tumours that were initially ER-negative showed increased levels of ER 
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following the administration of an anti-HER2 agent (Munzone et al., 2006). Therefore, 

combination of endocrine and anti-HER2 therapies are important to optimise treatment 

benefits and patient outcome.  

 

A phase II clinical trial assessing the efficacy of the combination of trastuzumab plus letrozole 

for the treatment of tamoxifen-resistant ER+HER2+ advanced breast cancer revealed that only 

quarter of the patients had durable responses, lasting for at least one year after drug 

administration. Nevertheless, while this dual therapy benefited a proportion of patients in 

this subgroup, 50% of the enrolled patients were still unresponsive and experienced early 

disease progression (Marcom et al., 2007). Additional studies comparing the single agents 

versus the combination regimen are required to fully evaluate the safety and efficacy of this 

combination therapy. The TAnDEM trial was the first phase III randomised trial to assess the 

combination of trastuzumab with endocrine therapy (anastrozole) without the 

administration of chemotherapy in the metastatic setting (Kaufman et al., 2009). The results 

demonstrated a significant improvement in progression-free survival and a trend towards an 

OS benefit for the combination therapy in comparison to anastrozole alone (28.5 vs 23.9 

months). Since trastuzumab targets only the extracellular portion of the HER2 receptor and 

suppresses cell growth and proliferation by receptor downregulation and subsequent 

downstream pathway inhibition, it may have a limited role in the cases where different 

pathways are activated due to activation of alternative receptor tyrosine kinases or due to 

pathway redundancy. As a result, lapatinib – a dual tyrosine kinase inhibitor (TKI) targeting 

both EGFR and HER2, has been tested in combination with hormone therapies. A randomised 

phase III clinical trial, which enrolled 1286 patients, compared the combination of letrozole 

plus lapatinib to letrozole alone for the treatment of hormone receptor positive and HER2-

positive advanced breast cancer. The combination therapy significantly improved 

progression-free survival from 3 to 8.2 months in comparison to the single letrozole arm. The 

clinical benefit rates were also significantly greater for patients receiving the dual treatment 

48% vs 29% (lapatinib-letrozole regimen versus letrozole alone) (Johnston et al., 2009). This 

trial demonstrated that a combination approach would be more beneficial for patients with 

metastatic breast cancer who co-express ER and HER2. Finally, mTOR inhibitors have also 

been suggested as an attractive alternative to overcome endocrine resistance. For example, 

a phase II randomised study explored whether sensitivity to letrozole would be enhanced 

with everolimus (a mTOR inhibitor) in the neo-adjuvant setting of ER-positive breast cancer 

patients. The study revealed that patients treated with letrozole and everolimus had 

improved clinical response (68% vs 59% in the letrozole alone group), as well as increased 
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anti-proliferative response as assessed by Ki67 expression levels (Baselga et al., 2009). 

Another phase III clinical trial, BOLERO-2 investigated the combination of exemestane and 

everolimus in comparison to exemestane alone for the treatment of advanced or metastatic 

ER-positive breast cancer. The study demonstrated a 2.6-fold increase in median PFS in the 

combination arm versus the exemestane alone arm (10.6 vs 4.1 months, respectively) 

(Baselga et al., 2012). Based on findings from this clinical trial, the combination therapy of AI 

with a mTOR inhibitor was approved for use in the metastatic setting of ER+ breast cancer. 

Finally, another study assessed the efficacy of combining the mTOR inhibitor everolimus with 

endocrine therapy (tamoxifen/fulvestrant) and the irreversible pan-ErbB inhibitor neratinib 

in endocrine-sensitive and resistant breast cancer cell lines, as well as in xenograft models. 

The study demonstrated that the triple combination had more pronounced effects in re-

sensitising endocrine-resistant in vitro and in vivo models than the monotherapies and that 

the triple blockade was well tolerated in a xenograft model. Moreover, targeting the PI3K 

pathway in patients treated with trastuzumab might also prove beneficial, since one of the 

mechanisms of resistance to trastuzumab is associated with loss of PTEN, which in turn 

results in the aberrant signalling through the PI3K/AKT signalling pathway (Jensen et al., 

2012); (Nahta & O’Regan, 2012); (Razis et al., 2011).  

 

Based on this evidence, currently, patients who have ER+HER2+ breast cancers, are unsuitable 

for chemotherapy and/or have low tumour burden with no disease progression, are eligible 

to receive anti-HER2 targeted therapy and endocrine therapy in the adjuvant setting for both 

early (Cardoso et al., 2019) and advanced breast cancer. For metastatic cases, clinicians may 

recommend standard HER2-targeted therapy (trastuzumab ± pertuzumab or lapatinib) in 

combination with either endocrine therapy and/or chemotherapy (Cardoso et al., 2020). 

However, to date, there is no clear evidence if chemotherapy plus anti-HER2 therapy would 

be superior to endocrine therapy plus HER2-targeted therapy and vice versa. There are 

several undergoing clinical trials assessing the benefits from these combinations (Detect V/ 

CHEVENDO (NCT02344472) and SYSUCC-022 (NCT01950182)), the results from which would 

hopefully allow for better treatment decisions.  

 

In conclusion, two different HER2-overexpressing models were generated – a doxycycline 

inducible overexpression and a stable overexpression system. The results presented in this 

chapter demonstrate that doxycycline induced signalling events which affected some of the 

studied phenotypes, therefore highlighting the importance of utilising a suitable and reliable 

model system. The data presented here revealed an important role for HER2-Y1221/22 
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residues in promoting migration, potentially by activating the MAPK pathway. Furthermore, 

both Y1221/22 and 1248 HER2 phosphorylation sites were essential for promoting 

anchorage-independent growth, highlighting a role for HER2 in aiding tumorigenesis. All 

HER2-overexpressing MCF7 cell lines proliferated at the same rate as EV-expressing cells, 

suggesting that cells are not dependent on HER2 for proliferation and may be dependent on 

additional pathways to receive growth signals, such as ER signalling. Finally, it was concluded 

that a functional HER2 receptor is required for successful inhibition of cell survival with 

lapatinib, whereas mutation even in one of the HER2-phosphorylation sites rendered cells 

less sensitive to the kinase inhibitor.  

 

In the next chapter, the impact of HER2 phosphorylation events on interactions with the RTK 

RET and subsequent downstream signal transduction were investigated.  
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4.1 Introduction 

 

Although targeted therapies have had promising results in the treatment and management 

of cancer patients, acquired drug resistance remains a major limitation in the success of these 

therapies. Targeting a selected activated pathway in many cases has been shown to result in 

partial and short-lived responses when using a single agent, and although it might have a 

positive effect on progression-free survival, overall survival rates can show little 

improvement (Groenendijk and Bernards, 2014). Overexpression of RTKs following target 

inhibition may result in activation of alternative or compensatory pathways, a mechanism 

also known as ‘oncogenic bypass’. In addition, the activation of additional RTKs promotes 

downstream signalling, which in turn leads to sustained cell growth and proliferation, and 

therefore, reverses the anti-tumour effects of the drug (Chen and Fu, 2011). Finally, 

overexpression of RTKs in breast cancer leads not only to resistance to targeted therapy but 

is also associated with poor prognosis (Du and Lovly, 2018).  

 

One of the most studied mechanisms of primary resistance to endocrine therapy in luminal 

B breast cancer is the overexpression of growth factor receptors, part of the human 

epidermal growth factor receptor family, such as HER2. Many studies have demonstrated the 

bidirectional talk between HER2 and ER. Benz et al., 1992 was first to report that transfection 

of HER2 into the tamoxifen sensitive MCF7 breast cancer cell line resulted in resistance to 

endocrine therapy. Since then, several other studies, using mainly cell models of acquired 

resistance, have reported that resistance to tamoxifen is associated with HER2 

overexpression. For example, in order to mimic the development of endocrine therapy 

resistance seen in the clinic, an in vitro resistant cell line model was generated after long-

term exposure of MCF7 to tamoxifen. Analysis confirmed increased levels of phosphorylated 

HER2 and EGFR receptors, which was also accompanied by increased expression of phospho-

ERK. However, addition of the EGFR-targeted tyrosine kinase inhibitor gefitinib re-sensitised 

resistant cells to tamoxifen (Knowlden et al., 2003). In addition, clinical evaluation of breast 

tumours before treatment with tamoxifen and at disease progression after resistance to 

endocrine therapy revealed that a small percentage of tumours which were originally 

negative for HER2 became HER2-receptor positive (Gutierrez et al., 2005). HER2 

overexpression is associated not only with resistance to tamoxifen, but also with resistance 

to aromatase inhibitors. Mouse xenograft ER positive breast cancer models treated with 

letrozole initially responded well to therapy. However, after continuous exposure to the 

drug, tumour growth was resumed and increased expression levels of HER2 and members of 
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the MAPK cascade were detected (Chumsri et al., 2011). Nevertheless, inhibition of HER2 

with trastuzumab restored sensitivity to letrozole, implicating a role for HER2 signalling in 

letrozole resistance. Finally, a preclinical study using xenograft models of the ER+HER2+ BT474 

or HER2-overexpressing MCF7 cell lines has shown that a tyrosine kinase inhibitor combined 

with an anti-oestrogen therapy can restore the anti-tumour activity of tamoxifen (Arpino et 

al., 2007). Taken together, these studies are all examples that combination therapies provide 

better therapeutic opportunity for ER+HER2+ breast tumours, which are now the standard of 

care treatment for this breast cancer subtype.  

 

Aberrant activation of the MAPK signalling pathway in response to signalling through 

HER2/EGFR results in the phosphorylation of both the ER and AIB1 proteins independent 

from oestrogen, further augmenting AIB1 coactivator activity (Fuentes and Silveyra, 2019). 

As a result, ER translocates to the nucleus, where it induces increased transcription of ER-

regulated genes, promoting cell growth and proliferation and therefore resistance to 

endocrine therapy. Several retrospective studies have suggested that increased expression 

levels of the ER co-activator AIB1 along with HER2 might confer de novo or intrinsic resistance 

to tamoxifen, therefore promoting selective growth advantage for tumours harbouring this 

genotype (Kirkegaard et al., 2007);.(Osborne et al., 2003) An in vitro study in which AIB1 gene 

expression was silenced through RNA interference in the breast cancer cell line BT474 

showed that knockdown of AIB1 restored sensitivity to the anti-tumour effects of tamoxifen 

(Su et al., 2008). Finally, another study confirmed the interplay between HER2 and AIB1 in 

vivo, where MCF7 xenografts co-expressing both HER2 and AIB1 had increased levels of 

phosphorylated ER, HER2, AIB1, as well as activated MAPK signalling pathway in response to 

both oestrogen and tamoxifen treatment, highlighting a role for tamoxifen as an ER agonist 

under certain circumstances (Shou et al., 2004).  

 

The exact biological mechanisms underlying acquired endocrine resistance in luminal B 

breast cancer are still not well understood. This might be due to the complex network of 

signal transduction pathways involved in various cellular events, and incomplete 

understanding of their exact roles in mediating regulatory signals in breast cancer. The 

overexpression of various RTKs in breast cancer has been associated with tumour growth and 

progression, and as a result these have been studied as potential therapeutic targets. One 

such target is the receptor tyrosine kinase RET, which has gained interest over the last 

decade, since increased levels of RET have been reported in breast cancer, primarily in the 

luminal subtype (Gattelli et al., 2020); (Mulligan, 2019). The REarranged during Transfection 
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(RET) protein is part of the RTK superfamily and is encoded by the RET proto-oncogene 

located on chromosome 10q11.2 (Morandi, Plaza-Menacho and Isacke, 2011). RET consists 

of an extracellular domain, which contains four cadherin-like and one cysteine-rich regions. 

This is followed by a transmembrane region and an intracellular domain, which exerts RET 

kinase functions (Fig.4.1.1). RET activation differs to that of other RTKs, because it requires 

an interaction with a non-signalling co-receptor, and therefore binds its ligands indirectly. 

There are four RET co-activators which are part of the GDNF receptor α family (GFRα). They 

are located at the plasma membrane through a glycosylphosphatidylinositol anchor 

(Airaksinen and Saarma, 2002). RET ligands represent a family of neurotrophins – Glial Cell-

line Derived Neurotrophic Factor (GDNF), neurturin (NRTN), artemin (ARTN), and persephin 

(PSPN), which are structurally similar and are recruited to their corresponding GFRα. This 

ligand-GFRα complex then binds to RET, promoting receptor homodimerisation and 

subsequent phosphorylation of intracellular tyrosines (Mulligan, 2014). In response to that, 

several signalling pathways are activated – MAPK, JNK, PI3K/AKT, and phospholipase C 

gamma (PLCγ), resulting in functional responses such as cell proliferation, differentiation, 

survival, migration, chemotaxis, and when dysregulated – oncogenesis (Fielder et al., 2018). 
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Figure 4.1.1:   diagram of RE  functional domains, G Rα co-receptors and their associated 

GDNF family ligands – RET has an extracellular domain, containing cadherin-rich and 

cysteine-rich regions, a short membrane-spanning domain, and an intracellular tyrosine 

kinase domain (key RET residues are shown). GDNF ligands are recruited to RET through its 

interaction with one of four cell surface receptors, part of the GFRα family. Activation of RET 

leads to trans-phosphorylation of tyrosine residues found in the RET kinase domain resulting 

in the recruitment of different effector molecules and adaptor proteins, mediating further 

downstream signalling activation (Mulligan, 2019). 

 

 

Several RET spliced isoforms have been documented – RET9, RET43, and RET51, which 

contain 9, 43 or 51 amino acids in their carboxy-terminal domains, respectively. In addition, 

there are four major tyrosine kinase residues – Y905, Y1015, Y1062 and Y1096, with the latter 

site present only in the long RET51 isoform (Takahashi, 2001), which act as binding sites for 

different effector molecules, initiating signalling upon RET activation.  

 

There is increasing evidence for the role of RET in driving tumorigenesis and causing 

resistance to therapy across a broad range of cancers. As a result, various studies have tried 

to better understand its underlying roles and functions. Recently, next generation 

sequencing experiments studying multiple cancer types have identified that RET fusions 

occur in 0.36% of the AACR GENIE cases (Consortium, 2017). Although RET fusions are a rare 

event in pan-cancer samples, somatic RET rearrangements are most often associated with 
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papillary thyroid cancer, which are reported to occur in 5-10% of patients with this type of 

cancer (C, R and R, 2016); (Kohno, Tabata and Nakaoku, 2020). A recent Cancer Genome Atlas 

analysis has identified their occurrence in 6.8% of papillary thyroid cancer samples 

(‘Integrated genomic characterization of papillary thyroid carcinoma’, 2014). In addition, RET 

fusions are detected in 1-2% of lung carcinomas, which are more predominant in non-small 

cell lung cancer (NSCLC) (Drilon et al., 2018); (K et al., 2014); (Kohno, Tabata and Nakaoku, 

2020). Another reason for the aberrant functions of RET is the presence of germline and 

somatic mutations, where mutations in the RET extracellular domain lead to ligand-

independent receptor dimerization and constitutive activation, whereas mutations in the 

kinase domain are associated with increased ATP binding and the subsequent activation of 

RET monomers (M et al., 1995); (Plaza-Menacho et al., 2014); (Plaza-Menacho, I, 2018). 

These processes result in unregulated downstream signalling, which further promotes RET 

oncogenic activity. Germline RET mutations have been first reported in multiple endocrine 

neoplasia type 2 (MEN2) syndrome (Mulligan et al., 1993), where mutations are found in 

95%-98% of patients and are extremely rare outside of this condition (Margraf et al., 2009). 

MEN2 is a genetic disorder, which is inherited in 25% of the cases as an autosomal dominant 

condition and in the other 75% is due to the formation of a sporadic tumour (Romei et al., 

2018). It can be subdivided into three groups: MEN2A (the most common), MEN2B and 

familial medullary thyroid cancer (FMTC) (Marx, 2005). The extracellular domain mutations 

are predominantly found in MEN2A and FMTC, while the kinase domain M918T substitution 

is the most common mutation in MEN2B (95% of cases) (Romei et al., 2012); (Romei et al., 

2016). Finally, somatic RET mutations are common in sporadic medullary thyroid cancers, 

occurring in 40-65% of tumours, where they serve as a prognostic biomarker for a more 

advanced and aggressive phenotype (Vuong et al., 2018); (Wells, 2018).  

 

In contrast, RET aberrations are a rare event in breast cancer. A large-scale genomic profiling 

study including 9693 breast cancer samples identified a total of 122 RET genomic alterations 

(1.3%), which were further divided into 16 rearrangements, 25 missense mutations and 81 

amplifications (Paratala et al., 2018). Taking all of this together, oncogenic RET 

rearrangements and mutations occur with varying prevalence in cancers derived from 

different tissue samples. 

 

Although RET oncogenic mutations and fusions are not common in breast cancer, RET has 

gained interest as a potential driver of tumour progression in breast cancer, particularly in 

ER-positive breast cancer, where a number of studies have identified RET overexpression as 
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a marker of aggressive tumour behaviour. A study of 245 invasive breast carcinomas, which 

utilised in situ hybridisation, identified increased mRNA expression levels of GFRα1 and RET 

in 59.4% and 29.7% of tumours, respectively. In addition, although RET was detected in other 

subtypes of breast cancer, there was a positive correlation between levels of ER and co-

expression of both GFRα1 and RET (Esseghir et al., 2007). In another study, high levels of RET 

mRNA and protein were found in ER-positive tumours, which were correlated with disease 

progression. The authors also showed that RET upregulation resulted in increased migratory 

rates in the ER-positive cell line T47D and promoted proliferation in endocrine therapy 

treated MCF7 cells. Finally, the in vivo inhibition of RET in a metastatic breast cancer model 

blocked tumour growth and metastasis (Gattelli et al., 2013).  

 

RET has been shown to be a direct transcriptional target of ER, containing two oestrogen 

response elements in its promoter (Stine et al., 2011), which is consistent with the increased 

levels of RET observed in response to oestrogen stimulation and ER-mediated signalling 

(Boulay et al., 2008); (Wang et al., 2012). Taken together, this highlights a role for RET in the 

biology of ER-positive breast cancer and a potential part in the response to endocrine 

therapy. Several studies have reported that increased expression of RET is associated with 

acquired resistance to endocrine therapy and that RET inhibition can re-sensitise cells to 

hormone treatment. Upon treatment with the RET ligand GDNF, increased RET levels were 

detected, which resulted in the phosphorylation of ER at S118 and S167. Subsequently, MCF7 

cells became resistant to tamoxifen, where RET siRNA knockdown restored sensitivity to anti-

oestrogen therapy (Plaza-Menacho et al., 2010). In addition, RET overexpression has also 

been associated with resistance to aromatase inhibitors. Gene expression profiling of ER-

positive breast cancer tumours identified a GDNF response gene set, which not only 

predicted poor patient outcome, but also served as a good predictive tool for response to 

aromatase inhibitors (Morandi et al., 2013). Recent data suggests that increased expression 

of RET ligands causes endocrine resistance and detection of those ligands can serve as a 

predictive biomarker for response to endocrine therapy (Horibata et al., 2018). The 

established interaction between ER and RET signalling pathways points towards utilising 

combination therapy as a good strategy for overcoming drug resistance in ER-positive breast 

cancer.  

 

Several preclinical studies have explored the role of RET inhibition as a viable option to 

suppress tumour growth and overcome endocrine resistance. An in vitro study in which 

inhibition of RET was induced either by a gene knockdown or by treatment with the RET TKIs 
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sunitinib or vandetanib revealed reduced viability of luminal breast cancer cell lines in 

comparison to untreated controls (Spanheimer, Cyr, et al., 2014). An in vivo study 

demonstrated that vandetanib was synergistic with tamoxifen providing a potential 

approach to overcoming resistance in ER-positive luminal breast cancer (Spanheimer, Park, 

et al., 2014). Finally, another study which investigated the combination effects of a number 

of RET small tyrosine kinase inhibitors with the aromatase inhibitor letrozole found that the 

combination approach was more efficient in delaying cancer progression and metastasis 

(Andreucci et al., 2016). In summary, due to the complex relationship between ER and RET 

and its role in endocrine resistance, as well as the possible correlation between RET 

overexpression and poor prognosis, RET is a promising therapeutic target in breast cancer. A 

recent study, however, utilising immunohistochemical analysis of tissue microarrays from 

990 breast cancer tissue samples confirmed a relationship between ER and RET expression 

but concluded that RET expression did not have an impact on patient overall survival 

(Mechera et al., 2019). The authors did, however, show that RET expression was the highest 

in the luminal B HER2-positive breast cancer subtype (48.9%). A major limitation of the study, 

which could potentially affect the overall survival data, is that older samples might suffer 

from protein degradation, which could in turn affect the immunohistochemical staining. In 

addition, the mean follow-up period of 6.7 years might not clearly represent all breast cancer 

subtypes, where for example, luminal A subpopulation and tumours of T1/2 N0 stage have 

less aggressive phenotype and are characterised by a disease-free period of up to 10 years. 

This only highlights the need for additional clinical trials and studies investigating the effect 

of RET expression on patient outcome and survival, as well as the impact of RET inhibition in 

a particular breast cancer subgroup.  

 

Although RET overexpression and function have been under investigation, mainly in ER+ 

breast cancer, a more comprehensive analysis of the impact of RET in ER+HER2+ breast cancer 

is needed. Even though most of the studies have focused on the importance of the crosstalk 

between ER and RET, there is emerging evidence that HER2 might also be an important part 

of RET-mediated endocrine resistance.  

 

The data presented in this chapter suggests a role for RET as a HER2-interacting partner and 

an important mediator of MAPK pathway signalling.  
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4.1.1 Aim 

 

The aim of this chapter is to identify novel HER2-interacting partners and determine if lack of 

HER2-phosphorylation would affect their interaction and subsequent downstream signalling 

pathways. 

 

4.1.2 Objectives 

 

• To perform a mass spectrometry analysis, identify HER2 interacting partners, and 

subsequently, validate any potential hits. 

• To determine if HER2-phospho site mutants display any differential binding patterns 

with the identified interacting proteins. 

• To determine the role of these phosphorylation dependent HER2 binding partners in 

downstream signalling pathways and response to HER2-targeted therapy. 
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4.2 Results 

 

4.2.1 The Receptor Tyrosine Kinase RET is Identified as a HER2-Interacting Partner Through 

Mass Spectrometry Analysis. 

 

Based on the results described in Chapter 3 and the phenotypic differences observed 

between HER2-WT and HER2-phospho site mutants, the first aim was to undertake a 

proteomics approach to try and identify new HER2-interacting partners, which might give an 

insight into phospho-HER2 dependent downstream signalling pathways. Proteomics is a 

large-scale experimental study of proteins differentially expressed in a biological system. It 

enables the discovery of new protein biomarkers or potential therapeutic targets, as well as 

the study of protein interactions, modifications, and functions. Mass spectrometry has a key 

role in proteomics, since it allows for high-throughput analysis of many proteins at once 

(Cravatt, Simon and Yates, 2007). In the present study, label-free quantitative mass 

spectrometry analysis was used to identify differentially expressed proteins, which were 

enriched following HER2-overexpression. In label-free quantification, each individual sample 

is prepared and analysed separately, where protein abundance is proportional to the relative 

signal intensities detected.  

