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Abstract 

Breast cancer brain metastasis (BrM) is indicative of poor prognosis, with a short 

median survival time and limited disease management strategies. Current treatment 

options are restricted to surgical resection, radiation therapy and limited targeted 

therapies. Therefore, there is an urgent need to uncover alterations responsible for 

BrM and to define novel effective therapeutic targets. 

RNA-sequencing (RNA-Seq) was performed to analyse gene expression differences 

between patient-matched breast tumours and their associated resected BrM. 

Importantly, common transcriptional differences in breast cancer specific genes were 

observed, particularly BrM–acquired aberrant enrichment in multiple receptor tyrosine 

kinase (RTK) driven signalling pathways. The most notable recurrent alterations were 

expression gains in RET and HER2. Hence, given the observed enriched kinase 

landscape these alterations were investigated as clinically actionable therapeutic 

targets in BrM. 

To evaluate the effect of RET and HER2 inhibition in a preclinical setting, the efficacy 

of two FDA-approved agents were examined; a RET inhibitor, cabozantinib, and a 

pan-HER inhibitor, afatinib. Being small molecule tyrosine kinase inhibitors (TKIs), 

both drugs have the potential of crossing the blood brain barrier (BBB). In vitro, both 

agents demonstrated a significant effect on the cellular viability and migratory 

capacity of brain-metastasising cell lines and primary cells derived from a patient 

brain metastasis tumour. Significant anti-tumour activity was also shown for anti-

HER2 and anti-RET therapies in unique patient derived ex vivo and patient-derived 

xenograft (PDX) models developed from patients undergoing BrM resection. 

This study demonstrates profound and recurrent transcriptional remodelling events in 

BrM, which is critical to understanding the pathobiology of BrM. Furthermore, this 

work supports comprehensive profiling of metastasis as a compelling and 

underutilised tool to inform clinical care and reveal novel t arg et ed tre atme nt 

paradig ms . Given the remarkably high recurrence rates of specific targetable 



 

xvi 
 

alterations, further clinical investigations of recurrent aberrations are in demand, 

especially considering some are readily druggable. 
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1. General Introduction 
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1.1. Breast cancer 

Worldwide, breast cancer (BC) is the second most prevalent cancer, and the first 

amongst women. After lung cancer, it is the principle cause of mortality for women in 

the developed world (Ferlay et al., 2015). A recent report that was released by the 

National Cancer Registry of Ireland (NCRI) showed that from 2014-2017 

approximately 2,919 women were diagnosed with breast cancer annually in Ireland, 

equivalent to 30% of all cancers. While there has been a continuous decline in 

mortality during the last 20 years, breast cancer was still the second leading cause of 

cancer death in Ireland during this period, accounting for 17% of all female cancer 

deaths (NCRI, 2016).   

There are multiple factors that will increase a woman's susceptibility to 

developing BC, with increasing age and estrogen exposure being the central 

determinants (Boyd et al., 2010). A number of lifestyle factors can also contribute to 

elevated disease risk including smoking, obesity, poor physical activity diet and high 

alcohol consumption (McTiernan et al., 2003; Ligibel, 2011). Familial history is 

another risk factor, with the likelihood of a woman developing BC being higher if she 

has a close relative who was previously diagnosed with the disease. Furthermore, it 

has been estimated that women who harbour Breast Cancer 1 (BRCA1) gene 

mutations may have up to 80% chance of developing the disease, while carriers of 

Breast Cancer 2 (BRCA2) mutations have a 45% risk (Antoniou and Easton, 2006). 

 

1.2. Categorising breast cancer 

Although BC is generally referred to as a single disease, a massive degree of 

heterogeneity is observed both within and between tumours from a clinical, 

histological, and molecular perspective. Instead, it represents a broad “umbrella term” 

for a larger number of diseases. Therefore, in order to provide a better prognosis and 

understand the differential treatment responses of BC patients, several classification 

schemes have been devised to sub-divide breast tumours into more discrete entities. 