 

As previously discussed in Chapter 3, section 3.2.1.7, although the doxycycline inducible 

system showed undesirable effects in regard to stress-activated signalling pathways, it was 

the model system used to generate our preliminary findings. Results were then further 

validated with the newly generated stable HER2-expressing pHAGE system. The schematic in 

Fig.4.2.1, (A) describes the workflow of the experiment. Briefly, HER2-expression was 

induced with doxycycline for 48 hours, after which cell lysates were incubated with an IgG 

control antibody or with an antibody targeting HER2, and an immunoprecipitation 

experiment was performed. The magnetic beads from each pull-down fraction (IgG control, 

uninduced control and doxycycline-induced HER2-WT samples) were air-dried and were 

subsequently processed for quantitative liquid chromatography with tandem mass 

spectrometry (LC-MS/MS) analysis. A small volume of each pull-down fraction was collected 

for western blot analysis. As seen in Fig.4.2.1, (B), HER2 was successfully pull-downed only in 

HER2-WT cells, in which HER2 expression was induced after doxycycline treatment, 

highlighting the specificity of the antibody. Even though HER2 expression was also induced 

in the IgG control sample, HER2-targeting antibody was not present, therefore HER2 was not 

immunoprecipitated.
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Figure 4.2.1: Mass spectrometry-based approach for discovery of HER2 interacting partners 

– A) A schematic representation of the mass spectrometry experimental workflow. B) 

Representative western blot analysis of HER2 following immunoprecipitation of HER2 from 

HER2-WT MCF7 cells untreated or treated with doxycycline (1 μg/ml) for 48 hours (n=1). An 

IgG isotype control was used as a negative control (did not contain anti-HER2 antibody). 

Cyclophilin was used as a loading control. n = number of independent experiments. 

 

Note: HER2 was immunoprecipitated with Ventana anti-HER2 (4B5) rabbit monoclonal 

primary antibody and was detected using CST anti-HER2 (44E7) mouse monoclonal antibody. 
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Following the LC-MS/MS analysis, a total of 520 differentially enriched proteins across the 

three sample groups were detected. After an IgG normalisation, which allowed for the 

removal of non-specific interactions, 48 specifically enriched proteins were identified in the 

doxycycline induced HER2-WT pull-down fraction. There were 20 specifically enriched 

proteins in the doxycycline uninduced pull-downs (data not shown). The heat-map shown in 

Fig.4.2.2, (A) represents changes in protein abundance between doxycycline uninduced 

(column 1) and induced (column 2) pull-downs for numerous cellular proteins, which were 

enriched in the doxycycline treated population. The table in Fig.4.2.2, (B) shows the fold 

change differences in intensity between the top 20 most differentially enriched proteins in 

the HER2-induced and uninduced pull-down fractions. The receptor tyrosine kinase RET was 

one of the identified hits, which was among the topmost differentially abundant proteins in 

the HER2-WT doxycycline induced sample. Next, the top 20 enriched proteins shown in the 

table in Fig.4.2.2, (B) were subjected to network analysis using the STRING online tool version 

11.5. STRING is an online biological database which provides curated information for protein-

protein interactions from both experimentally derived knowledge and computational 

predictions. This analysis revealed that only 5 of the 20 imported proteins are associated with 

HER2, one of which was RET (Fig.4.2.3). In addition, the possibility for gene co-occurrence 

was investigated, since gene co-expression analysis can be used to answer disease-associated 

questions or to interpret molecular mechanisms involved in important biological processes 

(Al-Aamri et al., 2019). Therefore, the cBioPortal online platform was used to predict ErbB2 

and RET co-expression profiles among 1100 samples within the breast invasive carcinoma 

(TCGA, Firehouse Legacy) sample set. It appeared that high expression of HER2 tended to 

positively correlate with increased RET expression (Spearman’s correlation: 0.2) (Fig.4.2.4). 

Based on these findings, RET was picked for further downstream validation and functional 

analysis as a new HER2-interacting partner, which might also be exploited as a therapeutic 

target in ER+HER2+ breast cancer.  
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B 

LFQ intensity         
HER2-WT -Dox 

LFQ intensity       
HER2-WT +Dox 

Fold change Gene names 

2.82 9.39 3.33 BTN1A1 

0.45 1.50 3.35 NOLC1 

1.30 5.22 4.02 EPHB3/4 

0.99 4.51 4.57 RET 

0.60 3.00 5.00 YES1 

0.12 0.64 5.32 SIGIRR 

0.24 1.28 5.36 RPL36AL 

0.76 4.09 5.38 CYSRT1 

0.62 3.34 5.40 SLC25A11 

0.63 3.66 5.84 COPB1 

0.81 4.76 5.88 JAK1 

0.54 4.26 7.88 DDR1 

0.31 3.21 10.26 MFGE8 

0.43 4.53 10.51 PTGES3 

0.34 4.59 13.58 CYBA 

0.61 8.34 13.74 XDH 

0.09 1.60 18.17 RPS27L 

0.03 0.60 19.14 ORMDL1/2 

0.13 2.71 21.43 IQGAP1 

0.02 1.12 54.21 CHTOP 

 

Figure 4.2.2: Analysis of HER2-WT pull-down fractions by LC-MS/MS – The samples from 

Fig.4.2.1 (B) were processed and sent for quantitative liquid chromatography with tandem 

mass spectrometry (LC-MS/MS) analysis. A) The heatmap is representative of the label-free 

quantification (LFQ) intensities of the enriched proteins across the indicated conditions 

(HER2-WT uninduced (column 1) and HER2-WT induced (column 2) cells) following 

normalisation to the IgG control. 48 proteins were specifically enriched in the HER2-induced 

samples following HER2 immunoprecipitation, whereas 20 proteins were enriched in the 

HER2-uninduced samples (not included in the heatmap). Cellular proteins enriched in the IgG 

control condition are not shown. Each condition was run only once. B) Table showing the fold 

change differences of the top 20 most differentially enriched proteins between HER2-

uninduced and induced samples.  
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Figure 4.2.3: STRING analysis of protein networks – Schematic representation of 

experimentally determined and predicted interactions of HER2 with the top 20 most 

differentially enriched proteins (shown in the table in Fig.4.2.2 (B)) following mass 

spectrometry analysis. In the resulting protein network, proteins are depicted as nodes, 

which are connected by coloured lines, whose meaning is explained in the legend below the 

schematic. The confidence cut-off used in this analysis was set at a medium confidence of 

0.4. STRING was accessed February 2022. 
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Figure 4.2.4: Correlation analysis of ErbB2 and RET based on mRNA expression data within 

the breast invasive carcinoma (TCGA, Firehouse Legacy) sample set available from the 

cBioPortal online platform (Cerami1 et al., 2012); (Gao et al., 2013). 
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In order to confirm the specificity of this interaction and to validate the findings from the 

mass spectrometry analysis, a co-immunoprecipitation experiment was performed. 

Following a 48-hour doxycycline induction of HER2-WT MCF7 cells, lysates were incubated 

with antibody targeting HER2; anti-HER2 antibody was not present in the IgG control sample. 

As a result, HER2 was pull-downed only in the HER2-overexpressing cells (doxycycline treated 

HER2-WT MCF7 cells) (Fig.4.2.5, (A)). Furthermore, RET was also detected only in the HER2-

positive fraction, therefore the co-immunoprecipitation experiment confirmed that HER2 

and RET physically interact, however additional experiments are needed to confirm if the 

interaction is direct or indirect. Growth factor receptor-bound protein 2 (Grb2), an adaptor 

molecule and a known HER2 binding partner involved in signal transduction through the 

MAPK pathway (Wang, 2017), was used as a positive control. In addition, the HER2-RET 

interaction was also confirmed in MCF7 cells stably expressing HER2-WT, but not in EV-

expressing MCF7 cells (Fig.4.2.5, (B)). The reverse pull-down was also attempted, but 

unfortunately, HER2 could not be co-immunoprecipitated (data not shown), where binding 

of the RET antibody might potentially interrupt HER2-RET interaction or the immunogenic 

sequence on RET might have been covered in the HER2-RET complex. 
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Figure 4.2.5: HER2 interacts with RET following a co-immunoprecipitation assay – A) 

Representative western blot analysis of RET and Grb2 following immunoprecipitation of 

HER2 from HER2-WT MCF7 cells untreated or treated with doxycycline (1 µg/ml) for 48 hours 

(n=3). An IgG isotype control was used as a negative control. Vinculin was used as a loading 

control. B) Representative western blot analysis of RET and Grb2 following 

immunoprecipitation of HER2 from vector only (pHAGE-EV) or HER2-WT expressing MCF7 

cells (n=2). α-Tubulin was used as a loading control. The input represents the relative 

expression levels of the detected proteins present in the individual lysates. n = number of 

independent experiments. 

 

Note: HER2 was immunoprecipitated with Ventana anti-HER2 (4B5) rabbit monoclonal 

primary antibody and was detected using CST anti-HER2 (44E7) mouse monoclonal antibody. 
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4.2.2 HER2 Activation Correlates with RET Activation. 

 

Next, to determine if HER2 activation was associated with RET activation, two ER-positive cell 

lines were screened for the expression levels of phospho-HER2 and phospho-RET. These cell 

lines were previously characterised based on the expression status of three important 

receptors, such as ER, PR and HER2, and were divided into different breast cancer subtypes: 

MCF7 (luminal A) and BT474 (luminal B) (Dai et al., 2017). As shown on the blot in Fig.4.2.6, 

both HER2-WT induced MCF7 and BT474 cells, but not the uninduced MCF7 cells, expressed 

phospho-HER2. ER status was also determined. As expected, ER expression was detected 

across all cell lines. Finally, RET phosphorylation status was studied. Phospho-RET levels 

correlated with the levels of HER2 phosphorylation across the cell lines. In the absence of 

HER2 expression (doxycycline untreated MCF7 cells), RET was not phosphorylated. 
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Figure 4.2.6: Correlation between HER2 and RET phosphorylation and activation – 

Representative western blot analysis of pHER2 (Y1248), pHER2 (Y1221/22), pRET (Y905), total 

HER2, RET and oestrogen receptor α in HER2-WT MCF7 cells untreated or treated with 

doxycycline (1 µg/ml) for 48 hours and in BT474 cells (n=3). Cyclophilin was used as a loading 

control. n = number of independent experiments. 
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4.2.3 RET Phosphorylation is Dependent on the Presence of Active HER2 Receptor. 

 

To further evaluate the relationship between HER2 receptor phosphorylation and 

phosphorylation of RET, doxycycline induced HER2-WT-overexpressing MCF7 cells, as well as 

the ER+HER2+ BT474 cell line, were treated with increasing concentrations (0-0.1 μM) of the 

dual EGFR/HER2 tyrosine kinase inhibitor lapatinib. After a 24-hour treatment, cell lysates 

were subjected to western blot analysis. Higher doses of lapatinib resulted in reduced levels 

of phosphorylated HER2 and RET as seen in both HER2-WT cells (Fig.4.2.7, (A)) and BT474 

cells (Fig.4.2.7, (B)), which were affected in a similar manner. Nevertheless, total HER2 and 

RET levels were unaffected by lapatinib treatment. In addition, phospho-MEK, phospho-ERK 

and phospho-JNK levels decreased as lapatinib doses increased, where phospho levels of 

lapatinib-treated HER2-overexpressing MCF7 cells were comparable to the levels observed 

in the uninduced HER2-WT MCF7 cells. A dose of 0.01 μM was sufficient to reduce signalling 

in HER2-WT cells, which was slightly higher for BT474 cells (0.05 μM), except for ERK 

phosphorylation levels which were fully inhibited at 0.05 µM in BT474 cells. Taken together, 

this data highlights the importance of having an active, functional HER2 receptor for the 

successful phosphorylation and activation of both RET and downstream signalling cascades. 
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Figure 4.2.7: RET phosphorylation is dependent on the activation status of HER2 – 

Representative western blot analysis of HER2-WT MCF7 cells untreated or treated with 

doxycycline (1 µg/ml) for 48 hours (A) or BT474 (B) which were incubated in the presence or 

absence of increasing concentrations of lapatinib (0-0.1 µM) for 24 hours (n=3). Expression 

levels of pHER2 (Y1248), pHER2 (Y1221/22), pRET (Y905), pMEK (S217/221), pERK 

(T202/Y204), and pJNK (T183/Y185), as well as total HER2, RET, MEK, ERK and JNK were 

assessed. Cyclophilin was used as a loading control. n = number of independent experiments. 
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4.2.4 A Phosphotyrosine Peptide Microarray (PamGene) Identifies Reduced Kinase Activity in 

HER2-DM versus HER2-WT Cells. 

 

The physical interaction between the wild-type HER2 receptor and RET, as well as the 

dependency of RET phosphorylation on the presence of active HER2 have been described in 

the results above. The interaction of these two proteins was further investigated to 

determine if abrogation of HER2 phospho-sites would disrupt their functional interaction. 

 

As a result, the kinomic landscape of HER2-WT and HER2-DM cells was explored by utilising 

the PamGene phospho-tyrosine kinase assay. Kinomic profiling is an important technological 

development, since it can provide information regarding the activation status of essential 

proteins involved in cellular signal transduction pathways (Dussaq et al., 2018). It allows 

comprehensive evaluation of kinase activity and function by measuring phosphorylation of 

peptide substrates present in the microarray.  

 

The profiles of active kinases in HER2-WT and HER2-DM doxycycline induced samples were 

determined using the PamChip phosphotyrosine (PTK) peptide microarray platform available 

from PamGene. Each array contains 196 covalently attached peptides, whose sequences are 

derived from known tyrosine phosphorylation sites in human proteins. Each peptide 

sequence might be recognised by one or multiple upstream kinases. Cell lysates were loaded 

onto individual peptide arrays, where in the presence of ATP, substrates in the PamChip were 

phosphorylated by the relative protein kinases in the lysates. Peptide phosphorylation was 

detected by a FITC-conjugated PY20 antibody. Based on the signals of the phosphorylated 

peptides in each sample, upstream kinase analysis was performed to identify altered kinase 

functions between HER2-WT and HER2-DM cells. The graph in Fig.4.2.8 represents the overall 

profile of kinase activity in HER2-DM cells in comparison to HER2-WT samples. It appears that 

when both HER2 phosphorylation sites are abrogated, there is a general decrease in kinase 

functions across a range of different tyrosine receptors, among which are HER2 and RET. 
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Figure 4.2.8: Overall decrease in kinase activity in HER2-DM MCF7 cells – Bar graph showing 

the kinase profile of HER2-induced DM cells in comparison to HER2-WT MCF7 cells. The 

kinases displayed on the graph are ranked based on their sensitivity and specificity scores, 

where the sensitivity score represents the significance of the change, and the specificity score 

indicates the specificity of the set of peptides used as substrates for the indicated kinases. 

RET is identified by the red arrow. 
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4.2.5 Reduced Levels of Phosphorylated RET are Associated with Lack of Y1248 Phospho-Site 

in HER2. 

 

Although reduced RET kinase activity does not directly imply reduced RET phosphorylation, 

it was hypothesised that since there is an overall decrease in kinase activity in HER2-DM cells, 

RET phosphorylation status might therefore be affected. To test this and to examine if RET 

phosphorylation is affected by the abrogation of a particular HER2-phospho site, western 

blot analysis was performed and phospho-RET levels were assessed across HER2-WT and 

HER2-phospho site mutant cells. MCF7 cells were treated with doxycycline for 48 hours to 

induce HER2 expression in HER2-WT, HER2-Y1248N, HER2-Y1221/22N and HER2-DM cells, 

following which cell lysates were collected. As seen on the blot in Fig.4.2.9, (A), activation of 

wild-type HER2 resulted in successful RET phosphorylation. The same expression levels of 

phosphorylated RET were detected in HER2-Y1221/22N cells. Nevertheless, there were 

reduced phospho-RET levels in HER2-Y1248N and HER2-DM cells, suggesting that Y1248 is 

the main HER2 phosphorylation site required for mediating RET phosphorylation at Y905. 

This finding was also validated in pHAGE-HER2 overexpressing cells, where reduced levels of 

phosphorylated RET were also found in HER2-Y1248F and HER2-DM cells in comparison to 

HER2-WT counterparts (Fig.4.2.9, (B)). Both the doxycycline inducible and the stable pHAGE 

HER2-overexpressing systems confirmed that RET is successfully phosphorylated in the 

presence of active and functional HER2 receptor, and that Y1248 has a role in RET activation.  
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Figure 4.2.9: HER2 Y1248 is required for RET phosphorylation at Y905 – Representative 

western blot analysis of pHER2 (Y1248), pHER2 (Y1221/22), pRET (Y905), total HER2 and RET 

in HER2-WT, HER2-Y1248N, HER2-Y1221/22N and HER2-DM MCF7 cells untreated or treated 

with doxycycline (1 µg/ml) for 48 hours (A), or stable HER2-overexpressing pHAGE-EV, HER2-

WT, HER2-Y1248F, HER2-Y1221/22F and HER2-DM MCF7 cells (B) (n=3). Cyclophilin was used 

as a loading control. n = number of independent experiments. 
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4.2.6 HER2-Phospho Sites Abrogation Impairs HER2-RET Interaction. 

 

The results presented in section 4.2.1 demonstrated the interaction between HER2 and RET 

in HER2-WT MCF7 cells. To further assess this relationship and examine if lack of HER2 

phosphorylation due to phospho-site modifications would impact this interaction, a co-

immunoprecipitation experiment was performed in HER2-WT and HER2-mutant MCF7 cells. 

Following a 48-hour treatment with doxycycline to induce HER2 expression, cell pellets were 

lysed and co-IPed for HER2 and RET, which was validated by western blot analysis. As seen 

on the blot in Fig.4.2.10, (A), HER2 was successfully pull-downed only in the doxycycline 

induced samples but was not present in the IgG control or the doxycycline uninduced HER2-

WT cells. HER2-RET interaction was detected across all samples, in which HER2 expression 

was induced, although the levels of interaction were reduced in HER2 phospho-site single 

mutants and were almost absent in HER2-DM cells in comparison to HER2-WT cells. Finally, 

the same co-immunoprecipitation experiment was performed in pHAGE-HER2 stably 

overexpressing MCF7 cells. In this case, HER2 interacted with RET only in the HER2-positive 

cells, but not in pHAGE-EV control cells (Fig.4.2.10, (B)). Unlike the doxycycline inducible 

system, the HER2-RET interaction was not affected in HER2-Y1248F and HER2-Y1221/22F 

single mutant overexpressing MCF7 cells. Nevertheless, the interaction was disturbed when 

both HER2 phosphorylation sites were absent (HER2-DM cells). Grb2 was used as a positive 

HER2 interactor, whose interaction was impaired only in the presence of Y1221/22-phospho 

site mutation. Taken together, these results suggest that HER2 phospho-site abrogation 

impaired the HER2-RET interaction, especially in HER2-DM MCF7 cells, further highlighting 

the importance of HER2 receptor phosphorylation for RET binding and downstream 

signalling. In addition, the decreased interaction with Grb2 in HER2-Y1221/22F cells supports 

the previous observation of reduced MAPK signalling in this HER2 phospho-site mutant 

(Fig.3.2.26). 
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Figure 4.2.10: Impaired HER2-RET interaction in the absence of HER2 phosphorylation – A) 

Representative western blot analysis of RET following immunoprecipitation of HER2 from 

HER2-WT, HER2-Y1248N, HER2-Y1221/22N and HER2-DM MCF7 cells treated with 

doxycycline (1 µg/ml) for 48 hours, as well as doxycycline untreated HER2-WT MCF7 cells 

(n=2). An IgG isotype control was used as a negative control. Cyclophilin was used as a loading 

control. B) Western blot analysis of RET and Grb2 following immunoprecipitation of HER2 



  Chapter 4 – Results Part Two 

217 
 

from vector only (pHAGE-EV) or HER2-WT, HER2-Y1248F, HER2-Y1221/22F and HER2-DM 

expressing MCF7 cells (n=1). α-Tubulin was used as a loading control. The input represents 

the relative expression levels of the detected proteins present in the individual lysates. The 

numbers below the western blot membranes represent the ratio of RET or Grb2 western blot 

bands compared to HER2 western blot bands following densitometry analysis and were 

subsequently represented as a ratio between HER2 phospho-site mutant cells relative to 

HER2-WT MCF7 cells. n = number of independent experiments. 

 

Note: HER2 was immunoprecipitated with Ventana anti-HER2 (4B5) rabbit monoclonal 

primary antibody and was detected using CST anti-HER2 (44E7) mouse monoclonal antibody. 
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4.2.7 RET Knockdown Leads to Reduced ERK Signalling. 

 

The data presented so far illustrated an interaction between HER2 and RET and 

demonstrated that RET phosphorylation was dependent on the presence of an active and 

functional HER2 receptor, where the presence of Y1248 was an important mediator for RET 

phosphorylation. The next goal was to evaluate the role of RET in downstream signalling 

activation and to investigate if HER2 phospho-site abrogation would influence signal 

transduction.  

 

To do so, MCF7 cells containing either pHAGE-EV, HER2-WT, HER2-Y1248F, HER2-Y1221/22F, 

or HER2-DM were reverse transfected for 72 hours with 10 nM of either a RET targeting siRNA 

or a Luciferase (Luc) control siRNA. Cell pellets were collected, protein was subsequently 

extracted, and western blot analysis performed to assess the expression levels of 

downstream signalling molecules, such as ERK and JNK. As shown in Fig.4.2.11 (A and B), 

siRNA mediated RET knockdown resulted in decreased activation of HER2 as evidenced by 

the reduced levels of phosphorylated HER2. In addition, RET knockdown also resulted in 

decrease in phospho-ERK levels across all cell lines. It is important to note that phospho-ERK 

levels were already decreased in the HER2-Y1221/22F overexpressing MCF7 cells, suggesting 

that Y1221 is required for activation of the ERK pathway and that RET has a partial role in 

activating this signalling cascade. siRNA mediated RET knockdown had mixed effect on JNK 

signalling, where #3 siRET resulted in slightly increased phospho-JNK levels across all cell lines 

(Fig.4.2.11, (A)), whereas #5 siRET had the opposite effect and led to a decrease in JNK 

phosphorylation in all HER2-overexpressing cells in comparison to their siLuc-targeted 

counterparts (Fig.4.2.11, (B)). Taken together, the results indicate a partial role for RET in 

HER2 and ERK activation.  
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Figure 4.2.11: RET knockdown results in decreased expression of phospho-ERK in HER2-

overexpressing MCF7 cell lines – A) and B) Representative western blot analysis of pHER2 

(Y1248), pHER2 (Y1221/22), pERK (T202/Y204), pJNK (T183/Y185), total HER2, RET, ERK and 

JNK in pHAGE-EV, HER2-WT, HER2-Y1248F, and HER2-Y1221/22F MCF7 cells reverse 

transfected for 72 hours with either Luc control siRNA (siLuc) or two RET targeting siRNAs (#3 

and #5 siRET) (n=3). Cyclophilin was used as a loading control. n = number of independent 

experiments. 
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Having established a role for RET in mediating signalling through the ERK pathway using a 

siRNA methodology, experiments with RET-targeted therapy were subsequently performed 

to confirm these findings. Until recently, multi-kinase inhibitors, such as vandetanib, 

lenvatinib, and cabozantinib were used to treat RET-positive cancers but the dose-limiting 

off-target effects, the increased toxicity and the lack of target specificity led to the 

development of new RET-specific inhibitors. Selpercatinib (LOXO-292) and pralsetinib (BLU-

667) are novel selective inhibitors, targeting RET-altered tumours with higher potency and 

specificity. Selpercatinib is an ATP-competitive small TK inhibitor, which on May 2020 

received accelerated FDA approval based on the clinical study LIBRETTO-001 as the first 

specific RET antagonist for the treatment of RET-altered (fusions and mutations) metastatic 

NSCLC and thyroid cancers (Drilon et al., 2020); (Wirth et al., 2020). In addition, pralsetinib is 

another potent RET inhibitor, which was recently granted an approval by the FDA for the 

treatment of metastatic RET fusion-positive NSCLC and is currently under consideration for 

use in RET mutant thyroid cancers (Subbiah et al., 2021).  