With recent advances in cancer research, these organisation schemes have evolved 
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over the years and are continuously updated as our molecular knowledge of this 

disease improves. 

 

1.2.1. Traditional classification systems of breast cancer 

From a broad morphological perspective, BC can be categorised into two 

predominant histological subtypes:  in situ carcinoma and invasive carcinoma. As the 

disease typically descends from sites of either ductal or lobular origin, each division 

group is further sub-classified accordingly (Malhotra et al., 2010). The most common 

tumour group is invasive ductal carcinoma (IDC), accounting for up to 70-80% of all 

BCs (Li et al., 2005). Patients of this subtype are stratified into more clinically 

informative risk groups based on histological grade, which assesses mitotic rate, 

tubule formation, and nuclear grade in order to score the degree of tumour 

differentiation (Lester et al., 2009). 

Staging is another key prognostic and treatment determinant of BC. The most 

conventional and universally accepted staging scheme is the Tumour, Node, 

Metastasis (TNM) system. This assigns BC into prognostic stage groups using a 

combined score from tumour size, lymph node stage and extent of metastatic spread 

(M) (Edge and Compton, 2010).  

Clinical subtype division is also conducted according to the differential 

expression status of the hormonal receptors for estrogen and progesterone (ER and 

PR) as well as human epidermal growth factor receptor 2 (HER2/ERBB2), which are 

all known mediators of growth signalling. These classic biomarkers are routinely 

assessed in pathology laboratories via immunohistochemistry (IHC) in order to 

determine the most appropriate treatment choice for patients. For example, given that 

approximately 70% of invasive breast carcinomas are ER expressing BCs, the 

prevalence of this protein biomarker is a major predictor of their response to 

endocrine therapy (Dai et al., 2016).  

IHC biomarkers and clinicopathological variables have proven to be quite 

effective in the most part for predicting patient prognosis and deciding initial 

treatment strategies. However, these parameters alone are still insufficient in defining 
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the complex underlying molecular biology of BC development. Therefore, they have 

limitations with respect to guiding personalised treatment therapies. 

1.2.2. Molecular subclassification of breast cancer 

The recent advent of sophisticated gene expression profiling techniques have 

introduced a paradigm shift in stratifying and treating patients by refining the 

classification schema for tumours beyond conventional clinicopathological criteria. 

This wealth of molecular knowledge has generated an entirely new outlook on the 

magnitude of BC heterogeneity, revealing a diverse spectrum of many biological 

subtypes with unique gene signatures and distinct clinical outcomes. 

According to this molecular taxonomy system, five “intrinsic” molecular subtypes of 

BC have been distinguished, expanding upon the simple biomarker classification 

system. These include luminal A, luminal B, HER2-amplified, basal-like and normal 

like (Perou et al., 2000; Sorlie et al., 2001; Sorlie et al., 2003). 

The majority of luminal A tumours are mostly ER-positive, histologically low-

grade and have low expression of proliferation genes. Luminal B tumours tend to 

have lower expression of ER-related genes and present higher proliferation rates and 

histological grades (Hu et al., 2006). Luminal A tumours have the best prognosis of 

all the five subtypes, whereas luminal B have shown significantly worse disease-free 

survival in comparison as well as higher risk of local recurrence (Feeley et al., 2014; 

Voduc et al., 2010).   

HER2-amplified and basal-like cancer lack ER signalling. The HER2-enriched 

subtype exhibits amplification and high expression of the ERRB2 gene as well as 

other proliferation genes. The basal-like subtype typically correspond to ER-negative, 

PR-negative and HER2-negative tumours, and hence are commonly referred to as 

“triple negative” BC (TNBC). These tumours are typically characterised by advanced 

histological grade and show increased expression levels of proliferation related 

genes as well as basal myoepithelial markers such as cytokeratins 5/17 and 

epidermal growth factor receptor (EGFR) (Sorlie et al., 2001; Weigelt et al., 2010). 