 

In the present study, LOXO-292 was used to assess RET function in signalling through 

downstream cascades. MCF7 cells expressing either pHAGE-EV or HER2-WT were treated 

with increasing concentrations of LOXO-292 (0-1 µM) for 24 hours. As shown in Fig.4.2.12, 

RET was phosphorylated in HER2-WT cells following HER2 expression but not in vector only 

cells, however, LOXO-292 treatment did not result in reduced phospho-RET levels. In 

addition, there was no difference in the expression levels of ERK and JNK between untreated 

and treated cells for both pHAGE-EV and HER2-WT MCF7 cells. This was in contrast to the 

loss of ERK signalling that was observed with the siRNA mediated RET knockdown 

(Fig.4.2.11). siRNA knockdown differs to treatment with an inhibitor in that the RET protein 

is lost. These results may therefore suggest that the RET protein may be involved in ERK 

activation through a structural role with HER2 rather than through its kinase function.  
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Figure 4.2.12: LOXO-292 treatment does not result in ERK or JNK inhibition in HER2-WT 

MCF7 cells – Representative western blot analysis of pRET (Y905), pHER2 (Y1248), pHER2 

(Y1221/22), pERK (T202/Y204), pJNK (T183/Y185), total RET, HER2, oestrogen receptor α, ERK 

and JNK in pHAGE-EV and HER2-WT MCF7 cells untreated or treated with a dose-range of the 

RET inhibitor LOXO-292 (0.05 μM, 0.1 μM, 0.5 μM, and 1 μM) for 24 hours (n=2). Cyclophilin 

was used as a loading control. n = number of independent experiments. 
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4.2.8 RET Knockdown Sensitises HER2-overexpressing MCF7 Cells to Lapatinib Treatment. 

 

A role for RET in signalling through the ERK pathway and an interaction between HER2 and 

RET, which was dependent on the presence of an active HER2 receptor, was identified. Next, 

the impact of RET knockdown on sensitivity to anti-HER2 therapy was investigated. HER2-WT 

or HER2-phospho site mutant MCF7 cell lines were reverse transfected with either non-

targeting siRNA (siLuc) or with RET-targeting siRNA (siRET) (#3 and #5). Cells were then 

drugged with a concentration gradient of the dual tyrosine kinase inhibitor lapatinib (0-1 

µM), and a 10-day colony formation assay was performed. As a result, dose-response curves 

were generated, which are shown in Fig.4.2.13, (A-D). The siRNA mediated RET knockdown 

was validated by western blot analysis (Fig.4.2.13, (E)). In pHAGE-EV MCF7 cells there was no 

difference in survival between siLuc and #3 siRET transfected cells in response to lapatinib 

(Fig.4.2.13, (A)). This result is consistent with previous findings in which RET activation was 

dependent on the presence of HER2, and therefore, RET knockdown in empty vector cells, 

which do not express HER2, does not have any effect on lapatinib response. Little difference 

in colony forming ability was observed across the HER2-overexpressing MCF7 cells following 

RET knockdown, where HER2-WT and HER2-Y1221/22F expressing cells showed similar 

sensitivity profiles to lapatinib and were only slightly more responsive to the drug in the 

absence of RET (Fig.4.2.13, (B-D)). pHAGE-EV MCF7 cells transfected with #5 siRET were more 

sensitive to lapatinib in comparison to #3 siRET, a trend observed across all four cell lines, 

suggesting that #5 siRET might be more toxic to the cells or have off-target effects compared 

to #3 siRET. The range of lapatinib concentrations used in this experiment did not result in a 

more than 50% inhibition of surviving cells, except in the HER2-WT MCF7 cells, therefore IC50 

values could not be determined. This experiment should be repeated with higher doses of 

lapatinib in order to generate a full dose response such as observed in Fig.3.2.27. 
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Figure 4.2.13: Sensitivity of HER2-overexpressing cell lines to lapatinib treatment following 

RET knockdown – A-D) A 10-day colony formation assay assessing sensitivity of pHAGE-EV 

(A), HER2-WT (B), HER2-Y1248F (C), and HER2-Y1221/22F (D) MCF7 cells to lapatinib 

following transfection with either Luciferase control siRNA (siLuc) or RET-targeting siRNA (#3 

and #5 siRET). Results are expressed as a percentage survival fraction and are representative 

of the mean of three independent experiments ± standard error of the mean (SEM) (n=3). 

Colony formation was normalised to DMSO treated cells. E) Representative western blot 

analysis of RET in pHAGE-EV, HER2-WT, HER2-Y1248F, and HER2-Y1221/22F overexpressing 

MCF7 cells transfected with control (siLuc) or RET siRNA (#3 and #5 siRET) for 48 hours. 

Cyclophilin was used as a loading control. n = number of independent experiments. 
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4.3 Discussion 

 

Despite the progress and improvements in the treatment of ER+HER2+ breast cancer, a 

proportion of patients still develop resistance to both endocrine and anti-HER2 therapy 

(Lousberg et al., 2016). In addition, although extensive research has been carried out 

studying the crosstalk between the oestrogen receptor and HER2, the mechanisms of therapy 

resistance have not yet been fully elucidated. The therapeutic challenge in HER2-positive 

luminal B breast cancer is to find new targets that can be utilised and explored in combination 

therapies to tackle resistance to ER- and HER2-targeted therapy.  

 

The work described in this chapter focused on investigating new HER2 interacting partners 

in ER-positive breast cancer and whether HER2 phosphorylation would affect their 

interaction and subsequent downstream signalling. Following immunoprecipitation of HER2, 

a mass spectrometry approach was undertaken to identify new HER2 interacting partners in 

ER+ HER2-WT overexpressing MCF7 cells. Mass spectrometry is a powerful technique, which 

allows for sensitive and quantitative analysis offering the possibility to identify a large 

number of new components in a sample condition. Following IgG normalisation, 48 

specifically enriched proteins were identified in the doxycycline induced HER2-WT pull-down 

fraction (Fig.4.2.2, (A)), from which only the top 20 most differentially enriched proteins 

between doxycycline uninduced and induced HER2-WT cells were selected for subsequent 

analysis (Fig.4.2.2, (B)). Some of the initial hits of interest were DDR1, JAK1, YES1, and RET. 

 

Discoidin Domain Receptors (DDRs) constitute a family of receptor tyrosine kinases, which 

are involved in mediating signals between collagen and tumour cells (Valiathan et al., 2012). 

The DDR family consists of two homologous receptors, DDR1 and DDR2, which are auto-

phosphorylated in response to collagen binding, which in turn activate downstream signalling 

pathways (Fu et al., 2013); (Leitinger, 2011). It has been previously reported that DDR1 has 

an important role for normal mammary gland differentiation, where DDR1 deficient mice 

displayed an abnormal mammary gland phenotype (Vogel et al., 2001). In addition, in 

another study, following MEK inhibition in triple negative breast cancer cell lines, there was 

increased expression of DDR1/2, whereas blockade of these receptors re-sensitised cells to 

the MEK inhibitor (Duncan et al., 2012). Furthermore, a DDR1low/DDR2high protein profile was 

associated with TNBC and with worse overall survival, suggesting a role for DDRs as potential 

biomarkers or therapeutic targets in this disease setting (Toy et al., 2015). More recently, 

another study has evaluated the effects of combining CDK 4/6 and DDR1/2 inhibitors and 
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revealed their synergistic role in ER-positive, HER2-negative breast cancer containing 

PIK3CA/AKT1 mutations (Shariati et al., 2021). The authors demonstrated that both a 

knockdown and a pharmacological inhibition of DDR1 resulted in cell cycle arrest and 

decreased cell proliferation, further enhancing the antitumour activity of palbociclib.  

 

Interleukin-6 (IL-6) family cytokines are master regulators of inflammation (Wehde et al., 

2018). Janus kinase-1 (JAK1) is a non-receptor tyrosine kinase, part of the Janus kinase family, 

which has been implicated in cancer and autoimmune disease (Kleppe et al., 2015); (Schwartz 

et al., 2016). It is important for transmitting IL-6 transforming signals, leading to the 

oncogenic activation of signal transducer and activator of transcription 3 (STAT3) (Wehde et 

al., 2018). In contrast to normal breast tissue, it has been determined that constitutive 

signalling through STAT3 is a marker of a pro-inflammatory tumour microenvironment 

(Garcia et al., 2001). Activation of RTKs, such as EGFR and HER2, as well as Src, has been 

implicated in the enhanced activation of STAT3 (Nam et al., 2013); (Ren & Schaefer, 2002). 

Nevertheless, although STAT3 hyperphosphorylation has been attributed to abnormal 

activation of RTKs, another study revealed that increased activation of STAT3 is achieved 

through the IL-6/JAKs pathway and highlighted an important and non-redundant role for 

these signalling molecules (Berishaj et al., 2007). This was further supported by a more recent 

study in which the authors demonstrated that JAK1 plays a critical part in cancer progression, 

where JAK1 deficient mice had reduced levels of invasion and metastasis. In addition, in vitro, 

JAK1-depleted cancer cells exhibited decreased migratory properties in comparison to their 

parental counterparts (Wehde et al., 2018). Overall, the data suggested that targeting JAK1 

could prevent malignant progression and metastatic dissemination. In line with that, phase 

I/II clinal trials are undergoing assessing the safety and efficacy of the JAK1/2 inhibitor 

ruxolitinib alone or in combination with paclitaxel in patients with metastatic HER2-negative 

breast cancer (Lynce et al., 2021); (Stover et al., 2018), as well as in combination with 

trastuzumab in metastatic HER2-positive BC (Kearney et al., 2021).  

 

YES1 is a non-receptor protein tyrosine kinase and is one of eight Src family kinases (SFKs) (L. 

C. Kim et al., 2009). SFKs have been implicated in the activation of EGFR, MAPK and AKT 

signalling pathways among others (El-Hashim et al., 2017). As a result, they have important 

biological functions including cell proliferation and survival, migration, invasion, 

angiogenesis, and immune cell modulation (Johnson & Gallick, 2007). SRC, as the most 

studied member of SFK, has been associated with acquired drug resistance to EGFR- and 

HER2-targeted therapy in lung and breast cancer, respectively (Wheeler et al., 2009); (Zhang 
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et al., 2011), as well as to anti-androgen therapy in prostate cancer (Lee et al., 2004). 

Nevertheless, more recently, YES1 amplification has been reported to lead to resistance to 

trastuzumab, lapatinib and T-DM1 in breast cancer (Takeda et al., 2017); (L. Wang et al., 

2020), as well as to afatinib in gastric cancer (Yoshioka et al., 2019). Furthermore, 

amplification of YES1 has been implicated in conferring acquired resistance to EGFR agents 

in clinical samples of patients with lung cancer (Fan et al., 2018). Finally, in a cell line model 

of acquired resistance to neratinib, phosphorylation of YES1 was increased in neratinib 

resistant cells in comparison to parental cells (Takeda et al., 2020). The authors also 

demonstrated that YES1 and HER2 co-immunoprecipitated only in the resistant cell line 

model. Treatment with dasatinib, a Src family inhibitor, had a marked antitumour effect and 

reversed neratinib resistance in YES1-amplified cancer cells, therefore, a combination 

therapy of HER2 and SFK inhibitors might be a potential therapeutic strategy for overcoming 

resistance following treatment with HER2-targeted agents; however, clinical evidence is 

required to support this hypothesis. 

 

Although all of the above-mentioned receptors seemed like attractive targets for subsequent 

downstream analysis, it was decided to focus on RET, since to the best of our knowledge it 

has not been previously directly associated with HER2-positive breast cancer. In addition, as 

discussed in section 4.1, the relationship between ER and RET has gained interest over the 

past 15-20 years and the ER-RET crosstalk has been repeatedly implicated in acquired 

resistance to endocrine therapy in ER-positive breast cancer. For example, Tozlu et al. 

reported that upregulation of RET in breast tumour biopsies has been identified as a novel 

gene that was associated with ER-positivity (Tozlu et al., 2006). Furthermore, RET 

overexpression along with its co-receptor GFRα1 has been identified in a subset of ER+ 

cancers (Esseghir et al., 2007). Several other studies have detected higher expression of RET 

in recurring tumours in comparison to the corresponding primary cancer and surrounding 

normal tissue. In addition, those cancers were correlated with higher tumour stage and with 

shortened metastasis-free and overall survival (Gattelli et al., 2013); (Morandi et al., 2013); 

(Wang et al., 2012).  

 

Having identified RET as a new HER2 interactor through mass spectrometry analysis, the 

HER2-RET interaction was subsequently studied in in silico clinical databases and validated 

by co-immunoprecipitation. HER2-targeted drug inhibition revealed the dependency of RET 

phosphorylation on the presence of active and functional HER2. Furthermore, the data 

showed that phosphorylation of the Y1248 residue is important for RET phosphorylation, 
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where HER2-Y1248F and HER2-DM MCF7 cells had reduced levels of phospho-RET. 

Nevertheless, it was determined that although RET phosphorylation was affected by the lack 

of Y1248, the RET-HER2 interaction was impaired only in HER2-DM cells. Finally, the role of 

RET in downstream signalling was investigated by performing siRNA mediated RET 

knockdown, where RET downregulation resulted in decreased signalling through the ERK 

signalling pathway. Nevertheless, pharmacological inhibition of RET did not lead to the same 

phenotype and resulted in sustained downstream signalling. Sensitivity to lapatinib in RET-

depleted cells was also investigated, however further validation is required since the HER2-

overexpressing MCF7 cells, except the HER2-WT cells, were not responsive to the studied 

lapatinib concentrations.  

 

To further investigate the relationship between ER and RET, several studies have focused on 

studying the transcriptional regulation of RET. Chromatin immunoprecipitation (ChIP)-based 

studies have identified the presence of several oestrogen response elements binding sites 

present at the RET locus (Carroll et al., 2006); (Lin et al., 2007); (Welboren et al., 2009), where 

Stine et al. further demonstrated that two of these binding sites are responsive to ER binding 

following oestrogen stimulation, thus leading to increased RET expression (Stine et al., 2011). 

Apart from the oestrogen response elements found in the RET promoter region, several 

studies using ChIP sequencing have also identified the presence of binding sites for TFAP2C, 

a transcription factor modulator belonging to the AP-2 family, whose regulation of RET 

appeared to be independent of ER expression (Spanheimer et al., 2013); (C. Wang et al., 

2012). In addition, TFAP2C has been implicated to have a role in regulating the transcriptional 

activity of HER2, suggesting that TFAP2C could modulate HER2 signalling (Ailan et al., 2009); 

(Delacroix et al., 2005); (Vernimmen et al., 2003). Furthermore, Shiu and colleagues reported 

that a number of HER2+ breast cancer cell lines exhibited amplification and overexpression 

of the TFAP2C gene, suggesting a possible genetic dependency on TFAP2C in some HER2-

positive breast cancer cells. This was demonstrated by a siRNA-mediated knockdown of 

TFAP2C, which resulted in enhanced apoptosis, as well as a partial downregulation of HER2 

(Shiu et al., 2014). A positive correlation between expression levels of HER2 and TFAP2C has 

also been determined in breast cancer clinical samples (Pellikainen et al., 2004); (Turner et 

al., 1998). Finally, a more recent study has highlighted a prognostic role for TFAP2C gene 

signature in predicting the outcome of patients with HER2-positive breast cancer (Wu et al., 

2020). The similarities between RET and ErbB2 transcriptional regulation profiles prompted 

us to examine their co-expression patterns across several breast cancer sample sets available 

from cBioPortal. 
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As shown in Fig.4.2.4, high ErbB2 expression showed modest correlation with high RET gene 

expression levels. The Firehouse Legacy dataset was used initially since it was one of the 

datasets with the highest number of samples, allowing for better representation of the 

sample population. Nevertheless, several other datasets were also examined, including the 

METABRIC, TCGA (Nature, 2012), TCGA (Cell, 2015), TCGA (PanCancer Atlas), as well as the 

breast SMC (2018) cohorts, which showed similar co-expression profiles with Spearman 

correlation coefficients ranging from 0.18 to 0.29. Taken together, this data indicates that 

although the correlation between RET and ErbB2 expression is not very strong, their 

relationship is represented across different samples and datasets, suggesting a possible 

dependency or functional significance. It is important to note that although cBioPortal offers 

access to 23 different breast cancer studies, only a small proportion contained RNA 

sequencing/microarray data. Furthermore, there was a lack of protein expression data, which 

is an important component, since it can provide functional information about complex 

interactions within and between biological pathways and can be utilised for diagnostic 

purposes. Overall, multi-omics approach can serve as a great platform to improve patient 

clinical outcome through the identification of cancer-related biomarkers (T. R. Kim et al., 

2019).  

 

Another powerful online tool was also used – STRING, which provides information about 

possible or known protein-protein interactions. As shown in Fig.4.2.3, HER2 was associated 

with 5 out of the 20 imported proteins, one of which was RET, highlighting a potential 

functional or physical relationship between HER2 and the identified receptors. The 

functional/physical interaction between HER2/RET was based on a publication, which had 

assessed the activation of alternative receptor tyrosine kinases in response to pertuzumab 

treatment, which might be associated with innate resistance to targeted therapy in HER2+ 

breast cancer. Using a receptor tyrosine kinase array, the authors demonstrated that 

treatment with pertuzumab resulted in increased phosphorylation and activation of a 

number of RTKs, among which was RET, which was further validated by western blot analysis. 

Nevertheless, the authors did not perform a co-immunoprecipitation experiment to validate 

the HER2-RET interaction. However, in a supplementary figure, by utilising a bimolecular 

fluorescence complementation assay, they showed that HER2 and RET formed a heterodimer 

as measured by fluorescence intensity (Kennedy et al., 2019). Although this approach allows 

visualisation of protein interactions and has demonstrated the RET-HER2 interaction, the 

conditions under which the receptor complex formed, as well as the cell line used (HEK-

293T), are not physiologically relevant or disease specific to the current study.  
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Following on this, in order to confirm the mass spectrometry data and validate the findings, 

a co-immunoprecipitation experiment was performed. Following HER2 pull-down in HER2-

WT MCF7 cells, RET was detected in both the doxycycline inducible and HER2 stably 

overexpressing model systems (Fig.4.2.5), confirming the physical interaction between HER2-

RET in ER+HER2+ cell lines. The reverse pull-down was also attempted, nevertheless, HER2 

could not be detected following RET immunoprecipitation (data not shown). There are 

several potential explanations for this: 1) the epitope for the HER2 antibody might be masked 

when the two proteins are in complex; 2) the HER2 antibody might not be able to recognise 

the native form of the protein, while being able to recognise the denatured proteins in the 

western blot; 3) the antibodies might have varied affinities; 4) the concentration of RET in 

the cell might be a lot lower than the concentration of HER2, therefore only a small fraction 

of RET was pulled-down and HER2 could not be detected.  

 

The mass spectrometry and co-immunoprecipitation experiments provided evidence for a 

physical interaction between HER2 and RET. Based on these results, further investigation of 

their relationship and possible functional dependencies between the two receptors were 

explored. It has been previously reported that RET and its co-receptor GFRα1 are upregulated 

in a subset of ER-positive breast cancer in comparison to normal tissue (Esseghir et al., 2007). 

In addition, several studies have demonstrated that stimulation with the RET ligand GDNF 

increased signalling through the MAPK and AKT pathways in a dose-dependent manner, as 

well as positively influenced anchorage-independent proliferation in a RET-dependent 

manner (Boulay et al., 2008); (Morandi et al., 2013). Furthermore, it has been shown that 

activation of RET by GDNF led to oestrogen-independent increase in ER phosphorylation and 

its transcriptional activity (Plaza-Menacho et al., 2010). Consistent with the literature, there 

was an increase in phospho-RET, phospho-ERK and phospho-AKT levels following treatment 

with GDNF (data not shown). Nevertheless, in subsequent experiments RET was not 

stimulated with its ligand, because RET was phosphorylated whenever HER2 expression was 

induced (Fig.4.2.6), which would allow to study the effects that HER2 might have on RET 

activation. It is important to note that MCF7 cells express high levels of the RET co-receptor 

GFRα1 (Boulay et al., 2008). Moreover, oestrogen stimulated ER has been shown to positively 

regulate GFRα1 and RET gene expression (Horibata et al., 2018); (Stine et al., 2011). However, 

as seen in Fig.4.2.6, this was not sufficient to activate and phosphorylate RET in MCF7 cells 

not overexpressing HER2. In addition, another ER+HER2+ cell line (BT474) was included to 

further validate our hypothesis – both cell lines exhibited high levels of phosphorylated RET 

in the presence of HER2. This result is consistent with the literature, where Boulay and 
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colleagues had screened a panel of 15 breast cancer cell lines and indicated that most of the 

cell lines with detectable RET mRNA and protein levels were ER+ and/or HER2+ (Boulay et al., 

2008). Nevertheless, due to the relatively small number of cell lines, the presence of ER/HER2 

could not be determined as an independent factor for RET expression. In the present study, 

however, the data demonstrated that pharmacological inhibition of HER2 decreased RET 

phosphorylation in a dose-dependent manner in both doxycycline induced HER2-WT MCF7 

and BT474 cells (Fig.4.2.7). In addition, each HER2 phosphorylation site was studied in regard 

to its role in activating and phosphorylating RET. Interestingly, phospho-RET levels were 

reduced in HER2-Y1248 phospho-site mutant, as well as in HER2-DM MCF7 cells in both the 

doxycycline inducible system and the HER2-stably expressing cell lines (Fig.4.2.9). Taken 

together, these results indicate that not only is HER2 required for successful RET 

phosphorylation, but the presence of Y1248 residue is essential for the trans-

phosphorylation of RET. In order to clearly establish the relationship between HER2 and RET 

and to address the possibility that ER might still play a role in our model systems, an ER-

negative cell line, such as MCF-10A or siRNA mediated knockdown of ER should also be used 

in future experiments. 

 

Furthermore, in an attempt to better understand the signalling landscape of HER2-WT and 

HER2-DM cells, a phospho-tyrosine kinase assay (PamGene) was performed using a peptide 

chip array. Kinomic profiling is an important tool to study the activation status of proteins 

involved in signal transduction pathways, it is useful for target discovery and interactions, as 

well as to test therapeutic agents and assess their effect on kinase activity. The present study 

demonstrated that abrogation of HER2 phosphorylation in HER2-DM cells resulted in reduced 

overall Tyr peptide phosphorylation indicating a decrease in kinase activity across a range of 

different tyrosine kinases (Fig.4.2.8). It is important to note that the listed kinases are 

inferred based on the phosphorylation status of the peptides present on the array. 

Nonetheless, this result suggests that HER2 phosphorylation is important for receptor 

activation and signal transduction. There were two receptor tyrosine kinases – Ephrin type-

A receptor 4 and 5 (EphA4 and EphA5), which showed increased activity in HER2-DM cells in 

comparison to HER2-WT cells. In a recent study focusing on the identification of adaptive 

mechanisms involved in resistance to HER2-targeted therapy, the authors reported several 

RTKs that could serve as potential targets to prevent adaptive resistance to anti-HER2 

therapies, among which was EphA4 (Schwill et al., 2019). In another study, the authors 

revealed a correlation between TGFβ-induced expression of EphA4 and poor clinical 

outcome, which was associated with more advanced tumours and aggressive phenotype 
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(Hachim et al., 2017). Overall, EphA4 appears to be an attractive target for the treatment of 

breast cancer, as well as a potential prognostic biomarker, warranting further experiments 

to fully elucidate its role and function.  

 

The importance for HER2 phosphorylation was further demonstrated in a co-

immunoprecipitation experiment, where lack of phosphorylation affected the HER2-RET 

interaction across all doxycycline induced HER2-phospho-site mutants, but it was most 

pronounced in HER2-DM cells (Fig.4.2.10, (A)). Nevertheless, there was a discrepancy 

between the results obtained with the HER2 stably overexpressing system, where only HER2-

DM cells seemed to have impaired HER2-RET interaction (Fig.4.2.10, (B)). Surprisingly, the 

association between HER2 and RET was not affected in HER2-Y1248F cells despite the 

observed reduction in phospho-RET expression levels in the absence of Y1248 residue 

(Fig.4.2.9). It is likely that this HER2-phospho site is important for mediating RET 

phosphorylation, however its absence does not elicit changes in binding affinity. As for the 

reduced HER2-RET interaction in HER2-DM cells, as well as for the differences in the 

interaction profiles between the two HER2 model systems, it is possible that substitutions at 

different HER2 phospho-residues can induce conformational changes, which can potentially 

affect receptor interactions. For example, a recent study has demonstrated that changes at 

four phospho-peptides derived from the vasopressin receptor-2 (V2R) C-tail induced distinct 

structural changes in arrestin-2, which also affected their ability to form a complex (He et al., 

2021). Finally, a decreased interaction between HER2-Y1221/22F and Grb2 was also 

observed, which is consistent with the previously reported reduction in phospho-ERK and 

phospho-MEK levels in this phospho mutant (Fig.3.2.26). Taken together, the data suggests 

that the Y1221/22-phospho residue is potentially required for Grb2 interaction and activation 

and subsequent initiation of downstream signalling through the MAPK pathway. Indeed, high 

levels of Grb2 and its association with EGFR family members have been implicated in the 

development and progression of breast cancer (F. Wang, 2017). 

 

In order to determine the specific role of RET in transmitting downstream activating signals 

in our model system of ER+HER2+ expressing cells, a siRNA mediated RET knockdown 

experiment was performed. In HER2-Y1248F cells, although phospho-RET levels were 

downregulated, phospho-ERK levels were not affected, which can be attributed to the 

presence of Y1221/22 phospho site (Fig.3.2.26 and Fig.4.2.9). However, upon RET 

knockdown, there was a decrease in the expression levels of phospho-ERK in comparison to 

siLuc treated cells (Fig.4.2.11). Similarly, in HER2-Y1221/22F cells, in which phospho-RET 
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levels were unchanged but phospho-ERK levels were reduced in comparison to HER2-WT 

cells, further reduction in ERK phosphorylation levels was detected following RET 

knockdown. Of note, there was a small decrease in HER2 phosphorylation levels in the 

absence of RET, which might also affect the phosphorylation levels of ERK. Taken together, 

these results suggest that although RET is not the main mediator of ERK signalling, it has a 

partial role in activating this pathway. In line with that, previous evidence has suggested that 

RET activation is associated with increased signalling through the MAPK and AKT signalling 

pathways (Boulay et al., 2008); (Morandi et al., 2013). Moreover, increased expression of RET 

has been connected to endocrine therapy resistance via signalling through the mTOR 

signalling pathway. For example, Plaza-Menacho et al. showed that RET stimulation by GDNF 

resulted in increase in mTOR and p70S6K phosphorylation, where knockdown of RET led to 

decreased expression of these proteins. In addition, rapamycin-induced inhibition of mTOR 

blocked GDNF mediated ER phosphorylation (Plaza-Menacho et al., 2010). In a RET-positive 

mouse model (J110-induced tumours), the authors detected high levels of phosphorylated 

AKT, where only RET inhibition blocked AKT activity (Gattelli et al., 2013). Finally, a phase I 

clinical study has assessed the combination of vandetanib (a multi-tyrosine kinase inhibitor 

targeting EGFR, VEGFR and RET) and everolimus (a mTOR inhibitor) for the treatment of 

advanced NSCLC and has reported a superior response for the combined treatment with a 

median progression-free survival of 8 months and a 70% overall response rate (Vivek 

Subbiah, Cascone, et al., 2018). Based on these findings, future experiments require the 

evaluation of AKT and mTOR phosphorylation in our model system.  

 

Upon RET knockdown in doxycycline untreated and treated HER2-WT cells, there was a 

pronounced decrease in ER expression in comparison to siLuc transfected cells (data not 

shown). As previously reported, RET activation can lead to increased ER phosphorylation at 

Ser118 and Ser167 and subsequent activation of downstream signalling cascades (Plaza-

Menacho et al., 2010). In turn, activation of the PI3K/AKT and MAPK/ERK pathways can also 

phosphorylate ER and increase ER transcriptional activity (Osborne et al., 2005). In addition, 

an ER-α36 – a truncated version of ER found mainly in the plasma membrane and within the 

cytoplasm, has been shown to bind to a number of signalling molecules and initiate 

downstream transduction pathways, including MEK/ERK activation (Omarjee et al., 2017); 

(Sun et al., 2017). Therefore, knockdown of RET and the subsequent decrease in ERK 

phosphorylation can result in reduced ER levels; in turn, lower levels of ER might be 

associated with decreased signalling through ERK. Altogether, these mechanisms suggest a 

potential feedback loop in tumours expressing ER along with RTKs such as RET and HER2, 
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which can provide enhanced tumour growth and may therefore contribute to therapy 

resistance. An important future experiment would be to test ER phosphorylation levels 

following RET knockdown, as well as determine if the observed reduction in phospho-ERK 

levels is directly attributed to RET downregulation or indirectly via reduced ER signalling as a 

consequence of RET knockdown. 

 

siRNA-mediated downregulation of RET also resulted in decreased HER2 phosphorylation 

levels across all HER2-stably overexpressing MCF7 cells (Fig.4.2.11). The UCSC genome 

browser tool (https://genome.ucsc.edu/) was initially used to align the siRNA sequences 

against the human genome to determine if the sequences had any off-target hits. The two 

RET siRNAs aligned only to the RET gene sequence, therefore it was concluded that these 

siRNAs were targeting RET specifically. Thus, it was hypothesised that RET might be important 

for HER2 phosphorylation in our model system. Additionally, HER2-stably overexpressing 

MCF7 cells were transfected with RET-targeting siRNAs and subsequently treated with 

lapatinib. IC50 values could not be determined since the concentrations used did not result 

in more than 50% inhibition of cell survival. However, HER2-WT and HER2-Y1221/22F MCF7 

cells were slightly more sensitive to anti-HER2 therapy in the absence of RET in comparison 

to the siLuc transfected cells (Fig.4.2.13). This result is in agreement with the previously 

observed reduced phospho-HER2 and phospho-ERK expression levels following RET 

downregulation (Fig.4.2.11). In addition, as previously discussed, RET can also mediate 

downstream signalling through the PI3K/AKT signalling pathway, therefore its absence along 

with HER2 blockade can inhibit two transduction pathways simultaneously, increasing 

sensitivity to lapatinib therapy. Furthermore, the phospho-site mutant HER2 overexpressing 

MCF7 cells might be more dependent on the interaction between HER2 and EGFR, and since 

lapatinib is a dual tyrosine kinase inhibitor targeting both HER2 and EGFR, inhibition of the 

two receptors in the absence of RET might further sensitise cells to HER2-targeted therapy. 

Taken together, the data highlights the potential dual therapy of combining anti-HER2 agents 

with RET inhibitors as a promising therapeutic strategy for the treatment of ER+HER2+ breast 

cancer. 

 

As previously discussed, it has been reported that RET upregulation leads to enhanced ER 

phosphorylation and downstream pathway activation, resulting in sustained cell growth and 

survival (Gattelli et al., 2013); (Morandi et al., 2011); (Plaza-Menacho et al., 2010). Moreover, 

increased RET protein levels have been detected in patients with ER+ tumours who were not 

responsive to endocrine therapy, such as tamoxifen (Plaza-Menacho et al., 2010). As a result, 

https://genome.ucsc.edu/
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RET overexpression has been correlated with resistance to endocrine therapy in ER-positive 

breast cancer, therefore targeting RET might be a useful strategy to sensitise breast cancer 

to endocrine therapy. Indeed, several studies have demonstrated the benefit of targeting 

RET either by utilising siRNA knockdown or pharmacological inhibition. For example, Plaza-

Menacho and colleagues reported that siRNA-mediated downregulation of RET in MCF7 cells 

led to a significant increase in response to tamoxifen. Furthermore, targeting RET in 

tamoxifen-resistant cells re-sensitised them to endocrine therapy (Plaza-Menacho et al., 

2010). Two other studies have explored the dual blockade of ER and RET, where inhibition 

with sunitinib reduced cell proliferation in BT474 cells and had an additive effect when 

combined with tamoxifen (Spanheimer, Cyr, et al., 2014). In addition, the combination 

treatment of vandetanib and tamoxifen reduced the tumour growth of MCF7 xenograft 

models and showed significant effect over single agent therapy (Spanheimer, Park, et al., 

2014). Finally, targeting RET in order to restore sensitivity to aromatase inhibitors has also 

been investigated. Treatment with the RET inhibitor NVP-BBT594 prevented the 3D colony 

formation of MCF7-LTED cells (cell lines maintained long-term under oestrogen deprivation 

in order to mimic resistance to AIs). Moreover, the RET inhibitor was shown to reduce RET 

mediated downstream signalling and its addition to letrozole treatment resulted in 

significant decrease in cell proliferation and survival (Morandi et al., 2013). Unfortunately, 

due to time constraints within the project, no experiments including endocrine therapy could 

be performed. In light of the findings however, it would have been interesting to determine 

if HER2 phosphorylation status affected sensitivity to hormone therapy in our model systems. 

Additionally, testing different combination strategies including anti-RET and anti-HER2 

agents, as well as endocrine therapy might contribute to the design of future pre-clinical and 

clinical studies aiding improved clinical outcome for patients with ER+HER2+ breast cancer.  

 

Having performed siRNA mediated RET knockdown, the next aim was to determine if 

pharmacological inhibition of RET would exhibit the same phenotype. Surprisingly, following 

treatment with LOXO-292, there was no reduction in phospho-RET or phospho-HER2, nor 

was there any decrease in ERK signalling (Fig.4.2.12). The main disparity between the two 

approaches is that siRNA mediated gene silencing inhibits the expression of the target gene, 

and therefore the protein, whereas using a pharmacological agent impairs the functional 

activity of a protein and not its presence. This suggests that the drug-targeted protein RET 

may be involved in ERK signalling through a structural role with HER2 or other binding 

partners and not through its kinase activity. In addition, the duration of the drug treatment 

might need further optimisation, where receptor downregulation might be an early and rapid 
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event. Several studies have shown that a 90-minute treatment with a RET inhibitor was 

sufficient to block RET phosphorylation (Andreucci et al., 2016); (Morandi et al., 2013). 

Furthermore, another study has shown that cell lines without RET fusions/mutations are 20- 

to 1700-fold less sensitive to LOXO-292 inhibition than cell lines with a RET alteration (V. 

Subbiah et al., 2018). Since MCF7 cells are RET wild-type, they might require treatment with 

a higher concentration of LOXO-292 to observe an inhibitory effect. As a future experiment, 

it would be important to include a cell line with a known RET alteration as a positive control 

for the efficacy of the drug. 

 

Until recently, only multi-tyrosine kinase inhibitors with a modest activity against RET were 

used. In addition to its role in tumorigenesis and its association with poor survival, RET fusions 

have also been identified as a resistance mechanism to osimertinib, a tyrosine kinase 

inhibitor specifically targeting EGFR (Yao et al., 2019). It was reported that following 

osimertinib treatment, acquired RTK fusions were observed as a mechanism of resistance, 

where half of the drug-related fusions were attributed to RET (Xu et al., 2019). Based on these 

findings, several small molecule agents have been explored for the treatment of RET fusion 

tumours. For example, vandetanib, a multi-kinase inhibitor which blocks VEGFR, EGFR and 

RET has been approved for the treatment of advanced or metastatic medullary thyroid 

cancer (Wells et al., 2012). Subsequently, vandetanib has been reported to block tumour 

angiogenesis and inhibit cell proliferation, survival, and tumour growth (Li et al., 2018); 

(Wedge et al., 2002). Sorafenib is another multi-target inhibitor, which has been approved as 

a therapy for advanced renal cell carcinoma, advanced hepatocellular carcinoma, and 

progressive thyroid carcinoma (Brose et al., 2014); (Escudier et al., 2009); (Rimassa & 

Santoro, 2009). It has also been shown to potently suppress the activities of c-RAF, RET and 

VEGFR, therefore leading to reduced MAPK signalling affecting cell proliferation and 

differentiation, and therefore tumour progression (Carlomagno et al., 2006); (Mao et al., 

2012); (Wilhelm et al., 2004). Another preclinical study has shown that cells harbouring 

KIF5B-RET fusion, which is commonly detected in RET fusion positive NSCLC, had increased 

sensitivity to sorafenib (Lipson et al., 2012). Nevertheless, clinical studies revealed that 

sorafenib treatment did not show any benefit in terms of objective response rate (ORR) in 

patients with RET-aberrant lung cancers (Horiike et al., 2016). The efficacy of several other 

RET inhibitors (sunitinib, cabozantinib, NVP-BBT594, and NVP-AST487) was assessed in a 

combination with the aromatase inhibitor letrozole in ER-positive breast cancer models, 

where NVP-AST487 had the most potent activity in blocking the GDNF-RET pathway 

(Andreucci et al., 2016). Furthermore, the activity of multi-tyrosine kinase inhibitors has also 
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been evaluated in clinical trials, where currently most trials are conducted in medullary 

thyroid cancer and NSCLC and are predominantly in phase II (Ding et al., 2020). Among the 

most common agents being studied are vandetanib, followed by cabozantinib and lenvatinib. 

Despite the efforts towards patient clinical improvement, the majority of these multi-target 

agents show modest efficacy with relatively high toxicity profiles. In addition, NSCLC with RET 

rearrangements confer modest survival benefit or objective response rate from the addition 

of RET targeting agent in comparison to thyroid cancers (Ding et al., 2020).  

 

More recently, novel, highly specific RET tyrosine kinase inhibitors such as BLU-667 and 

LOXO-292 have been developed that have revolutionised the treatment for cancer patients 

with RET alterations, including fusions and mutations that cause resistance to vandetanib 

and cabozantinib (Drilon et al., 2020); (Subbiah et al., 2021); (Wirth et al., 2020). Both 

inhibitors have shown high selectivity for RET with nanomolar potency, where BLU-667 has 

been reported to block the MAPK pathway with higher potency than most multi-kinase 

inhibitors (Vivek Subbiah, Gainor, et al., 2018). Moreover, they both have low off-target 

toxicities and are well-tolerated, mainly because they do not block VEGFR, which can 

normally lead to severe vascular toxicities (Drilon et al., 2020); (Gainor et al., 2019).  

 

Despite the advancement in the development of RET specific inhibitors and their approved 

use in RET-altered NSCLC and thyroid cancers, not much progress has been made for their 

use in breast cancer. Only a small percentage of breast cancer patients (0.17%) harbouring 

RET gene fusions was identified in a large-scale genomic profiling study (Paratala et al., 2018). 

The LIBRETTO-001 study (ClinicalTrials.gov identifier: NCT03157128) is currently recruiting 

patients with RET fusion-positive solid tumours, including breast cancer, aiming to evaluate 

the safety and anti-tumour activity of LOXO-292. To date, there is only one patient with 

ER+HER2- breast cancer who has been shown to experience clinical improvement following 

treatment with LOXO-292. On day 147, CT imaging revealed partial response with overall 

tumour reduction by 30%, which was followed by a sustained complete clinical response 

(Watanabe et al., 2021). This finding warrants continued characterisation of breast tumours 

bearing RET alterations and their benefit from selective RET-targeted therapy. In addition, 

currently the majority of the clinical trials assessing the efficacy of single agent or 

combination therapy between RET multi-kinase inhibitors (sorafenib, lenvatinib, vandetanib 

or cabozantinib) and endocrine therapy include patients with oestrogen receptor positive 

breast cancer. One study has evaluated the use of cabozantinib plus trastuzumab (only in the 

case of HER2-positive breast cancer) for the treatment of breast cancer with brain 



  Chapter 4 – Results Part Two 

237 
 

metastases. However, the results suggested that cabozantinib had insufficient activity in BC 

patients with brain metastases, where the central nervous system ORR in the HER2+ group 

was only 5% (Leone et al., 2020). Nevertheless, the data presented in this chapter suggest 

the potential to directly address RET signalling in ER+HER2+ breast cancer and to further 

assess the relevance of utilising RET inhibitors for the treatment of this breast cancer 

subtype.  

 

In conclusion, the work presented in this chapter identified RET as a HER2 interacting partner 

and determined that RET phosphorylation is dependent on the presence of HER2 Y1248 

tyrosine residue. Nevertheless, the HER2-RET interaction was not compromised in HER2-

Y1248F cells, however this was inconsistent between the doxycycline inducible and the HER2-

stably overexpressing model systems. Furthermore, the data showed that RET has a partial 

role in mediating signalling through the MAPK pathway, where RET knockdown resulted in 

reduced phospho-HER2 and phospho-ERK levels. Finally, RET downregulation appeared to 

have a slight effect on the sensitivity to lapatinib in HER2-WT and HER2-Y1221/22F MCF7 

cells, nevertheless, higher doses of lapatinib should be included to successfully determine 

the relevant IC50 values and confirm this finding.  
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5.1 Introduction 

 

Personalised cancer medicine allows tailored treatment based on each patient’s unique 

genetic makeup, in order to improve clinical outcome and minimise off-target effects and 

toxicities. To achieve this however, the discovery, development and validation of new 

prognostic and predictive biomarkers is key. Despite this being an important goal in oncology, 

a relatively small number of approved biomarkers are routinely used in the clinic. For 

example, currently the estimation of prognosis at time of diagnosis for breast cancer patients 

relies primarily on clinicopathological characteristics such as tumour stage, grade and size, 

number of positive axillary nodes, lymphatic and vascular invasion, as well as the expression 

status of ER, PR and HER2 receptors (Reis-Filho and Pusztai, 2011). Biomarkers can also 

provide valuable predictive information on the likelihood that certain patients will respond 

better to treatment with chemotherapeutic, endocrine, or targeted agents. Despite the 

recognised benefit from using these markers as indicated by the decrease in breast cancer 

mortality rates over the past 50 years (39% reduction since 1970s) (Breast Cancer Statistics | 

Cancer Research UK), they are suboptimal for identifying the most suitable targeted therapy. 

Moreover, although a high percentage of patients (about 60%) with early breast cancer still 

receive chemotherapy as an adjuvant therapy, only a small fraction (2-15%) would gain an 

advantage, while everyone is at risk of high toxicity and off-target effects (Abe et al., 2005). 

The technological advantages providing basis for gene expression analysis, such as cDNA 

microarrays and next generation sequencing, have provided an insight into the heterogeneity 

of breast cancer and have challenged the perception that it is a single disease with distinct 

histopathological features. Indeed, based on distinct expression profiles, breast cancer has 

been subdivided into several different intrinsic subtypes: luminal A, luminal B, HER2-

enriched, basal-like, and normal-like subtype, each with individual molecular characteristics 

and clinical behaviour (Gruvberger et al., 2001); (Perou et al., 2000); (Sørlie et al., 2001). In 

addition, more recently, another subtype has been identified as the claudin-low class of 

tumours (Prat et al., 2010). Furthermore, gene expression profiling studies have also 

highlighted the significance of proliferation as a prognostic marker, particularly in luminal 

(ER-positive) breast cancer (Desmedt et al., 2008); (Reyal et al., 2008); (Wirapati et al., 2008).  

 

These studies have prompted the development of gene expression-based signatures that can 

be used as prognostic tools to predict the risk of disease recurrence. Over 100 prognostic 

gene signatures have been developed and reported in breast cancer alone, however only a 

few have been implemented into clinical practice (Tofigh et al., 2014). For example, some of 
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the approved biomarker signatures that found clinical utility and may be used in the decision-

making process for additional adjuvant chemotherapy or extended endocrine therapy 

include Oncotype DX (Paik et al., 2006), EndoPredict (Dubsky, Brase, et al., 2013), 

MammaPrint (Van’t Veer et al., 2002), PAM50 risk of recurrence score (Prosigna) (Sestak et 

al., 2015) and Breast Cancer Index (BCI) (Sgroi et al., 2013). Nonetheless, as reported by the 

American Society of Clinical Oncology (ASCO) in their review of clinical practice guidelines for 

biomarker use in breast cancer, none of the described multigene expression signatures were 

approved by the expert committee as having a prognostic utility in HER2-positive breast 

cancer (Andre et al., 2019); (Harris et al., 2016). In addition, although these prognostic 

signatures have been shown to be clinically useful for ER-positive cancers, they do not discuss 

their use in luminal B tumours which can be either HER2-positive or negative.  

 

Currently, HER2 protein expression levels and gene amplification status are routinely checked 

in the clinic by IHC and FISH/CISH, respectively. These tests are performed on tumour 

biopsies that are predominantly formalin-fixed and paraffin-embedded (FFPE). These 

diagnostic tests are FDA approved and provide information on the HER2 status, which in turn 

can guide the clinical decision for HER2-targeted therapy (A. C. Wolff et al., 2007). In addition, 

HER2 status is also approved as a predictive marker for response to trastuzumab therapy, 

thus routine testing is recommended in both the adjuvant and metastatic settings (Bast et 

al., 2001). Although trastuzumab therapy has significantly improved progression-free and 

overall survival for patients with HER2-positive cancer (Dean-Colomb and Esteva, 2008); 

(Hudis, 2007), a relatively high percentage (30%) of those patients become resistant to 

treatment (Fiszman and Jasnis, 2011). Therefore, accurate detection and evaluation of HER2 

are of utmost importance, but there is also an increasing need for the discovery and 

validation of new, clinically useful biomarkers.  

 

Several studies have investigated the utility of phospho-HER2 as a prognostic tool in HER2-

overexpressing breast cancer in addition to established prognostic biomarkers such as HER2 

status assessed through IHC and FISH. Indeed, the phosphorylated or activated state of a 

receptor could potentially be more biologically relevant and provide more accurate reflection 

of the activation status of downstream signalling pathways. Protein phosphorylation is a key 

regulator of signal transduction and as such, its dysregulation has been implicated in the 

progression of many human diseases, including cancer (Narumi et al., 2012). It is 

hypothesised that evaluation of protein phosphorylation in tumour tissues may provide a 

better understanding of pathological events such as onset of treatment resistance (Taniyama 
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et al., 2008). This information may in turn provide an insight into better treatment choice for 

improved patient clinical outcome. For example, a study using a highly sensitive 

chemiluminescence-linked immunoassay (CLISA) determined that phosphorylated Y1248 

HER2 positively correlated with HER2 expression levels in primary breast cancer specimens. 

Furthermore, phospho-HER2 Y1248 status showed significant prognostic value independent 

of HER2, where it was also associated with poor prognosis (Cicenas et al., 2006). In another 

study, the authors assessed the relationship between phospho-HER2 and HER2 status, as well 

as its correlation with HER2 gene amplification (Taniyama et al., 2008). They reported a 

positive relationship between phospho-HER2 Y1248 and HER2 levels, as well as high 

specificity between phospho-HER2 protein levels and HER2 gene amplification. Finally, they 

concluded that phospho-Y1248 HER2 positivity could stratify patients with advanced disease 

and poor prognosis. Additionally, Ramic and colleagues determined that phospho-HER2 

expression is found in 62.5% of HER2-positive cases (RAMIĆ et al., 2013), which was also 

recapitulated in another study, where 68-73% of HER2-positive tumours correlated with 

phosphorylated HER2 (Hayashi et al., 2011). Moreover, the phospho-HER2 status appeared 

to predict response to trastuzumab therapy, where higher percentage of HER2+ phospho-

HER2 negative tumours were resistant to trastuzumab (RAMIĆ et al., 2013). Even though 

these studies concluded that phospho-HER2 can serve as an additional prognostic biomarker, 

the literature around its utility is conflicting. For instance, several studies have failed to report 

any association between phospho-HER2 and HER2 status, as well as patient outcome and 

response to therapy (Bai et al., 2013); (Cheng et al., 2014). Furthermore, others have stated 

much lower percentages of phospho-HER2 positivity in HER2-positive breast tumours (10-

12%) (DiGiovanna et al., 1996); (Thor et al., 2000). Overall, despite the heterogeneity 

between phospho-HER2 and HER2 expression, which could be explained by the detection 

methods used or the lack of standardised and approved scoring system for phospho-HER2, 

utilising phospho-HER2 as an additional biomarker could allow for more accurate prognosis 

and could help guide the clinical decision for trastuzumab administration or an alternative 

HER2-targeting agent.  