Both HER2-positive and TNBC patients have a much poorer prognosis than luminal-

like cases (Yersal and Barutca, 2014).  
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In an integrative genomic and transcriptomic large-scale study of almost 2000 

breast tumour samples by METABRIC (Molecular Taxonomy of Breast Cancer 

International Consortium), the vast extent of this intertumour heterogeneity has 

been further unveiled. Since then, another dimension of complexity has been 

introduced into the classification system; expanding it into 10 additional different 

subtypes with more refined features and distinctive molecular profiles. (Curtis et al., 

2012). Whilst these landmark findings have provided a glimpse into the 

heterogeneity of BC, more extensive molecular profiling will be required to fully 

appreciate the entire magnitude and complexity of this disease.  

 

1.3. Metastatic breast cancer 

The most lethal aspect of cancer progression is the ability of tumour cells to detach 

from the primary site and colonise distant organs; a process that is called metastasis. 

Such invading tumour cells are highly heterogeneous, owing to their rampant 

genomic instability (Chiang and Massague, 2008). Despite significant advancements 

in treating the primary tumour, relapses do occur and metastatic breast cancer (MBC) 

remains the ultimate cause of death among most patients that succumb to the 

disease. A small minority of cases may present with distant metastases at first 

diagnosis. The majority of other patients are initially diagnosed with early-stage 

disease, 25-30% of whom will resist therapy and eventually recur with metastases in 

other sites, months or years later (Redig and McAllister, 2013). A combination of 

several factors influence the risk of developing metastasis including tumour size, 

patient age, grade, lymph node involvement, HER2 overexpression as well as the ER 

and PR status of the patient (Kennecke et al., 2010). 

 

Metastasis is a complex orchestration of events, which can be conceptualised through a 

simplified sequence of stages. Firstly, the cascade initiates during the early stages of BC, 

as cancer cells escape from the primary tumour and invade into the local surrounding 

tissue. This is then followed by intravasation into the bloodstream where circulating 

tumour cells (CTCs) become exposed to substantial levels of stress. The final most 
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difficult task is to then extravasate into the parenchyma of the target host tissue and 

colonise its microenvironment (Massague and Obenauf, 2016). Altogether, only a small 

number of metastasising cells have the ability to withstand and survive against such shear 

selective pressures, demonstrating the inefficiency of this multi-step process. The 

establishment of each metastatic event is driven by: (1) the bestowal of adaptive 

metastatic traits to invading tumour cells by the surrounding host microenvironment 

(2) both the intrinsic properties of BC cells and their acquisition of new genetic and/or 

epigenetic alterations during metastatic progression (Valastyan and Weinberg, 2011). 

 

1.3.1. Organotropism of breast cancer metastasis 

Studies reveal that the pattern of metastatic spread is far from random chance. Instead, 

particular tumours tend to preferentially colonise certain organs. This phenomenon can be 

explained by Stephan Paget’s “Seed and Soil” hypothesis, which proposes that metastatic 

establishment is dependent on the cross talk between invading cancer cells (the “seed”) 

and the specific microenvironment properties of the host tissue (the “soil”) (Paget, 1989). 

Regarding MBC, tumour cells predominantly demonstrate a proclivity to spread to the 

bones, lungs, brain and liver (Patanaphan et al., 1988). 