 

Some of the discrepancies observed in phospho-HER2 and HER2 expression levels can be 

attributed to technical problems and subjective scoring. IHC, which is the gold standard 

method to measure HER2 expression, is only semi-quantitative, where a tumour is said to be 

HER2-positive when at least 30% of the cells have high intensity membrane staining (Wolff 

et al., 2013). Although there are published guidelines and a standardised protocol for 

analysis, there is still some degree of non-replicability in the clinic. For instance, one study 
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has shown that the discordance in HER2 scoring between central and local testing is as high 

as 18.4% (Perez et al., 2006). In addition, a prospective study also reported that 

approximately 20% of HER2 diagnostic tests were inconsistent following sample re-

evaluation (Wolff et al., 2013). Accurate HER2 evaluation can also be affected by various 

technical factors such as ischaemic and hypoxic conditions, delayed time of fixation, the 

thickness of each section (Siddiqui and Rimm, 2010). These variables have been suggested to 

have an even bigger impact on the detection of phospho-epitopes due to the lower protein 

quality and the degradation and de-phosphorylation events occurring upon the formalin 

fixation and embedding process. For example, several studies have shown a correlation 

between decreased expression of phospho-proteins and time to fixation (Baker et al., 2005); 

(Khoury et al., 2009). Furthermore, phospho-epitopes have been reported to be extremely 

susceptible to phosphatases, where their loss can be affected by either tissue degradation 

prior to fixation or by cold ischaemic time (Bai et al., 2011); (Yildiz-Aktas, Dabbs and Bhargava, 

2012). In addition, another explanation for the discrepancy in HER2/phospho-HER2 levels can 

be attributed to intratumoral heterogeneity, which can result from ischaemic conditions 

(Moeder et al., 2007) or from clonal diversity within the tumour (Hanna, Nofech-Mozes and 

Kahn, 2007); (Shin et al., 2006).  

 

Based on the potential phospho-HER2 might have as an additional prognostic biomarker, as 

well as the issues surrounding the detection of phospho-proteins by IHC, this study sought to 

explore an alternative method to validate the prognostic and predictive utility of phospho-

HER2 with respect to patient outcome and prediction of response to HER2-targeted therapy.  

 

5.1.1 Phospho-HER2 Gene Expression Signature 

 

Almac Diagnostic Services developed a proto-type gene expression signature which detects 

HER2 phosphorylation on Y1248 to be used for the assessment of phospho-HER2 expression 

from FFPE tissue samples and guidance for anti-HER2 targeted therapy. The gene signature 

was developed using fresh-frozen publicly available samples from three disease settings – 

breast, ovarian and uterine available from The Cancer Genome Atlas (TCGA) database (The 

Cancer Genome Atlas Program - National Cancer Institute (Accessed 03 March 2022)), with 

the potential to be used in pan-cancer studies. Matched publicly available Reverse Phase 

Protein Array (RPPA) data was downloaded from The Cancer Proteome Atlas (TCPA) (J. Li et 

al., 2013). Initially, using RPPA protein expression data, breast, ovarian and uterine samples 

were dichotomised according to their HER2 Y1248 phosphorylation status into two groups - 
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higher and lower phospho-HER2 Y1248 protein levels. Next, using matched RNA-sequencing 

data, gene expression analysis was performed, where gene expression signature was 

developed to differentiate between the ‘high’ and ‘low’ phospho-HER2 Y1248 groups. As a 

result, a 63-gene assay was selected as the optimal gene expression signature for prediction 

of the HER2 phospho-protein levels at Y1248. The formula used to calculate the phospho-

HER2 signature score for individual samples/cell lines is: 

 

HER2 score = ∑ 𝑤𝑖 × (𝑔𝑒𝑖 − 𝑏𝑖) + 𝑘

63

𝑖=1

 

 

where 𝑤𝑖 = weight for each gene in the model; 𝑔𝑒𝑖 = gene expression value; 𝑏𝑖 = gene specific 

bias; k = constant offset of 0.2801. 

 

The signature was independently validated using two clinical validation datasets – the breast 

clinical cohort (Mulligan et al., 2014) and the METABRIC clinical cohort (Pereira et al., 2016).  

 

5.1.2 Aim 

 

The first aim of this chapter is to perform an in-silico validation of the phospho-HER2 gene 

signature in two independent clinical datasets, the breast clinical cohort (Mulligan et al., 

2014) and the METABRIC cohort (Pereira et al., 2016). In addition, the second aim is to 

perform pre-clinical validation of the phospho-HER2 gene signature with phospho-HER2 

protein expression across a panel of breast cancer cell lines.  

 

5.1.3 Objectives 

 

• To determine if the phospho-HER2 gene signature can identify a poor prognostic 

group within the two independent clinical datasets (the Mulligan and the Pereira 

METABRIC cohorts). 

• To determine if the phospho-HER2 gene signature can predict HER2-phosphorylation 

and activation in a panel of breast cancer cell lines. 

• To determine if the phospho-HER2 gene signature can predict response to lapatinib. 
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5.2 Results 

 

5.2.1 The Phospho-HER2 Signature Can Predict HER2 Status. 

 

Following the generation of the phospho-HER2 gene signature, the first aim was to determine 

if the gene signature would correlate with HER2 status. Samples from two datasets - the 

Mulligan breast cohort (275 samples) and the Pereira METABRIC cohort (1903 samples) were 

initially divided based on their known HER2 status (clinically determined by IHC and/or FISH) 

into HER2-negative and HER2-positive samples. Subsequently, samples were scored with the 

phospho-HER2 signature. The HER2 status was not available for 27 of the samples from the 

Mulligan breast clinical cohort, however these samples were scored with the phospho-HER2 

gene signature and included in subsequent analysis. There was high concordance between 

HER2 status determined by IHC/FISH and the phospho-HER2 signature for both the Mulligan 

and the METABRIC clinical cohorts (****p ≤ 0.0001) (Fig.5.2.1). However, there were some 

discrepancies, for example, 6 HER2-positive patients defined by IHC/FISH in the Mulligan 

cohort were deemed negative by the phospho-HER2 gene signature and 4 HER2-negative 

patients by IHC/FISH were phospho-HER2 signature positive. Similarly, there were 240 

samples in the METABRIC dataset which were HER2-negative according to their HER2 status, 

but phospho-HER2 signature positive. 
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Figure 5.2.1: Phospho-HER2 gene signature can predict HER2 status – Box and Whisker plot 

analysis displaying the data distribution according to patient HER2 status and phospho-HER2 

gene signature scores in the Mulligan breast dataset (N=275) (A) and the METABRIC cohort 

(N=1903) (B). Each dot represents an individual sample with the whiskers indicating the 

maximum and minimum value within each group. The line in each box represents the 

median. The tables beside each box plot provide information on the number of samples 

which are negative and/or positive according to their HER2 status and/or phospho-HER2 

signature score. Statistical significance was assessed using two-tailed Fisher’s exact test, 

where ****p ≤ 0.0001 indicates significant association between HER2 status and phospho-

HER2 signature in the Mulligan breast dataset and the METABRIC cohort. N = sample size. 
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5.2.2 The Phospho-HER2 Gene Signature is More Prognostic than HER2 Status. 

 

Next, survival analysis was performed to determine if the phospho-HER2 signature can 

identify a poor prognostic group within the Mulligan breast cohort (N=275) and the 

METABRIC cohort (N=1903). The recurrence-free survival censored at 5 years was evaluated 

in the Mulligan breast cohort based on both the HER2 status, defined in the clinical 

information and the phospho-HER2 gene signature. As shown in Fig.5.2.2, (A), a poor 

prognostic group could not be stratified based on the HER2 status (p = 0.328), although 

patients with HER2-negative breast cancer had higher chances of disease-free survival 

(hazard ratio (HR) of 0.768 with a 95% confidence interval (CI) of 0.4385 to 1.3458) as 

opposed to those with HER2-positive tumours. On the other hand, although not statistically 

significant (p = 0.0623), there was a strong trend towards higher recurrence-free survival for 

patients who had phospho-HER2 negative signature relative to patients with phospho-HER2-

positive signature with a 5-year HR of 0.6176, CI = 0.3499 - 1.0901 (Fig.5.2.2, (B)).  

 

Similarly, overall survival for patients from the METABRIC cohort was assessed with both the 

clinical HER2 status determined by IHC/FISH and the phospho-HER2 gene signature 

(Fig.5.2.3). Both the clinical HER2 status and the phospho-HER2 signature could identify a 

poor prognostic group (p < 0.0001). When samples were stratified by the clinical HER2 status, 

there was a significant reduction in OS for HER2-positive samples (HR = 2.047, CI = 1.577 to 

2.658) (Fig.5.2.3, (A)). When samples were classified by the phospho-HER2 signature, a 

significant reduction in overall survival was also determined for samples with higher 

signature scores (the highest quartile scores vs others) (HR = 1.578, CI = 1.309 to 1.902) 

(Fig.5.2.3, (B)). Taken together, the data suggested that the phospho-HER2 gene signature 

could predict survival outcome better than and independent of clinical HER2 status. 
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Figure 5.2.2: Phospho-HER2 gene signature is more prognostic than HER2 status – Kaplan-

Meier analysis of recurrence-free survival censored at 5 years for patients from the Mulligan 

breast cohort (N=275) based on clinical HER2 status (A) and phospho-Y1248 HER2 gene 

signature (B). Statistical significance was determined using a log-rank test. HR = hazard ratios 

(with 95% confidence intervals) for recurrence-free survival for HER2-negative samples. N = 

sample size. 
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Figure 5.2.3: Phospho-HER2 gene signature can identify a poor prognosis subgroup based 

on overall survival – Kaplan-Meier analysis for overall survival of patients from the METABRIC 

cohort (N=1903) based on clinical HER2 status (A) and phospho-Y1248 HER2 signature (B). 

Statistical significance was determined using a log-rank test. HR = hazard ratios (with 95% 

confidence intervals) for overall survival for HER2-positive samples. N = sample size. 
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5.2.3 The Phospho-HER2 Gene Signature Can Predict a Poor Prognosis Group within HER2-

positive Patients Treated with Trastuzumab. 

 

Having assessed the prognostic utility of the phospho-HER2 gene signature, the next question 

was to investigate whether the phospho-HER2 signature can be used as a biomarker for 

adjuvant anti-HER2 targeted therapy. HER2-positive patients from the Mulligan breast cohort 

who had previously received trastuzumab treatment were selected (N=48) and recurrence-

free survival of patients who had high phospho-HER2 signature scores and low phospho-

HER2 signature scores (the highest tertile scores vs others) was assessed. As revealed by the 

Kaplan-Meier curves, patients with the highest phospho-Y1248 HER2 signature scores had 

worse disease-free survival relative to the negative phospho-HER2 group (HR = 3.1936, CI = 

0.9354 – 10.9037) (Fig.5.2.4). Overall, this data indicates that the phospho-HER2 gene 

signature can identify a poor prognosis group within trastuzumab-treated patients who 

might benefit from an alternative anti-HER2 targeted therapy.  
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Figure 5.2.4: Phospho-HER2 gene signature can predict a poor prognosis group within 

trastuzumab-treated HER2-positive patients – Kaplan-Meier analysis of recurrence-free 

survival censored at 5 years for HER2-positive patients pre-treated with trastuzumab from 

the Mulligan breast cohort (N=48) stratified by the phospho-Y1248 HER2 gene signature. 

Statistical significance was determined using a log-rank test. HR = hazard ratio (with 95% 

confidence interval) for recurrence-free survival for HER2-positive samples. N = sample size. 
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5.2.4 The Phospho-HER2 Gene Signature Can Predict a Poor Prognosis Group within HER2-

positive Patients Treated with Endocrine Therapy. 

 

Breast cancer patients with a luminal disease, regardless of their clinical HER2 status, would 

receive endocrine therapy as a first-line treatment option. Nevertheless, HER2-

overexpressing luminal breast cancer has worse prognosis than HER2-negative disease. To 

determine if the phospho-HER2 signature can identify a poor prognosis group within HER2-

positive patients who have received endocrine therapy, 115 HER2-positive patients defined 

by IHC/FISH from the METABRIC cohort were selected and stratified based on their phospho-

HER2 signature scores. Kaplan-Meier analysis revealed that patients with high phospho-HER2 

signature scores (the highest tertile scores vs others) had significantly reduced overall 

survival (p = 0.0231) with a hazard ratio of 1.675 (CI = 0.9295 – 3.018) (Fig.5.2.5). This data 

suggests that the phospho-HER2 gene signature can identify a poor prognosis subgroup in 

HER2-positive patients treated with endocrine therapy who might benefit from additional 

HER2-targeted therapy. 
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Figure 5.2.5: Phospho-HER2 gene signature can predict a poor prognosis group within HER2-

positive patients treated with endocrine therapy – Kaplan-Meier analysis for overall survival 

of HER2-positive patients from the METABRIC cohort treated with endocrine therapy (N=115) 

stratified by the phospho-Y1248 HER2 gene signature. Statistical significance was determined 

using a log-rank test. HR = hazard ratio (with 95% confidence interval) for overall survival for 

HER2-positive samples. N = sample size. 
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5.2.5 Validation of Phospho-HER2 Gene Signature in a Panel of Breast Cancer Cell Lines. 

 

One of the main aims in this chapter was to investigate if the phospho-HER2 gene signature 

can predict HER2 phosphorylation at Y1248 and therefore HER2 activation. To determine the 

expression levels of phospho-HER2 across a panel of breast cancer cell lines, western blot 

analysis was performed. As shown in Fig.5.2.6, three of the cell lines – BT474, SKBR3 and 

MDA-MB-453 had high levels of phosphorylated HER2, which also appeared to correlate with 

the highest phospho-HER2 signature scores shown in Table 5.2.1. The other four cell lines 

(BT-20, MCF7, MDA-MB-231 and Hs-578-T) did not show detectable protein expression levels 

of phospho-Y1248 HER2 on western blot analysis, which is consistent with the literature 

where they have been previously classified as either luminal A (MCF7) or triple negative 

breast cancer cell lines (BT-20, MDA-MB-231 and Hs-578-T) (Dai et al., 2017). This result 

suggests that the phospho-HER2 signature correlates with high levels of phospho-Y1248 

HER2 protein expression. Furthermore, since other members of the epidermal growth factor 

receptor family may potentially affect the phospho-HER2 signature scores, western blot 

analysis of phospho-HER3 and phospho-EGFR was also performed. All cell lines exhibited 

different phosphorylation patterns for the two receptors, where phospho-HER3 was 

detected in BT474, SKBR3 and MDA-MB-453, whereas EGFR was phosphorylated in all cell 

lines apart from MDA-MB-453, MCF7 and Hs-578-T (Fig.5.2.6).   
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Figure 5.2.6: Protein expression analysis of members of the EGFR family across a panel of 

breast cancer cell lines – Representative western blot analysis assessing the expression levels 

of pHER2 (Y1248), pHER3 (Y1289), pEGFR (Y1068), total HER2, HER3, and EGFR across seven 

breast cancer cell lines (n=3). β-actin was used as a loading control. n = number of 

independent experiments. 

 

 

Table 5.2.1: Summary of the lapatinib IC50 values and the phospho-Y1248 HER2 signature 

scores for a panel of 7 breast cancer cell lines. 
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Having established a correlation between phospho-HER2 expression levels and phospho-

HER2 signature scores across a panel of breast cancer cell lines, it was important to 

investigate if the phospho-HER2 gene signature can predict response to lapatinib. 10-day 

colony formation assays were performed, where all the cell lines were treated with a dose-

range of lapatinib (0-10 μM). Subsequently, IC50 values were calculated and sensitivity to the 

drug was assessed (Fig.5.2.7). The studied cell lines exhibited different sensitivity profiles in 

response to lapatinib, where BT474 cells appeared to be most responsive with an IC50 of 

0.02  μM, whereas MDA-MB-2 1 cells were the most resistant with an IC50 value of 5.  μM. 

In order to assess if the phospho-HER2 signature was associated with drug response to 

lapatinib, the Spearman’s rank correlation analysis was performed (Table 5.2.1 summarises 

the individual lapatinib IC50 values and phospho-HER2 signature scores for each of the 7 cell 

lines). As shown in Fig.5.2.8, (A), there was a strong negative correlation (r = -0.89) – high 

phopsho-HER2 signature scores correlated with low lapatinib IC50 values. Furthermore, 561 

different cancer cell lines available from the Sanger database (COSMIC) (Tate et al., 2019) 

were also scored with the phospho-HER2 gene signature. Cell line drug sensitivity data to 

lapatinib was accessed through the Genomics of Drug Sensitivity in Cancer (GDSC) database 

(Yang et al., 2013). 202 cell lines for which lapatinib IC50 values were available, and which 

had their corresponding phospho-HER2 signature scores, were investigated using 

Spearman’s rank correlation analysis. The graph in Fig.5.2.8, (B) revealed, although not as 

strong as the correlation in Fig.5.2.8, (A), a negative relationship (r = -0.2), where higher 

phospho-HER2 signature scores were associated with lower IC50 values indicating sensitivity 

to lapatinib. Taken together, these data suggest that the phospho-HER2 gene signature has 

the potential to predict response to lapatinib not only in breast cancer cell lines, but in pan-

cancer cell lines too.  
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Figure 5.2.7: Sensitivity of a panel of 7 breast cancer cell lines to the dual tyrosine kinase 

inhibitor lapatinib – A-G) 10-day colony formation assays assessing sensitivity of BT474 (A), 

SKBR3 (B), MDA-MB-453 (C), BT-20 (D), MCF7 (E), Hs-578-T (F), and MDA-MB-231 (G) cells in 

response to a dose range of lapatinib (0-10 μM). Results are expressed as a percentage 

survival fraction and are representative of the mean of three independent experiments ± 

standard error of the mean (SEM) (n=3). Colony formation was normalised to DMSO treated 

cells. The relative IC50 values for lapatinib are indicated in the bottom left corner of each 

graph. n = number of independent experiments. 
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Figure 5.2.8: Relationship between lapatinib IC50 values and phospho-HER2 signature 

scores – A) Spearman’s rank correlation analysis comparing response to lapatinib and 

phospho-HER2 signature scores in an internal panel of 7 breast cancer cell lines. B) 

Spearman’s rank correlation analysis comparing response to lapatinib and phospho-HER2 

signature scores in 202 cancer cell lines available through the Sanger database (COSMIC). 

Each graph indicates the Spearman’s rank correlation coefficient [r] and the associated p-

value [p]. 
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5.2.6 In Vitro Generation of Lapatinib Resistant Cell Lines and Correlation Analysis with the 

Phospho-HER2 Signature. 

 

To further investigate the association between phospho-HER2 signature and response to 

lapatinib, two cell line models of acquired lapatinib resistance were generated – SKBR3-L and 

HCC1954-L following continuous exposure of the parental cell lines to increasing 

concentrations of the kinase inhibitor lapatinib over a period of six months (refer to Chapter 

2, section 2.1.10). Once SKBR3-L and HCC1954-L cells were growing stably at 1.2 μM and 4 

μM lapatinib, respectively, sensitivity to lapatinib was tested by a 10-day colony formation 

assay. Following treatment with a range of lapatinib concentrations (0-10 μM), both SKBR -

L and HCC1954-L cells formed higher number of colonies in comparison to their parental 

counterparts (Fig.5.2.9). This resulted in a 9.1-fold increase in the IC50 values for SKBR3-L 

cells from 0.7 μM to 6.4 μM and a 6.4-fold increase in IC50 for HCC1954-L cells from 0.43 μM 

to 2.77 μM. These results confirm that the SKBR3-L and HCC1954-L cells are indeed resistant 

to lapatinib.  
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Figure 5.2.9: Validation of lapatinib resistant breast cancer cell lines – A) A 10-day colony 

formation assay assessing sensitivity of SKBR3-Par and SKBR3-L cells in response to a dose 

range of lapatinib (0-10 μM). B) A 10-day colony formation assay assessing sensitivity of 

HCC1954-Par and HCC1954-L cells in response to a dose range of lapatinib (0-10 μM). Results 

are expressed as a percentage survival fraction and are representative of the mean of three 

independent experiments ± standard error of the mean (SEM) (n=3). Colony formation was 

normalised to DMSO treated cells. The corresponding IC50 values for lapatinib are indicated 

in the tables next to each graph. n = number of independent experiments. 
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The characterisation of the resistant cell lines in terms of expression levels of phosphorylated 

HER2, HER3 and EGFR, was important since previous studies have suggested that their 

protein levels are decreased following continuous exposure to lapatinib (Yallowitz et al., 

2018). As shown in Fig.5.2.10, (A-B), both SKBR3-L and HCC1954-L exhibited reduced 

phospho-HER2 levels in comparison to their parental counterparts. Interestingly, their total 

HER2 levels were also reduced. In addition, both resistant cell lines showed decreased HER3 

and EGFR phosphorylation levels relative to the parental cells. Taken together, these results 

suggest that following the development of acquired resistance to lapatinib, cells become 

independent of HER2 signalling.  
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Figure 5.2.10: Characterisation of lapatinib resistant breast cancer cell lines – 

Representative western blot analysis assessing the expression levels of pHER2 (Y1248), 

pHER2 (Y1221/22), pEGFR (Y1068), pHER3 (Y1289), total HER2, EGFR, and HER3 in SKBR3-Par 

and SKBR3-L cells (A) and HCC1954-Par and HCC1954-L cells (B) (n=3). Cyclophilin was used 

as a loading control. n = number of independent experiments. 
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Next, to determine if the phospho-HER2 gene signature could predict resistance to lapatinib 

in the lapatinib-resistant cell lines, SKBR3-Par and SKBR3-L, as well as HCC1954-Par and 

HCC1954-L cells were scored with the phospho-HER2 signature, and relevant scores were 

generated. As shown in Fig.5.2.11, the lapatinib resistant cells exhibited significantly lower 

phospho-HER2 gene signature scores in comparison to their parental cell lines (16.68 for 

SKBR3-L vs 17.39 for SKBR3-Par; 17.27 for HCC1954-L vs 17.44 for HCC1954-Par). Although 

these signature scores correlated with the level of phospho-HER2 expression determined by 

western blot analysis in SKBR3-L and HCC1954-L cells as seen in Fig.5.2.10, further 

experiments and a clinically relevant cohort are required to confirm if the phospho-HER2 

signature can indeed predict acquired resistance to lapatinib.  

 

Finally, HER2-WT and HER2-phospho site mutant doxycycline uninduced and induced MCF7 

cells, which were characterised in the previous result chapters (Chapter 3 and 4), were scored 

with the phospho-HER2 gene signature to examine if phospho-HER2 status would affect the 

phospho-HER2 gene signature scores. As shown in Fig.5.2.12, all doxycycline untreated cells 

had very similar phospho-HER2 signature scores and were lower in comparison to the 

doxycycline induced HER2-overexpressing MCF7 cells. In addition, HER2-WT MCF7 cells had 

the highest score in comparison to the three phospho-HER2 mutant cell lines. Lack of HER2 

phosphorylation at Y1248 or Y1221/22 led to a slight decrease in phospho-HER2 signature 

scores, albeit these were non-significant. In contrast, significant differences in phospho-HER2 

signature scores were observed between doxycycline induced HER2-WT and HER2-DM MCF7 

cells. However, neither of the three phospho-site mutant HER2 overexpressing MCF7 cell 

lines displayed a reduction in their phospho-HER2 signature scores to the level of the 

doxycycline uninduced MCF7 cells, indicating some residual receptor activity. 



  Chapter 5 – Results Part Three 

264 
 

 

Figure 5.2.11: Phospho-Y1248 HER2 signature scores for SKBR3-Par and SKBR3-L, as well as 

HCC1954-Par and HCC1954-L cell lines – Box and Whisker plot analysis of phospho-HER2 

signature scores for SKBR3-Par and SKBR3-L, as well as HCC1954-Par and HCC1954-L cell lines. 

The whiskers indicate the minimum and the maximum value within each group, where each 

dot corresponds to an individual sample (N=3). The line in each box represents the median. 

Statistical analysis involved unpaired two-tailed t-test and significance is indicated by *p < 

0.05, ****p < 0.0001. N = sample size. 
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Figure 5.2.12: Phospho-Y1248 HER2 signature scores for doxycycline uninduced and 

induced HER2-overexpressing MCF7 cell lines – HER2-WT, HER2-Y1248N, HER2-Y1221/22N, 

and HER2-DM MCF7 cells were either left untreated or treated with doxycycline (1 μg/ml) for 

48 hours before cell pellets were collected for RNA extraction. Box and Whisker plot analysis 

of phospho-HER2 signature scores for doxycycline uninduced and induced HER2-WT, HER2-

Y1248N, HER2-Y1221/22N, and HER2-DM MCF7 cell lines. The whiskers indicate the 

minimum and the maximum value within each group, where each dot corresponds to an 

individual sample (N=3). The line in each box represents the median. Statistical analysis 

involved unpaired two-tailed t-test and significance is indicated by *p < 0.05. ns = non-

significant differences. N = sample size. 

 

 

 

 

 

 

 



  Chapter 5 – Results Part Three 

266 
 

5.3 Discussion 

 

Evaluating the phosphorylation state of HER2 in addition to HER2 status is important for two 

reasons. Firstly, the phosphorylated form of a receptor (in this case reflected by site-specific 

phosphorylation at Y124 ) provides more information about the receptor’s functional 

activity and can therefore offer additional clinical utility and a rationale for alternative 

targeted therapy. Secondly, assessment of the phospho-protein expression levels may serve 

as a prognostic biomarker, which can stratify patients into treatment groups to maximise 

treatment benefit.  

 

This chapter reports the investigation of a 63-gene expression signature for prediction of 

HER2 phosphorylation at Y1248. The data showed that the phospho-HER2 signature 

correlates with clinical HER2 status across two independent breast cancer clinical cohorts 

(the Mulligan cohort and the METABRIC dataset). Moreover, the phospho-HER2 signature 

appeared to be more prognostic in terms of recurrence-free survival in comparison to HER2 

status defined by IHC/FISH following patient stratification in the Mulligan breast clinical 

cohort. It also successfully identified an ‘overall’ poor prognosis group within the METABRIC 

cohort. In addition, the phospho-HER2 signature identified a poor prognosis subgroup of 

HER2-positive patients following treatment with both trastuzumab and endocrine therapy, 

who may potentially benefit from an alternative and/or additional HER2-targeted therapy. 

The phospho-HER2 signature was also successfully correlated with phospho-HER2 protein 

expression and response to lapatinib in a panel of breast cancer cell lines. Furthermore, the 

association between lapatinib sensitivity and phospho-HER2 signature scores was assessed 

across 202 different cancer cell lines, which revealed a negative relationship and suggested 

a potential utilisation of the signature across different cancer types. Finally, lapatinib-

resistant cell lines were generated to assess the predictive role of the phospho-HER2 

signature in a model of acquired resistance. The continuous treatment with lapatinib resulted 

in decreased expression of EGFR family members, which correlated with low phospho-HER2 

signature scores for SKBR3-L and HCC1954-L cell lines relative to their parental counterparts. 

This observation would however warrant further research and validation in a clinical study. 

The doxycycline inducible HER2-overexpressing MCF7 cell lines were also scored with the 

phospho-HER2 signature, where cells overexpressing HER2 had higher signature scores in 

comparison to their uninduced counterparts. Nevertheless, the phospho-HER2 signature 

scores were very similar between HER2-WT and HER2 phospho-site mutants, indicating that 

other HER2 phosphorylation events might also contribute to the signature. 
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The current study determined that the phospho-HER2 signature was positively correlated 

with HER2-positive tumours, determined by IHC and/or FISH, suggesting that when HER2 is 

overexpressed, it is most likely phosphorylated/activated (Fig.5.2.1). Our results are 

consistent with the literature, where several other studies have reported that around 70% of 

HER2-positive tumours were also found to express phosphorylated HER2 (Cicenas et al., 

2006); (Hayashi et al., 2011); (RAMIĆ et al., 2013). Although there was a good correlation 

between clinical HER2 expression determined by IHC and/or FISH, and the phospho-HER2 

signature, 4 cases of HER2-negative tumours (2%) within the Mulligan breast clinical cohort 

and 240 cases of HER2-negative tumours (14%) within the METABRIC cohort, were found to 

be phospho-HER2 signature positive. These findings were supported by other research 

groups, which have determined that between 12-27% of tumours expressing phospho-HER2 

assessed by either a chemiluminescence-linked immunoassay (CLISA) (Cicenas et al., 2006) 

or by IHC (RAMIĆ et al., 2013) did not overexpress HER2 determined by an enzyme 

immunoassay or IHC/CISH, respectively. In addition, utilising a reverse phase protein 

microarray assay, Wulfkuhle et al. identified a proportion of tumours expressing 

phosphorylated HER2, which were HER2-negative based on IHC and FISH analysis (Wulfkuhle 

et al., 2012). These findings might indicate that tumours with low levels of total HER2 and 

high levels of HER2 phosphorylation are activated through receptor heterodimerisation. 

Indeed, several studies have detected upregulation of EGFR and HER3 in HER2-negative cases 

with positive phospho-HER2 expression (Frogne et al., 2009); (Wulfkuhle et al., 2012). 

Evidence for HER2/HER3 heterodimer formation has been provided in a study utilising a 

proximity ligation assay (Spears et al., 2012). In addition, the activation status of both HER2 

and EGFR determined by IHC analysis was found to be more effective in predicting response 

to trastuzumab in comparison to HER2 phosphorylation alone (Hudelist et al., 2006). 

Furthermore, Wulfkuhle et al. have also shown that along with the activation of EGFR family 

members, phospho-HER2+/HER2- tumours also had increased levels of FAK, SHC and STAT5 

(Wulfkuhle et al., 2012). Taken together, these results suggest that HER2 activation in HER2-

negative tumours is functional, where phospho-HER2 can still mediate transforming signals 

and activate downstream pathways even in the absence of amplified/overexpressed HER2.  

 

A subgroup of patients with phospho-HER2+/HER2- tumours may potentially benefit from 

anti-HER2 targeted treatment, such as trastuzumab or lapatinib, however, they would be 

misidentified by IHC and/or FISH testing. For example, it has been shown that trastuzumab 

successfully blocks the kinase activity of HER2/HER3 heterodimers in MCF7 cells with low 

levels of total HER2 but overexpressing heregulin – a ligand for the HER2/3/4 network, which 
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can transactivate and phosphorylate HER2 even in the absence of HER2 overexpression 

(Menendez, Mehmi and Lupu, 2006). Moreover, a clinical trial (NSABP B-31) assessing the 

correlation between HER2 status and benefit from adjuvant trastuzumab suggested that 

even patients with lack of HER2 amplification may respond to HER2-targeted therapy (Paik, 

Kim and Wolmark, 2009). Overall, determining the phospho-HER2 status and therefore HER2 

activation status may hold value as an additional diagnostic biomarker facilitating more 

informed treatment strategy. 

 

The data presented in this chapter revealed that a proportion of tumours from the Mulligan 

breast clinical cohort which were HER2-positive by IHC and/or FISH, had low phospho-HER2 

signature scores suggesting they did not have phosphorylated HER2 (6/68) (Fig.5.2.1, (A)). A 

similar trend was observed in another study, where approximately 37% of tumours negative 

for phospho-HER2 had HER2-overexpression (RAMIĆ et al., 2013). This finding can be 

explained by possible phosphorylation on other HER2 phospho-residues through 

heterodimerisation with EGFR family members or other RTKs or by the presence of mutations 

in the catalytic domain of the receptor. Alternatively, HER2 positivity determined by IHC 

might have been misdiagnosed due to inter-operator variability, which can significantly affect 

the decision for administration of HER2-targeted therapy (Arber, 2002); (Hashizume et al., 

2003); (Khoury et al., 2009); (Thomson et al., 2001). Although IHC methodology is routinely 

used in the clinic to determine HER2 status, often followed by FISH to confirm equivocal IHC 

results (Wolff et al., 2013), it is not as reliable and consistent as results produced by FISH 

(Sauter et al., 2009). Nevertheless, the two methods are semi-quantitative and subjective 

and can therefore result in false positive or negative outcomes. Therefore, standardised 

guidelines, successful quality control and quality assurance are of utmost importance for 

accurate HER2 testing and improved clinical benefit. In addition, a gene signature, similar to 

the one described in this chapter, might provide more definitive and consistent results. 

 

The present study demonstrated that although not significant (p = 0.06), the phospho-HER2 

gene signature offered an improved prognostic stratification in comparison to HER2 status (p 

= 0.33) (Fig.5.2.2) and successfully identified a poor prognosis group with respect to overall 

survival (p < 0.0001) (Fig.5.2.3), where in both cases phospho-HER2 signature positive 

samples had worse prognosis. Phospho-HER2 has been previously shown to predict poor 

clinical outcome and response to HER2-targeted therapy (Digiovanna et al., 2005); (Hayashi 

et al., 2011); (Thor et al., 2000). This might suggest that phospho-HER2 expression could be 

an indicator for a more aggressive phenotype and shorter survival. Since phospho-HER2 and 
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HER2 expression profiles often have high concordance rates, using both markers 

simultaneously might allow for a more accurate and reliable prognosis, and therefore better 

treatment options. The patient population in the present study was not subdivided based on 

receptor status according to St. Gallen classification (Goldhirsch et al., 2013a). It might be 

interesting to determine if phospho-HER2 expression would have an additional prognostic 

benefit in luminal B (ER+HER2+) or HER2-overexpressing breast cancers. Several studies have 

also looked at correlation between phospho-HER2 expression and clinicopathological 

characteristics, where some authors reported an association between higher tumour grade 

and ER-negativity with phospho-HER2 positivity (Cicenas et al., 2006); (Frogne et al., 2009); 

(Thor et al., 2000). Since clinicopathological assessment of the tumour is routinely performed 

in the clinic, a crucial future experiment would be to analyse breast cancer characteristics 

with respect to phospho-HER2 expression. In addition, since a positive relationship between 

HER2 protein expression (measured by IHC) and high phospho-HER2 signature scores was 

determined, it would be important to validate these findings with regard to HER2-gene 

amplification as measured by FISH. Indeed, a study by Wulfkuhle et al. demonstrated that 

phospho-HER2 positivity determined by RPPA analysis had strong concordance with IHC and 

FISH measurements (Wulfkuhle et al., 2012).  

 

Another aim in this chapter was to elucidate the role of phospho-HER2 gene signature in 

predicting response to trastuzumab. The signature predicted poor survival for trastuzumab-

treated patients with positive phospho-HER2 signature scores (75%) (Fig.5.2.4). This was in 

contrast with previously published data, where Giuliani et al. reported that the majority of 

the tumours which responded to trastuzumab therapy (89%), were phospho-HER2 positive 

(Giuliani et al., 2007). In another study, resistance to trastuzumab was also correlated with 

phospho-HER2 negativity, where 62.5% of trastuzumab-resistant tumours were phospho-

HER2 negative, whereas in trastuzumab-responsive cancers only 32% of the tumours were 

phospho-HER2 negative (RAMIĆ et al., 2013). In addition, several studies provided evidence 

that phospho-HER2 positive cases had increased progression-free survival following 

trastuzumab therapy in comparison to patients lacking HER2 activation (Giuliani et al., 2007); 

(Hudelist et al., 2006); (Ross et al., 2009). Nevertheless, there are several possible 

explanations for the discrepancy between phospho-HER2 status and response to 

trastuzumab. For example, as previously mentioned, the importance of correlating phospho-

HER2 gene signature with clinicopathological characteristics is highlighted even further in this 

scenario. It is possible that phospho-HER2+/HER2+ tumours which have more aggressive 

biological behaviour are of a higher histological grade and tumour stage with higher growth 
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and malignant potential. Although trastuzumab is the standard of care therapy for HER2-

overexpresisng cancers, many patients still develop resistance to therapy (Fiszman and 

Jasnis, 2011). Several resistance mechanisms for trastuzumab have been proposed. Examples 

are the presence of p95-HER2, a truncated form of HER2 receptor, which lacks its 

extracellular binding site, but is still constitutively active or cross-signalling to HER2 by other 

RTKs or EGFR family members. In these cases, the kinase activity of HER2, and therefore its 

phosphorylation status, might not be affected (Fiszman and Jasnis, 2011); (Rita Nahta, 2012). 

Increased expression of EGFR and/or HER3 has been previously detected in HER2-positive 

breast cancer (Gallardo et al., 2012); (Koutras et al., 2010); (Lee-Hoeflich et al., 2008), where 

trastuzumab has been shown to be inefficient in blocking HER2/HER3 heterodimerisation 

(Wehrman et al., 2006). In another study, the authors found a correlation between phospho-

HER2 levels and EGFR expression, implicating a role for EGFR in HER2 phosphorylation and 

activation (Cicenas et al., 2006). In addition, expression of ligands for the activation of EGFR 

family members has also been associated with decreased sensitivity to trastuzumab (R. 

Nahta, 2012). Taken together, these findings suggest that the phospho-HER2 gene signature 

might be able to select for patients who are resistant to trastuzumab and who might benefit 

from alternative treatment options, such as pertuzumab – a monoclonal antibody which 

inhibits HER2 dimerisation with other family members or lapatinib – a tyrosine kinase 

inhibitor blocking HER2 kinase activity. Furthermore, as previously discussed, detecting 

phosphorylated proteins by IHC in archived FFPE tissue samples comes with several 

disadvantages, leading to inaccurate data evaluation and interpretation. Since the phospho-

HER2 signature is a RNA-sequencing-based assay, it would more accurately represent 

changes in the protein phosphorylation status, and in addition to HER2 status, could be used 

for pre-selection of patients who might not respond to trastuzumab therapy. It is important 

to note that a limitation to our study is the small number of patients who received 

trastuzumab (N = 48). In order to further validate our findings and determine the prognostic 

and predictive potential of the phospho-HER2 signature, it is important to gain access to a 

clinical trial with much larger patient cohort, which compares different anti-HER2 targeted 

therapies. 

 

As mentioned earlier, about 14% of HER2-negative patients within the METABRIC database, 

were classified as phospho-HER2 positive according to the phospho-HER2 gene signature 

(Fig.5.2.1, (B)). The majority of the patients within this cohort (62%) received endocrine 

therapy. Activation and phosphorylation of HER2 has been previously described as a possible 

mechanism for resistance to hormone therapy (Gutierrez et al., 2005); (Sudhan et al., 2019). 
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It is likely that at time of diagnosis patients were indeed HER2 negative, but following 

treatment with anti-oestrogen agents, a proportion of them became HER2-

positive/phospho-HER2 positive as a result of therapy resistance, which can explain the 

discrepancy between HER2 and phospho-HER2 status. This finding suggests that utilising the 

phospho-HER2 signature before and several years after treatment initiation might offer 

additional diagnostic value. In addition, HER2-positive patients defined by IHC/FISH who 

received endocrine therapy were stratified by the phospho-HER2 gene signature (Fig.5.2.5). 

The subgroup with high phospho-HER2 signature scores (the highest tertile scores versus 

others) exhibited worse overall survival. This is not surprising since HER2-overexpression is 

associated with more aggressive behaviour and poor prognosis in comparison to luminal A 

or HER2-negative luminal B tumours. Nevertheless, this result is important because it 

suggests that the phospho-HER2 gene signature can be applied to different subgroups of 

breast cancer who have received different forms of therapy and can still select for patients 

who would benefit from alternative and/or additional treatment option. 

 

A small pre-clinical validation of the phospho-HER2 signature was also performed in a panel 

of breast cancer cell lines. The data shows promising results, where higher phospho-HER2 

signature scores correlated with high HER2 Y1248 phosphorylated levels (Fig.5.2.6 and Table 

5.2.1). It is important to note that although 4 out of 7 breast cancer cell lines did not express 

phosphorylated HER2, 3 out of these 4 cell lines (BT-20, MDA-MB-231 and Hs-578-T) had 

detectable total HER2 expression levels. This is consistent with the patient data, where 6 out 

of 68 tumours were HER2-positive but did not have positive HER2-signature scores 

(Fig.5.2.1). In addition, an inverse relationship between the phospho-HER2 signature scores 

and response to lapatinib was established (Fig.5.2.8, (A)), which suggested that patients with 

higher expression levels of phospho-HER2 could potentially benefit from lapatinib treatment. 

It would be important to validate this finding in a clinical setting, where for example those 

patients with high phospho-HER2 signature scores who were resistant to trastuzumab, might 

be suitable candidates for lapatinib therapy. A similar trend was also established across 

different cancer cell types (Fig.5.2.8, (B)), suggesting a potential utilisation of the phospho-

HER2 signature in other malignancies. It should be pointed out, however, that a phospho-

HER2 signature score cut-off for grouping cell lines based on their phospho-HER2 driven gene 

expression profile was not determined. Therefore, although different levels of phospho-HER2 

expression detected by western blot were identified between the studied breast cancer cell 

lines correlated well with the generated signature scores, we cannot definitively say which 

cell lines had high or low phospho-HER2 signature scores. Moreover, although there was 
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some level of agreement between the cell line and patient data, the two systems are not 

directly comparable with each other. For example, one of the main disadvantages of cell lines 

is that they are maintained in a two-dimensional monolayer culture and therefore are not 

representative of the tumour heterogeneity and its surrounding microenvironment. In 

addition, in vitro cell cultures are not modulated or influenced by the immune system. 

Nevertheless, they offer high-throughput screening and are widely accessible and well 

characterised.  

 

Having established that the phospho-HER2 signature correlates with sensitivity to lapatinib, 

another aim was to determine if the signature can also predict resistance to anti-HER2 

therapies. Following a long-term exposure to lapatinib, two cell line models of acquired 

resistance – SKBR3-L and HCC1954-L were generated (Fig.5.2.9). The two lapatinib resistant 

cell lines exhibited reduced HER2 phosphorylation levels in comparison to their parental 

counterparts (Fig.5.2.10). In addition, they also displayed lower phospho-HER2 signature 

scores (Fig.5.2.11). At this stage, it is unclear whether the signature assay simply correlates 

with expression levels of phospho-HER2 or whether it can predict lack of benefit from 

lapatinib. Therefore, it would be an important future experiment to include SKBR3 and 

HCC1954 parental cells treated with a single dose of lapatinib and score them with the 

phospho-HER2 signature, so that their scores can be compared against the scores for the 

lapatinib resistant cell lines. In contrast to the previous observation where patients with 

positive phospho-HER2 signature scores showed poor disease-free survival following 

trastuzumab treatment (Fig.5.2.4), here, lapatinib resistance was associated with lower 

signature scores. This is not surprising since as previously discussed, trastuzumab binds to 

the extracellular portion of the receptor, thus the HER2 kinase domain might still be 

functional, whereas lapatinib binds to the cytoplasmic ATP-binding sites of HER2 and EGFR, 

thereby blocking tyrosine kinase phosphorylation. In order to have a better understanding, 

we would need to further characterise the resistant cell lines and indicate their mechanism(s) 

of resistance to lapatinib. It has been previously reviewed that some of the potential 

mechanisms of resistance to lapatinib include upregulation of alternative RTKs, such as IGFR, 

MET, AXL; alterations in intracellular kinases and aberrations in downstream signalling 

pathways; increased levels of RTK ligands following autocrine tumour cell secretion; 

mutations in the HER2 kinase domain, as well as crosstalk between HER2 and ER pathways 

(D’Amato et al., 2015). In addition, another study showed that acquired resistance to 

lapatinib was associated with increased expression of the anti-apoptotic protein MCL-1 and 

decrease in the expression levels of the pro-apoptotic BAX both in a cell line model of 
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acquired lapatinib resistance, as well as in tumours treated with lapatinib (Eustace et al., 

2018).  

 

Although cell line models are good for initial hypothesis and proof of concept, in vitro models 

of resistance pose some limitations such that they cannot directly reflect the factors that 

influence a drug’s activity in vivo, as well as the exact mechanisms that lead to resistance in 

vivo due to the lack of natural tumour environment and other contributing factors in the 

host. Therefore, additional, more relevant studies are required to further validate and assess 

the phospho-HER2 signature in terms of sensitivity to lapatinib. For example, HER2 transgenic 

mice that develop mammary tumours can be utilised. They can be subsequently treated with 

lapatinib to allow the development of resistance, which would in turn allow us to culture the 

resistant tumours and perform further analysis. In addition, ex vivo tumour analysis of 

patients, which can be used to generate primary cell culture models or create mouse patient 

xenograft models might also be useful tools. Ultimately, testing the prognostic and predictive 

value of the phospho-HER2 signature in a clinical setting would provide the most valuable 

information.   

 

In conclusion, the phospho-HER2 status might provide useful information about the 

functional activity of the receptor. The data presented in this chapter has shown that the 

phospho-HER2 gene expression signature has the potential to be used as an additional 

biomarker to allow patient stratification according to their survival profiles and can therefore 

add prognostic value to the conventional HER2 testing. This may in turn facilitate more 

informed decision-making that can improve patient clinical outcome. In addition, a subgroup 

of patients with HER2-positive/phospho-HER2 positive tumours was identified, which might 

develop trastuzumab and endocrine therapy resistance, thus they might benefit from an 

alternative and/or additional anti-HER2 therapy. Finally, in a pre-clinical evaluation of the 

phospho-HER2 signature across a panel of breast cancer cell lines, the signature was found 

to correlate with phospho-HER2 expression levels and to exhibit an inverse relationship with 

response to lapatinib. Using a cell culture model of acquired resistance to lapatinib revealed 

that the phospho-HER2 signature might also be able to predict lack of benefit from the kinase 

inhibitor lapatinib.  



 

 
 

Chapter 6 

 

 

 

Final Discussion and Future  

Perspectives 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                         Chapter 6 – Final Discussion and Future Perspective 

275 
 

6.1 Final Discussion  

 

A significant challenge in the management of HER2-poisitive luminal B breast cancer remains 

the development of primary and acquired resistance. Increasing efforts have been directed 

towards better understanding of the complex network of signalling pathways, as well as 

elucidation of the underlying mechanisms of resistance to hormone therapy. Nevertheless, 

15-20% of early and 30-40% of advanced luminal B breast cancers develop primary and 

acquired resistance to endocrine therapy, respectively (Anurag, Ellis and Haricharan, 2018). 

In addition, luminal B HER2-positive breast cancer has the worst prognosis in comparison to 

other luminal subtypes. Therefore, this project sought to investigate the role of HER2 

activation and phosphorylation and its binding partners in driving ER+HER2+ breast cancer 

molecular subtype. The first aim of this thesis was to generate a HER2-overexpressing ER-

positive breast cancer pre-clinical model system using the ER-positive, HER2-negative cell line 

MCF7 and characterise HER2 phosphorylation sites (Y1221/22 and Y1248), while the second 

aim was to identify new HER2-binding partners and determine the dependence of the 

identified interacting proteins on HER2 phosphorylation. The final aim was to validate a 

phospho-HER2 gene signature in two independent in silico clinical datasets and investigate 

its prognostic utility, as well as in a pre-clinical setting to determine if this signature 

correlated with phospho-HER2 protein expression and if it could predict response to anti-

HER2 targeted therapy, such as lapatinib.  

 

To address the first aim, site-directed mutagenesis was performed to alter the tyrosine 

autophosphorylation sites Y1221/22 and Y1248 to asparagine or phenylalanine residues, 

thereby making them catalytically inactive. These phospho-site mutants were successfully 

introduced by lentiviral transduction in two different systems – a doxycycline inducible 

system and a HER2-stably overexpressing cell line model. Initially, our focus was on using the 

doxycycline inducible system since it offered controlled gene expression. Nevertheless, it was 

subsequently established that doxycycline had a negative effect on cell proliferation. 

Moreover, it also resulted in the activation of stress-induced pathways, where MCF7-Par cells 

treated with doxycycline had increased levels of phosphorylated JNK. Taken together, the 

data suggested that these doxycycline mediated off-target effects might mask any potential 

differences in the phenotypic characterisation of HER2 phospho-site mutants, therefore 

most of the initial findings using the doxycycline inducible system were subsequently 

confirmed in the MCF7 HER2-stably overexpressing cell lines. The findings from Chapter 3 

demonstrated the redundant role of the HER2 phosphorylation sites under investigation in 
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driving proliferation, since HER2-Y1248F and HER2-Y1221/22F overexpressing MCF7 cells had 

similar proliferation rates compared to HER2-WT MCF7 cells. In contrast, the role of HER2 

Y1221/22 residues in driving migration was demonstrated in a wound scratch assay, where 

HER2-Y1221/22F overexpressing MCF7 cells displayed lower percentage of wound closure in 

comparison to HER2-WT cells, but the absence of Y1248 did not result in a reduced cell 

migratory rate. Importantly, the data also demonstrated that both Y1248 and Y1221/22 

phosphorylation sites had a crucial role in cellular transformation by promoting anchorage-

independent growth. Furthermore, signalling through the MAPK pathway was reduced in the 

absence of Y1221/22, but was unaffected in the absence of Y1248. Finally, the sensitivity of 

HER2-overexpressing MCF7 cells to the tyrosine kinase inhibitor lapatinib was assessed and 

revealed that HER2-WT MCF7 cells were sensitive to lapatinib, but HER2 phospho-site 

mutants were less responsive to the drug treatment with IC50 values similar to empty vector-

expressing MCF7 cells. Table 6.1 summarises the major findings from Chapter 3. 

 

 

Table 6.1: Summary of Chapter 3 findings on the phenotypic characterisation of HER2 

phospho-site mutant overexpressing MCF7 cells. 

HER2-Y1248F HER2-Y1221/22F HER2-DM 

No effect on proliferation No effect on proliferation No effect on proliferation 

No effect on migration Reduced migratory ability No effect on migration 

Reduced anchorage-

independent growth 

Reduced anchorage-

independent growth 

Reduced anchorage-

independent growth 

No effect on MAPK 

signalling 

Reduced signalling through 

the MAPK pathway 

No effect on MAPK 

signalling 

Lapatinib resistant Lapatinib resistant Lapatinib resistant 

 

 

To address the second aim, HER2 immunoprecipitation coupled with mass spectrometry was 

performed to identify new HER2 interactors in the ER-positive background. These IP-MS 

experiments led to the identification of 48 cellular HER2 interactors in the doxycycline 

induced HER2-WT overexpressing MCF7 cells. Subsequently, this project focused on studying 

the receptor tyrosine kinase RET, since it has not been previously functionally described in 

the context of ER+HER2+ breast cancer. Chapter 4 reported that RET phosphorylation is 

dependent on the presence of active and functional HER2. In particular, HER2 Y1248 
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phospho-residue was required for RET phosphorylation at Y905. Although phosphorylated 

RET levels were reduced in the absence of Y1248 residue or in HER2-DM cells, the HER2-RET 

protein-protein interaction was impaired only in HER2-DM cells. However, future work is 

needed to investigate the nature of the HER2-RET interaction and determine if RET directly 

binds to HER2 or its interaction is mediated indirectly through an intermediate 

molecule/complex. Finally, the results demonstrated that RET is partially involved in 

signalling through the MAPK signalling pathway and showed that RET knockdown further 

sensitised HER2-WT overexpressing MCF7 cells to lapatinib treatment, opening the possibility 

for a combination approach including anti-HER2 and RET inhibitors.  

 

Finally, Chapter 5 focused on the characterisation of a 63-gene expression signature for 

prediction of HER2 phosphorylation at Y1248. The signature was clinically validated in two 

independent breast cancer cohorts (the Mulligan cohort and the METABRIC cohort), where 

the phospho-HER2 signature correlated with HER2 status and proved to be a good prognostic 

marker on the bases of predicting recurrence-free and overall survival. In addition, it 

successfully identified a poor subgroup of HER2-positive trastuzumab- or endocrine-treated 

patients, who had high phospho-HER2 signature scores. The phospho-HER2 gene signature 

was subsequently characterised in a pre-clinical setting using a panel of 7 breast cancer cell 

lines. The phospho-HER2 signature was successfully correlated with phospho-HER2 protein 

expression and response to lapatinib across the internal breast cancer cell lines. The 

association between sensitivity to lapatinib and phospho-HER2 signature was further 

assessed in the Sanger cohort of cancer cell lines, which also supported the inverse 

correlation between lapatinib IC50 values and phospho-HER2 signature score. Finally, SKBR3-

L and HCC1954-L cells along with their parental counterparts, as well as doxycycline 

untreated or treated HER2-WT, HER2-Y1248N, HER2-Y1221/22N and HER2-DM MCF7 cells 

were scored with the phospho-HER2 signature and found that the gene signature correlated 

with HER2 activation. It is important however to further validate the phospho-HER2 gene 

signature in a retrospective or prospective clinical trial.  

 

Overall, our data confirms previous findings in the literature and further highlights the role 

of the HER2 Y1221/22 phospho-sites in mediating downstream signalling and promoting 

proliferation and migration. As previously reported by Dankort and colleagues, the data 

presented in this thesis also showed that Y1221/22 was important for interaction with the 

adaptor molecule Grb2 (Dankort, Jeyabalan, et al., 2001). The same authors, as well as results 

presented in the current project further demonstrated the transforming ability of HER2 
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phosphorylation sites in facilitating anchorage-independent growth as exemplified by the 

soft agar colony formation assay. Nevertheless, to our knowledge, this study provides the 

first evidence that HER2 and RET are functionally dependent in ER+ HER2-overexpressing cell 

lines. RET has been previously studied in regard to endocrine resistance in ER-positive breast 

cancer. However, the current findings provide an insight into the functional importance of 

RET in HER2-positive luminal B breast cancer. Based on the results presented in this thesis, 

we propose a scenario in which ER, HER2 and RET pathways interact and this crosstalk can 

potentially result in resistance to targeted therapy. Indeed, it was demonstrated that the 

HER2 Y1248 residue is required for RET phosphorylation. Despite previous reports that RET 

requires a stimulation with a GDNF ligand (Boulay et al., 2008); (Morandi, Plaza-Menacho 

and Isacke, 2011), the current results revealed that HER2 phosphorylation is sufficient to 

initiate signalling downstream from RET. Moreover, it has been previously demonstrated that 

activation of RET resulted in oestrogen-independent phosphorylation of ER and subsequent 

increase in the transcriptional regulation of ER-dependent gene expression (Plaza-Menacho 

et al., 2010). We therefore propose the following mechanism of action (Fig.6.1): HER2 with 

the help of the RET co-receptor GFRα1 can activate and phosphorylate RET. RET together 

with HER2 can activate downstream signalling cascades, which can in turn phosphorylate ER 

and thus promote its non-genomic actions, leading to regulation of gene expression. Taken 

together, our study has revealed a potential mechanism of resistance to endocrine and HER2-

targeted therapy in HER2-positive luminal B breast cancer, which can aid new treatment 

strategies and clinical trial design.  
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Figure 6.1: Crosstalk between HER2, RET and ER pathways (figure created using BioRender).  
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6.2 Study Limitations 

 

One of the key limitations of this study is the reliance on isogenic HER2 expression models. 

As discussed earlier, treatment with doxycycline resulted in undesired effects on activation 

of downstream pathways, which could interfere with the phenotypic characterisation of 

HER2 phospho-sites. On the other hand, the stable overexpression of HER2 provided more 

robust results, however, prolonged expression of a gene of interest might result in 

constitutive activation of downstream pathways, as well as cellular adaptation to the 

conditions of interest. Although the doxycycline inducible system was the initial focus in this 

study, it is important to note that all major findings were subsequently validated in the 

pHAGE-HER2 stably overexpressing MCF7 cell lines. The experiments in which the 

doxycycline inducible system was used alone (mass spectrometry and the PamGene 

phosphotyrosine peptide microarray) served to obtain preliminary data and to guide our 

future experiments. To overcome the disadvantages of the isogenic model systems used in 

this project, one approach would be to utilise Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR) technology. In recent years, the advancements in CRISPR have 

significantly transformed genome engineering, having the ability to alter DNA sequences and 

introduce site-specific modifications, therefore manipulating gene function (Cong et al., 

2013). The CRISPR/Cas complex is a prokaryote-derived genome editing tool, which has many 

applications including sequence insertions, deletions, base pair substitutions. For example, 

gene knockouts can be used in a range of research areas, including drug discovery, pathway 

analysis, functional genomics, and disease modelling. On the other hand, CRISPR knock-in 

can be used in cell and gene therapies to correct genetic mutations associated with human 

disease or for the incorporation of a particular tag if detection of the target protein is 

problematic (Yang et al., 2021). The CRISPR/cas9 complex functions by generating double-

strand breaks in the genomic DNA, which can be edited by two distinct DNA repair 

mechanisms – non-homologous end joining (NHEJ), and homology directed repair (HDR) 

pathway (Sander & Joung, 2014). The HDR pathway depends on the presence of a donor 

template containing the desired edit and can therefore offer an opportunity for precise gene 

insertion/modification (Yeh et al., 2019). Nevertheless, the efficiency of HDR-mediated 

knock-in is much lower than the NHEJ rate, thus highlighting the need to screen many clones 

to identify a truly modified cell line.  

 

The second limitation of this study is the lack of clinical validation of the phospho-HER2 

signature as a predictive biomarker for response to lapatinib in a suitable patient cohort. As 
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discussed in Chapter 5, the phospho-HER2 signature identified a proportion of patients who 

were phospho-HER2 positive but had a poor outcome following treatment with trastuzumab 

(Fig.5.2.4). Therefore, the proposed clinical utility of the phospho-HER2 signature is that it 

could be used as an assay to identify patients who should be recommended for a treatment 

regimen that includes lapatinib, as opposed to treatment with trastuzumab alone. To test 

this hypothesis, access to a clinical trial sponsored by Clinical Trials Ireland (NCT01485926) 

might provide an insight into the predictive utility of the phospho-HER2 signature. This 

clinical trial is a phase II study initiated in 2010, in which 88 patients with primary HER2-

positive breast cancer were randomised to receive either neo-adjuvant TCH (docetaxel, 

carboplatin and trastuzumab), TCL (docetaxel, carboplatin and lapatinib) or TCHL (docetaxel, 

carboplatin, trastuzumab and lapatinib). Patients subsequently underwent surgery and 

received trastuzumab post-operatively for one year. The number of patients enrolled in each 

treatment arm is outlined in Table 6.2 (Toomey et al., 2017). The TCL arm enrolled only 10 

patients because this arm was prematurely closed due to the results from the ‘Adjuvant 

Lapatinib and/or Trastuzumab Treatment Optimisation (ALTTO)’ study (Baselga, Bradbury 

and Eidtmann, 2012), which indicated that TCL treatment was inferior to TCH or TCHL in 

terms of patient survival outcomes. The primary objective of the study was to assess whether 

the addition of lapatinib to, or the substitution of lapatinib for trastuzumab would improve 

pCR. The secondary objectives were to assess the clinical response rate and overall response 

rate in each treatment arm and to determine potential molecular and pharmacological 

markers of response to trastuzumab- and lapatinib-based chemotherapy. This sample cohort 

is therefore ideal for initial validation of the phospho-HER2 signature as a test to predict 

which patients are likely to benefit from a first line treatment regimen that would include 

lapatinib. 

 

 

Table 6.2: Outline of the number of patients with early HER2-positive breast cancer 

enrolled in either TCH, TCL or TCHL treatment arm of the phase II neo-adjuvant study 

(NCT01485926). 

Study arm Treatment 
Number of patients 

enrolled 

Arm 1 
Docetaxel, Carboplatin and 

Trastuzumab 
n = 38 

Arm 2 
Docetaxel, Carboplatin and 

Lapatinib 
n = 10 

Arm 3 
Docetaxel, Carboplatin, 

Trastuzumab and Lapatinib 
n = 40 
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6.3 Future Work 

 

Although a significant progress was made throughout this project, time was a limiting factor 

in terms of what can be achieved within the allocated time frame of 3 years. In addition, the 

generation of the isogenic cell lines required extensive optimisation, which placed further 

restrictions on our progress. As a result, further experiments are required to expand upon 

the current findings and to draw firm conclusions.  

 

The experimental approach in the current project was to introduce the intact ErbB2 gene and 

then mutate the phosphorylation sites of interest (Y1248 and/or Y1221/22). Since there are 

several other phosphorylation sites present in HER2, they might have been responsible for 

mediating some of the HER2 functions and might have been relied upon when Y1248 and/or 

Y1221/22 were absent, even though under normal circumstances they might not be involved 

in driving the transforming ability of HER2. To rule out this possibility and to confirm the 

findings within this study, an interesting future experiment would be to generate single 

Y1221/22 or Y1248 phospho-site add-back constructs in an ER-positive background, while all 

other HER2 phosphorylation sites are mutated. This approach has been employed by several 

other groups, which have previously investigated the roles of individual HER2 

phosphorylation sites (Dankort, Jeyabalan, et al., 2001);.(Marone et al., 2004) Nevertheless, 

the cell lines used in these studies were not physiologically relevant to our disease setting, 

or the authors were focused on investigating the role of HER2 phospho-sites in mediating 

transforming signals for one mechanism only, e.g., migration. Although certain conclusions 

can be drawn from these experiments, it is important to characterise the HER2 

phosphorylation sites in a physiological environment representative of the biology of luminal 

B breast cancer using the appropriate cell lines.  

 

Since the roles of Y1248 and Y1221/22 HER2 phospho-sites in driving migration and invasion 

were investigated, an interesting follow-up experiment would be to determine the 

expression levels of EMT markers, such as E-Cadherin, N-Cadherin, SNAIL, SLUG, and 

VIMENTIN. EMT is a biological process, which enables the transformation of epithelial cells 

to assume a mesenchymal cell phenotype through the breakdown of cell-cell junctions (Singh 

and Settleman, 2010). This process is associated with increased cell motility, invasiveness, 

and the upregulation of transcription factors such as SNAIL, SLUG, and N-Cadherin 

(Klymkowsky and Savagner, 2009). While the expression of these transcriptional regulators 

is enhanced during cancer progression, they can modulate the expression of E-Cadherin, 
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leading to its downregulation, and can therefore promote cells to acquire mesenchymal 

morphology (Ramirez Moreno, Stempor and Bulgakova, 2021).  

 

Results in Chapter 4 revealed that RET had a role in activating the MAPK signalling pathway. 

It would be interesting to determine if RET has any involvement in driving proliferation, 

migration, or invasion. To test this, siRNA mediated RET knockdown can be performed, 

following which the above-mentioned phenotypical assays can be carried out to compare the 

proliferative, migratory, or invasive ability of cells in the presence or absence of RET. An 

important parallel experiment would be to investigate the expression levels of other EGFR 

family members since they can also interact with HER2 and can contribute to the activation 

of compensatory pathways.  

 

As previously discussed, RET can also activate the PI3K/AKT signalling pathway. Several 

studies have reported that activation of RET is associated with increased levels of 

phosphorylated AKT, mTOR and p70S6K (Boulay et al., 2008); (Morandi et al., 2013); (Plaza-

Menacho et al., 2010). In addition, activated AKT can phosphorylate ER in the AF1 domain 

and can lead to increased transcription of ER-dependent genes (Rani et al., 2019). Since RET 

knockdown had only a partial effect on MAPK signalling, as well as resulted in increased 

sensitivity of HER2-WT overexpressing MCF7 cells to lapatinib treatment, it would be 

interesting to further investigate the role of RET in terms of PI3K/AKT pathway activation in 

our model system. Findings from this experiment might indicate a benefit for future anti-

HER2 and anti-RET combined targeted approach.   

 

Since RET has been previously associated with resistance to endocrine therapy in ER-positive 

breast cancer, an important future experiment would be to assess response to anti-

oestrogen agents in our model systems. An attempt was made to optimise the conditions for 

using such agents, however due to time restraints within the project, these experiments 

could not be performed. In addition, it would be interesting to test combination therapies 

including endocrine and anti-HER2 therapy with or without a RET inhibitor, which could offer 

new strategies for improved patient outcome with reduced risk of disease relapse.  

 

Results presented in Chapter 4 demonstrated that although levels of phosphorylated RET 

were reduced in HER2-Y1248F and HER2-DM MCF7 cells, HER2-RET protein-protein 

interaction was disrupted only in HER2-DM cells. It would be essential to perform an 

immunofluorescence experiment to investigate if the HER2 receptor successfully localises at 
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the plasma membrane in HER2-DM overexpressing MCF7 cells. In addition, further 

experiments are required to determine the exact mechanism through which HER2 and RET 

interact. Several methods are available to study if the HER2-RET interaction is direct or if it is 

mediated through indirect binding to another molecule/complex. This can be achieved 

utilising a proximity ligation assay or a recombinant protein purification followed by a GST- 

or His-pull-down experiments. For example, the latter experiment can be performed either 

by incubating recombinant His-tagged HER2 and GST-tagged RET proteins or by incubating 

one recombinant protein (e.g., GST-tagged RET) with cell lysates containing HER2. 

 

In order to score the cell lines in Chapter 5 with the phospho-HER2 gene signature, RNA-

sequencing analysis was initially performed. The gene expression data can be used in future 

experiments to perform pathway analysis, which would in turn provide an insight into the 

signalling pathways differentially regulated within the isogenic model systems containing 

HER2-WT and HER2 phospho-site mutants, as well as the cell line models of acquired 

lapatinib resistance. Pathway analysis can contribute towards better understanding of the 

resistance mechanisms to lapatinib and can also be utilised to discover new biomarkers or 

drug targets. Any upregulated or downregulated pathways, as well as enriched genes within 

these pathways would also require additional experimental validation. 
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6.4 Conclusion 

 

The data presented in this thesis has described the role of HER2 phosphorylation sites (Y1248 

and Y1221/22) in mediating transforming signals in ER+HER2+ breast cancer. Moreover, this 

project has also identified the receptor tyrosine kinase RET as a new HER2 binding partner, 

which is dependent on the presence of active and functional HER2. Since RET upregulation 

has been previously reported to lead to endocrine resistance in luminal A breast cancer, we 

have proposed that RET activation in HER2-positive luminal B breast cancer can also be 

associated with endocrine resistance in this breast cancer molecular subtype. Nevertheless, 

future work is required in order to validate RET as a viable target in luminal B HER2-

overexpressing breast cancer. Finally, this study has validated a phospho-HER2 gene 

signature measuring HER2 phosphorylation at Y1248 as a good prognostic biomarker in two 

breast clinical patient cohorts. Pre-clinical experiments in a panel of breast cancer cell lines 

demonstrated a positive correlation between phospho-HER2 signature scores and phospho-

HER2 expression levels and established an inverse relationship between the gene signature 

and response to lapatinib. In addition, the phospho-HER2 signature successfully identified a 

proportion of HER2-positive patients who do not respond to trastuzumab and would 

therefore benefit from alternative anti-HER2 therapy. Furthermore, it also identified a poor 

prognosis group within HER2-positive patients treated with endocrine therapy, highlighting 

the need for additional HER2-targeted therapy. Therefore, these findings suggest the 

potential utility of this phospho-HER2 signature in routine clinical practice, which could aid 

patient stratification and improve clinical outcome. 
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7.1 Appendix 1: Cell Culture Reagents 

 

DMEM 

 

Dulbecco’s Modified Eagle Medium (DMEM) is a variation of Basal Medium Eagle (BME), 

which is four times more concentrated in vitamins and amino acids and can contain a range 

of glucose concentrations. It was supplied in a 500 ml bottle with phenol red as a pH indicator 

and was stored at 4oC. It was supplemented with either 25 ml FBS (5% FBS) or with 50 ml FBS 

(10% FBS). For culturing 293FT cells, DMEM was supplemented with 50 ml FBS, 5 ml L-

glutamine, 5 ml NEAA, and 5 ml sodium pyruvate.  

 

2x DMEM 

 

To prepare 2x DMEM media, one sachet of powdered DMEM (Gibco #10134902) was 

dissolved into 500 ml of ddH2O and supplemented with 3.7 g sodium bicarbonate (Sigma-

Aldrich #S6014). The pH was adjusted to 7.4 using either concentrated hydrochloride or 

sodium hydroxide. Finally, the medium was filter sterilised using a 0.2 μm filter.  

 

DMEM/F12 

 

DMEM/F12 is a combination of DMEM medium and Ham’s F12 Nutrient Mixture (1:1 ratio). 

It was supplied in a 500 ml bottle with phenol red as a pH indicator and was stored at 4oC. It 

was supplemented with 50 ml FBS (10% FBS). 

 

RPMI 

 

Roswell Park Memorial Institute-1640 (RPMI) medium is based on the RPMI-1630 series of 

media. It contains high concentrations of vitamins, such as biotin and vitamin B12, which are 

not found in DMEM medium. It was supplied in a 500 ml bottle with phenol red as a pH 

indicator and was stored at 4oC. It was supplemented with 50 ml FBS (10% FBS). 

 

 c oy’s 5A 

 

McCoy’s 5A medium is a modification of Basal Medium 5A. It contains high levels of glucose, 

as well as the reducing agent glutathione. It also includes Hanks’s salts allowing use outside 
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a CO2 incubator. It was supplied in a 500 ml bottle with phenol red as a pH indicator and was 

stored at 4oC. It was supplemented with 50 ml FBS (10% FBS). 

 

Opti-MEM 

 

Opti-MEM is a reduced serum media based on Eagle’s Minimum Essential Medium. It was 

used for siRNA-mediated knockdown experiments. It was supplied in a 500 ml bottle and was 

stored at 4oC protected from light. 

 

Foetal bovine serum (FBS) 

 

FBS was supplied in a 500 ml bottle. It was aliquoted into 50 ml Falcon tubes and was stored 

at -20oC until further use. 

 

Tetracycline-free FBS 

 

Tetracycline-free FBS has been laboratory tested not to contain any traces of tetracycline, 

where any residual amounts of the antibiotic can cause undesired expression of target genes 

in a doxycycline-inducible control system. The Tet-free FBS was supplied in a 500 ml bottle. 

It was aliquoted into 50 ml Falcon tubes and was stored at -20oC until further use. 

 

Phosphate buffered saline (PBS) 

 

Five tablets of PBS were dissolved in 500 ml of distilled water and the solution was autoclaved 

before use. It was stored at room temperature. 

 

Trypsin-EDTA (0.5%) (Gibco #15400054) 

 

Trypsin was supplied in a 100 ml bottle as a 10x solution. It was diluted 1:10 in sterile PBS to 

obtain a 1x working solution, which was stored at 4oC. 

 

L-glutamine  

 

L-glutamine was supplied as a 200 mM solution in a 100 ml bottle. 5-ml aliquots were 

prepared and stored at -20oC.  
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Sodium pyruvate 

 

Sodium pyruvate was supplied as a 100 mM solution in a 100 ml bottle. It was stored at 4oC. 

 

Non-essential amino acids (NEAA) 

 

NEAA was supplied as a 100x solution in a 100 ml bottle. It was stored at 4oC. 

 

Mammalian cell freezing media 

 

9 ml of FBS was mixed with 1 ml of DMSO. It was made fresh each time before use. 

 

Lipofectamine RNAiMax  

 

Lipofectamine RNAiMax is a cationic lipid-based reagent, which is ideal for the delivery of 

siRNAs into the cell. It was supplied as a 1.5 ml vial and is stored at 4oC. 

 

Lipofectamine 2000 

 

Lipofectamine 2000 is cationic lipid-based reagent used for plasmid DNA transfections. It was 

supplied as a 1.5 ml vial and is stored at 4oC. 

 

MTT (Methylthiazolyldiphenyl-tetrazolium bromide) 

 

MTT is often used in cell proliferation assays to determine cell growth and viability. It is a 

yellow solution converted to dark blue formazan crystals by mitochondrial dehydrogenases 

in viable cells. MTT was supplied in a glass bottle as powder (1 g) and was dissolved in 200 ml 

deionised water to a final concentration of 5 mg/ml. The solution was protected from light 

and stored at 4oC. 

 

Nitrotetrazolium blue chloride 

 

Nitrotetrazolium blue chloride was supplied as 1 g powder in a glass bottle. It was dissolved 

in 100 ml of ddH2O to get a final concentration of 10 mg/ml and was subsequently filter 
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sterilised. The stock solution was diluted 1:10 to get a working solution of 1 mg/ml. The 

solution was protected from light and stored at 4oC. 

 

Crystal violet 

 

Crystal violet solution was prepared by dissolving 4 g of crystal violet powder (Sigma-Aldrich) 

in 70% methanol (VWR). 

 

Matrigel 

 

A 100% Matrigel was diluted 1:20 in serum-free growth media to get a 5% Matrigel working 

solution. 

 

Low gelling temperature agarose 

 

To prepare 1% agarose (w/v), 100 mg of agarose was dissolved in 10 ml of ddH2O. To prepare 

0.7% agarose (w/v), 70 mg of agarose was dissolved in 10 ml of ddH2O. The solutions were 

autoclaved and aliquoted immediately after. Aliquots were stored at 4oC until further use. 

Before use, individual aliquots were incubated at 70oC for 5 minutes to allow melting of the 

agarose. 

 

Geneticin 

 

Geneticin was supplied as a 50 mg/ml solution in 20 ml glass bottle and was diluted 1:100 in 

media to get a final concentration of 500 μg/ml. It was stored at 4oC.  

 

Doxycycline  

 

Doxycycline (Sigma-Aldrich #D9891) was supplied as powder. To make a 1 mg/ml working 

solution, 2 mg of doxycycline was dissolved in 2 ml of ddH2O, following which the solution 

was filter sterilised. To get a final concentration of 1 μg/ml, the working solution (1 mg/ml) 

was diluted 1:1000 in media. 
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Lapatinib 

 

25 mg of lapatinib was supplied and diluted in 4.3 ml of DMSO to make a 10 mM stock 

solution. This was aliquoted and stored at -20oC. 

 

LOXO-292 (Active Biochem #A-1433) 

 

LOXO-292 was supplied as 5 mg powder and was dissolved in 0.95 ml of DMSO to make a 10 

mM stock solution. This was aliquoted and stored at -20oC. 

 

 

Table 7.1: siRNA oligonucleotides sequences. 

Name Sequence 

siRET #3 CAGGGTCGGATTCCAGTTAAA 

siRET #5 CACCGGCCTCCTCTACCTTAA 
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7.2 Appendix 2: General Solutions 

 

Bromophenol blue (1%) 

 

To prepare 1% bromophenol blue (w/v) (Melford #B40160), 100 mg powder was dissolved in 

10 ml of ddH2O. 

 

EDTA (0.5 M) pH 8 

 

To make 0.5 M EDTA, 93.06 g of EDTA (Melford #E0511) was dissolved in 500 ml ddH2O. The 

pH was adjusted to pH 8 by using either concentrated hydrochloride or sodium hydroxide.  

 

Ethanol (70%/75%) 

 

To prepare 70% or 75% ethanol, 35 ml or 37.5 ml of ethanol (Honeywell #E7023) were added 

to 15 ml or 12.5 ml of ddH2O, respectively. 

 

Formaldehyde (1%) 

 

To prepare 1% formaldehyde (v/v), 500 μl of formaldehyde (Sigma-Aldrich #252549) was 

mixed with 49.5 ml ddH2O. 

 

Glycerol (50%) 

 

To prepare 50% glycerol (v/v), 50 ml of glycerol (Alfa Aesar #J62399) was combined with 50 

ml of ddH2O.  

 

Glycine (1.25 M) 

 

To prepare 1.25 M glycine (w/v), 4.7 g of glycine (Sigma-Aldrich #G8898) was dissolved in 50 

ml PBS. 
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SDS (10%) 

 

To prepare 10% SDS (w/v), 10 g of SDS (PanReac AppliChem #A7249) was dissolved in 100 ml 

ddH2O. 

 

Tris-HCl (0.5 M) pH 6.8 

 

To prepare 0.5 M Tris-HCl, 7.88 g of Tris-HCl (Melford #T60050) was dissolved in 100 ml 

ddH2O and the pH was adjusted to 6.8 using either concentrated hydrochloride or sodium 

hydroxide.  
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7.3 Appendix 3: Western Blot Recipes and Reagents  

 

RIPA lysis buffer 

 

150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris (pH 8) 

 

To 70 ml ddH2O, add: 

 

NaCl (Thermo Fisher Scientific 

#207790010) 

Triton X-100 (Sigma-Aldrich 

#T9284) 

Sodium deoxycholate (Sigma-

Aldrich #D6750) 

10% SDS 

Tris base 

0.88 g 

 

1 ml 

 

0.5 g 

 

1 ml 

0.6 g 

The pH was adjusted to pH 8 and the solution was topped up to 100 ml with ddH2O. The 

buffer was stored at 4oC. Before use, 10 ml of RIPA buffer was supplemented with protease 

and phosphatase inhibitors. RIPA buffer containing inhibitors was used for up to 4 weeks. 

 

Western blot protein ladder 

 

To determine protein size during SDS-PAGE electrophoresis, 5 μl of PageRuler Plus Prestained 

Protein Ladder was loaded into the first well of each gel. The ladder contains a mixture of 9 

stained proteins with known molecular weight – blue, orange, and green in the range of 10 

– 250 kDa depending on the buffer system used (Fig.7.1). 
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Figure 7.1: Migration patterns of PageRuler Plus Prestained Protein Ladder. 

 

2x SDS-PAGE Laemmli sample buffer 

 

62.5 mM Tris-HCl, 25% glycerol, 0.01% bromophenol blue, 2% SDS, 5% β-mercaptoethanol 

 

0.5 M Tris-HCl, pH 6.8  

50% glycerol  

3.75 ml 

15 ml 

1% bromophenol blue  

10% SDS 

0.3 ml 

6 ml 

 

Top up with ddH2O to a final volume of 30 ml. Before use, 50 μl β-mercaptoethanol (Sigma-

Aldrich #M 14 ) was added to  50 μl sample buffer. 

 

10x Running buffer 

 

250 mM Tris, 1.92 M glycine, 1% SDS (pH 8.3) 

 

To 1 litre ddH2O, add: 

  

Tris base (Sigma-Aldrich #T1503) 

Glycine  

30.3 g 

144.1 g 

SDS 10 g 

 



  Chapter 7 - Appendices 

296 
 

To make 1x running buffer, 100 ml of 10x running buffer was mixed with 900 ml ddH2O. The 

buffer was stored at room temperature. 

 

5x Transfer buffer 

 

Transfer buffer was supplied as a 5x solution. To prepare 1x transfer buffer, 200 ml of 5x 

buffer was mixed with 200 ml ethanol and 600 ml ddH2O. The buffer was stored at room 

temperature. 

 

Stripping buffer 

 

62.5 mM Tris-HCl (pH 6.8), 2% SDS, 0.7% β-mercaptoethanol 

 

0.5 M Tris-HCl 

10% SDS 

β-mercaptoethanol 

12.5 ml 

20 ml 

700 μl

 

Top up with ddH2O to a final volume of 100 ml. Before use, the buffer was heated up for 1 

minute in the microwave. Western blot membranes were incubated in stripping buffer for 

10 minutes on a rocking platform. Next, membranes were washed 3x in TBS-T for 5 minutes 

each. Finally, membranes were blocked with 5% blocking solution (5% milk in TBS-T) for 1h 

at room temperature before re-probing with the desired primary antibodies.  

 

TBS-Tween (TBS-T) 

 

20 mM Tris base, 150 mM NaCl, 0.1% Tween-20 (v/v) 

 

To 900 ml of ddH2O, add: 

 

Tris base  

NaCl  

Tween-20 (Sigma-Aldrich #P1379) 

2.4 g 

8.8 g 

1 ml 

 

The resulting solution was adjusted to pH 7.6 using either concentrated hydrochloride or 

sodium hydroxide and the volume was adjusted to 1 litre with ddH2O. 
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Blocking solution (5%) 

 

Western blot membranes were blocked in either 5% non-fat dried milk (Marvel) or 5% bovine 

serum albumin (BSA). To prepare 5% milk solution, 2.5 g powdered milk was dissolved in 50 

ml TBS-T. To prepare 5% BSA solution, 2.5 g of BSA (Sigma-Aldrich #A9647) was dissolved in 

50 ml TBS-T. 
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Table 7.2: Details of primary antibodies used for western blot analysis. 

Antibody name Manufacturer Species Dilution 
Molecular 

weight 

pHER2 (Y1248) 
#2247,  

Cell Signalling 
Rabbit 

1:1000 in 5% 
BSA 

185 kDa 

pHER2 
(Y1221/22) 

#2243,  
Cell Signalling 

Rabbit 
1:1000 in 5% 

BSA 
185 kDa 

HER2 
#2248,  

Cell Signalling 
Mouse 

1:1000 in 5% 
milk 

185 kDa 

pHER3 (Y1289) 
#4791,  

Cell Signalling 
Rabbit 

1:1000 in 5% 
BSA 

185 kDa 

HER3 
#12708,  

Cell Signalling 
Rabbit 

1:1000 in 5% 
milk 

185 kDa 

pEGFR (Y1068) 
#3777,  

Cell Signalling 
Rabbit 

1:1000 in 5% 
BSA 

175 kDa 

EGFR 
#4267,  

Cell Signalling 
Rabbit 

1:1000 in 5% 
milk 

175 kDa 

pRET (Y905) 
#3221,  

Cell Signalling 
Rabbit 

1:1000 in 5% 
BSA 

175 kDa 

RET 
#14698,  

Cell Signalling 
Rabbit 

1:1000 in 5% 
milk 

150 and 175 
kDa 

pMEK 
(S217/221) 

#9121,  
Cell Signalling 

Rabbit 
1:1000 in 5% 

BSA 
45 kDa 

MEK 
#4694,  

Cell Signalling 
Mouse 

1:1000 in 5% 
milk 

45 kDa 

pERK (T202/ 
Y204) 

#9101,  
Cell Signalling 

Rabbit 
1:1000 in 5% 

BSA 
42 and 44 kDa 

ERK 
#4696,  

Cell Signalling 
Mouse 

1:2000 in 5% 
milk 

42 and 44 kDa 

pJNK 
(T183/Y185) 

#4668,  
Cell Signalling 

Rabbit 
1:1000 in 5% 

BSA 
46 and 54 kDa 

JNK 
#9252,  

Cell Signalling 
Rabbit 

1:1000 in 5% 
milk 

46 and 54 kDa 

Oestrogen 
receptor alpha 

(HC-20) 

#sc-543,  
Santa Cruz 

Rabbit 
1:500 in 5% 

milk 
65 kDa 

Grb2 
#36344,  

Cell Signalling 
Rabbit 

1:1000 in 5% 
milk 

25 kDa 

Cyclophilin B 
#TAB1002, Thermo 

Fisher Scientific 
Rabbit 

1:2000 in 5% 
milk 

24 kDa 

β-actin 
#A5316,  

Sigma-Aldrich 
Mouse 

1:2000 in 5% 
milk 

42 kDa 

α-tubulin 
#T5168,  

Sigma-Aldrich 
Mouse 

1:2000 in 5% 
milk 

50 kDa 

Vinculin 
#sc-73614,  
Santa Cruz 

Mouse 
1:5000 in 5% 

milk 
124 kDa 
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Table 7.3: Details of secondary antibodies used for western blot or immunofluorescence 

analysis. 

Antibody name Manufacturer Species Dilution 

Anti-rabbit IgG 

HRP-linked 

#7074,  

Cell Signalling 
Goat 1:2000 in 5% milk 

Anti-mouse IgG 

HRP-linked 

#7076,  

Cell Signalling 
Horse 1:2000 in 5% milk 

Alexa Fluor Plus 

488 anti-mouse IgG  

#A32723, 

Invitrogen 
Goat 

1:1000 in 3% BSA in 

PBS 
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7.4 Appendix 4: Immunofluorescence Recipes and Reagents  

 

Paraformaldehyde (PFA) (4%) 

 

To prepare 4% paraformaldehyde (w/v), 2 g of PFA (Sigma-Aldrich #P6148) was dissolved in 

50 ml PBS. The solution was incubated overnight at 37oC to allow PFA to dissolve. It was 

stored -20oC until further use. 

 

Triton X-100 (0.4%) 

 

To prepare 0.4% Triton X-100 (v/v), 40 μl of Triton X-100 was mixed with 10 ml PBS.  

 

BSA blocking buffer (3%) 

 

To prepare 3% BSA, 1.5 g BSA was dissolved in 50 ml PBS. The solution was stored at 4oC. 

 

Wash buffer 

 

To prepare wash buffer, 1 ml of Tween-20 was added to 499 ml of PBS. 
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7.5 Appendix 5: Bacterial Culture Reagents 

 

LB Broth 

 

To prepare LB broth medium, 5 g LB broth powder (Sigma-Aldrich #L3152) was dissolved in 

200 ml ddH2O, which was autoclaved before use. 

 

LB Agar 

 

To prepare the LB Agar, 5 g LB broth and 2 g agar (Melford #GM1002) were dissolved in 200 

ml ddH2O. The solution was autoclaved, left to cool before adding the appropriate antibiotic 

and poured into Petri dishes. The Petri dishes were left at room temperature to allow the 

agar to solidify and were then stored (up to a month) at 4oC until further use.  

 

Glycerol freezing solution (50%) 

 

To prepare 50% glycerol (v/v), 25 ml of glycerol was combined with 25 ml of ddH2O. The 

solution was autoclaved before use. It was mixed in 1:1 ratio with bacterial cultures under 

aseptic conditions.  They were stored at -80oC for long-term storage.  

 

50x TAE buffer 

 

2 M Tris, 50 mM EDTA, 5.7% glacial acetic acid 

 

Tris base 

0.5 M EDTA (pH 8) 

Glacial acetic acid (Fisher #A0360/ 

PB17)  

242 g 

100 ml 

57.1 ml

 

Top up with ddH2O to a final volume of 1 litre. Before use, the 50x TAE buffer was diluted 

1:50 in ddH2O to get 1x TAE working solution. The TAE buffer was stored at room 

temperature. 
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Agarose gel (0.8%) 

 

To make a 0.8% agarose gel, 0.4 g agarose (Melford #A20090) was added to 50 ml 1x TAE 

buffer and microwaved at full power until the agarose was dissolved. The solution was left 

to cool before the addition of 5 μl of SYBR Safe (1:10000) and was finally poured into a gel 

cassette to set. 

 

Ampicillin 

 

A stock solution of ampicillin (100 mg/ml) was prepared by mixing 1 g of ampicillin with 10 

ml ddH2O. The solution was filter sterilised, aliquoted into 1 ml Eppendorf tubes and stored 

at -20oC. Before use, the stock solution was diluted 1:1000 in LB broth to get a final 

concentration of 100 μg/ml. 

 

Kanamycin 

 

A stock solution of kanamycin (50 mg/ml) was prepared by mixing 500 mg of kanamycin with 

10 ml ddH2O. The solution was filter sterilised, aliquoted into 1 ml Eppendorf tubes and 

stored at -20oC. Before use, the stock solution was diluted 1:1000 in LB broth to get a final 

concentration of 50 μg/ml. 

 

 

Table 7.4: Site-directed mutagenesis primers. 

Name   qu nc  ( ’ →  ’) 

HER2 Y1248N Forward CAGAGAACCCAGAGAACCTGGGTCTGGAC 

HER2 Y1248N Reverse GTCCAGACCCAGGTTCTCTGGGTTCTCTG 

HER2 Y1221/22N Forward GCCTTCGACAACCTCAACAACTGGGACCAGGACCC 

HER2 Y1221/22N Reverse GGGTCCTGGTCCCAGTTGTTGAGGTTGTCGAAGGC 

HER2 Y1248F Forward GAGAACCCAGAGTTCCTGGGTCTGGAC 

HER2 Y1248F Reverse GTCCAGACCCAGGAACTCTGGGTTCTC 

HER2 Y1221/22F Forward GCCTTCGACAACCTCTTCTTCTGGGACCAGGACCC 

HER2 Y1221/22F Reverse GGGTCCTGGTCCCAGAAGAAGAGGTTGTCGAAGGC 
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Table 7.5: Sequencing primers. 

Name Sequence ( ’ →  ’) 

HER2 Y1248 Forward CACCCTCCTCCTGCCTTC 

HER2 Y1221/22 Forward GGAAGAATGGGGTCGTCAAAG 

 

 

Table 7.6: Restriction enzymes. 

Enzyme Buffer Supplier 

ApaI CutSmart NEB #R0114 

AflII CutSmart NEB #R0520 

AgeI-HF CutSmart NEB #R3552 

EcoRV NEBuffer 3.1 NEB #R0195 

NcoI NEBuffer 3.1 NEB #0193 

NdeI CutSmart NEB #0111 

NotI-HF CutSmart NEB #R3189 

SpeI-HF CutSmart NEB #R3133 

SspI NEBuffer 2.1 NEB #0132 

XbaI CutSmart NEB #R0145 

XhoI CutSmart NEB #R0146 
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7.6 Appendix 6: Plasmids 

 

pBABEpuro-ErbB2 

 

This plasmid was purchased from Addgene (#40978) as a bacterial stab. It was used in a BP 

clonase II recombination reaction to facilitate the in vitro transfer of ErbB2 into the donor 

vector pDONR221 to generate the entry clone pDONR221-ErbB2 (Fig.7.5). Transformation 

and selection of bacterial colonies was enabled through selection with ampicillin, a resistance 

gene for which was present in the plasmid.  

 

 

Figure 7.2: Vector map of pBABEpuro-ErbB2. 

 

pDONR221 

 

This plasmid was purchased from Thermo Fisher Scientific (#12536017) in a lyophilised form. 

It was used in a BP clonase II reaction to generate the entry clone pDONR221-ErbB2, which 

was subsequently used in a LR clonase II recombination reaction to facilitate the transfer of 

ErbB2 into the destination vector pCLX-pTF-R1-DEST-R2-EBR65 (Fig.7.5). Transformation and 
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selection of bacterial colonies was enabled through selection with kanamycin, a resistance 

gene for which was present in the plasmid. 

 

 

Figure 7.3: Vector map of pDONR221. 

 

pCLX-pTF-R1-DEST-R2-EBR65 

 

This lentiviral vector was purchased from Addgene (#45952) as a bacterial stab. It was used 

to transfect 293FT cells. Transformation and selection of bacterial colonies was enabled 

through selection with ampicillin, a resistance gene for which was present in the plasmid. 

Additionally, this vector contains the Bsd cassette, which provides blasticidin resistance as a 

selection marker for transduced mammalian cells. Expression of genes cloned into this vector 

was under the control of a doxycycline inducible promoter. 
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Figure 7.4: Vector map of pCLX-pTF-R1-DEST-R2-EBR65. 

 

 

Figure 7.5: Schematic representation of the Gateway cloning system.  

 

pHAGE-puro 

 

This lentiviral vector was purchased from Addgene (#118692) as a bacterial stab and was 

used as an empty vector control. It was used to transfect 293FT cells. Transformation and 
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selection of bacterial colonies was enabled through selection with ampicillin, a resistance 

gene for which was present in the plasmid. Additionally, this vector contains a puromycin 

resistance cassette, which serves as a selection marker for transduced mammalian cells. 

 

 

Figure 7.6: Vector map of pHAGE-puro. 

 

pHAGE-ErbB2 

 

This lentiviral vector was purchased from Addgene (#116734) as a bacterial stab. It was used 

to transfect 293FT cells. Transformation and selection of bacterial colonies was enabled 

through selection with ampicillin, a resistance gene for which was present in the plasmid. 

Additionally, this vector contains a puromycin resistance cassette, which serves as a selection 

marker for transduced mammalian cells. 

 



  Chapter 7 - Appendices 

308 
 

 

Figure 7.7: Vector map of pHAGE-ErbB2. 
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7.7 Appendix 7: Phospho-HER2 Gene Signature  

 

Table 7.7: Gene IDs, weight and bias for the final 63-gene phospho-HER2 signature. 

Gene ID Weight Bias Gene ID Weight Bias 

ABCA12 -0.00214 9.47943 LASP1 -0.01067 16.72583 

ABCC11 -0.00394 9.57221 LRRC59 -0.00422 15.87711 

ABCC12 0.01898 4.35449 MED1 0.01237 14.55116 

ACBD7 -0.01305 10.23340 MED24 0.01197 14.76801 

ACSL3 -0.00230 15.35714 MGAT4A 0.00305 14.36682 

ATP13A4 0.00443 7.71306 MIEN1 0.08548 14.06422 

ATP13A5 -0.00395 5.39500 MSL1 0.00017 15.04190 

BTBD2 -0.01816 14.93189 MZT2B -0.05409 14.51383 

CASC3 0.00233 15.33318 NRTN -0.00120 7.82612 

CATSPERB -0.00688 7.90569 NUFIP2 0.01165 15.29760 

CD320 -0.02367 13.27176 NXPH1 -0.00232 4.75919 

CDK12 0.01883 14.46966 ORMDL3 0.03717 14.86338 

CDK18 0.01843 12.76190 PGAP3 0.06234 13.86913 

CEACAM6 0.00537 11.70871 PKN1 -0.01316 15.50116 

CERS6 0.00782 14.70738 PNMT 0.00418 7.37210 

CLCA2 0.01208 7.36930 PRSS50 -0.00014 6.70293 

CLCN3 0.01436 14.09638 PSMD3 0.04090 15.60789 

CLTC 0.00662 17.49551 RPL19 -0.00806 18.18374 

CREB3L4 -0.01596 14.53058 SCARB2 0.00932 16.49819 

CYB561 -0.02268 15.64761 SEC16A -0.00030 16.06509 

CYP4Z2P -0.01176 8.24756 SLC2A10 0.01638 13.95337 

DOPEY2 0.00097 14.10024 SMIM14 -0.00405 13.80537 

ERBB2 0.10167 16.79114 SRCIN1 -0.02635 11.61417 

FGFR2 -0.01284 13.58331 STARD3 0.05128 13.90207 

G3BP2 0.01574 15.54994 TAOK1 0.01157 12.19185 

GALNT7 0.00923 14.56403 TGFBR1 0.00342 14.22962 

GRB7 0.07260 13.67167 TP53INP2 0.02301 13.78677 

ITGB6 0.00834 13.13750 TSC22D4 -0.01058 14.17477 

IYD -0.00974 6.22345 WIPF2 -0.00434 14.26947 

KDM5B 0.02621 15.64607 ZNF358 0.00149 14.35370 

KIAA0100 0.01832 16.10468 ZNF652 -0.00640 14.67342 

KMO 0.02339 10.22390  
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