Different BC subtypes show distinct preferential patterns of organ specific 

metastasis with noteworthy differences in survival after relapse. Within recent years, 

several studies have investigated the expression profiles of primary BC and their 

patterns of distant metastatic spread. Luminal subtypes are significantly associated 

with breast tumours that relapse to the bone (Kennecke et al., 2010).  Patients with 

HER2-positive and TNBC/basal-like BC bear the most risk of succumbing to BrM with 

several studies reporting higher incidence rates among these subtypes relative to 

luminal BCs (Smid et al., 2008; Soni et al., 2015) as summarised by a recent 

literature review in Table 1.1 below (Witzel et al., 2016). 
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Table 1.1: Incidence of organ-specific metastatic spread among different breast 

cancer subtypes 

Site of Relapse Brain (%) Bone (%) Lung (%) Liver (%) 

All Subtypesa 12–17 48–62 23–32 15–27 

Luminal A 8–15 65–67 6–7 12–29 

Luminal B 11 58–71 24–30 4–32 

TNBC/basal 25–27 17–39 40–43 13–21 

HER2-positive 11–20 61–62 15–42 22–44 

a Table adapted from (Witzel et al., 2016).  Data summarised from studies by ((Smid et al., 2008; Soni 

et al., 2015; Kennecke et al., 2010) 

 

1.4. Breast cancer brain metastasis 

Following lung cancer, BC represents the second most common cause of BrM with 

relapses occurring in approximately 10-30% of patients with advanced disease 

(Tabouret et al., 2012).  Such brain malignancies are indicative of extremely poor 

clinical outcome as reflected by the short median survival time with reports ranging 

anywhere between 2 to 25.3 months depending on treatment and primary tumour 

subtype (Leone and Leone, 2015). Patient prognosis for overall survival (OS) is also 

determined by factors such as age and the burden of disease as represented by the 

number of BrM and systemic tumour activity (Hung et al., 2014; Lee et al., 2008). 

Moreover, the patients’ overall functional health and activity levels after initial 

diagnosis with BrM, is another chief survival determinant. The most common tool 

used to assess this is the Karnofsky Performance Status (KPS), of which patients 

scoring ≥70 tending to fare poorly (Yates et al., 1980).  

BrM contribute to a significant degree of morbidity, associated with neurologic 

deficits, which can severely affect quality of life for many patients. The most common 
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presenting clinical complications include headaches, seizures, vomiting, altered 

mental behavior as well as impaired motor and cognitive function. Symptom 

manifestations can vary between patients, depending on tumour location (Saha et al., 

2013).   

 

1.5. Pathophysiology of breast cancer brain metastasis 

Over the years the incidence of brain metastasis has escalated. This is most likely 

due to longer survival of MBC patients as a result of more effective treatments and 

control of systemic disease coupled with earlier diagnoses from improved 

neuroimaging technology (Eichler and Loeffler, 2007). The alarming prevalence of 

BrM and its significant impact on BC patient prognosis has led to extensive research 

into the molecular pathophysiology of this complex disease. Many of these studies 

have also provided provocative insights into brain-specific drug resistance 

mechanisms as detailed further below.  

 

1.5.1. The unique brain microenvironment niche  

Consistent with the seed-and-soil theory, several studies have demonstrated that 

specific organ microenvironments can provide hospitable and supportive metastatic 

niches for the growth and survival of certain types of disseminated tumour cells 

(DTCs). As the structure and vascular wall composition of each organ are vastly 

different from one another, the host tissue exerts distinct selection pressures on 

these cells for metastatic growth. Under these specific conditions, unique malignant 

cells acquire the necessary adaptive traits to survive and even thrive from these 

harsh surroundings, ultimately giving rise to the ‘speciation’ of a new metastatic cell 

population (Nguyen et al., 2009). 

 

1.5.1.1.  The blood-brain barrier 

In order to colonise the brain parenchyma, invading cancer cells must have the 

capacity to penetrate the BBB, an intricate structure comprised of tight junctions 

between a layer of non-fenestrated endothelial cells. This highly selective barrier 
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strictly regulates the passage of substances between the circulation and central 

nervous system (Figure 1.1A). 

 However, the organisational integrity and functional permeability of this 

fundamental feature becomes significantly compromised in most cases of BrM, albeit 

to varying degrees, resulting in a ‘leaky’ dysfunctional structure termed as the blood 

tumour barrier (BTB) (Figure 1.1B)  (Groothuis, 2000). Thus, there has traditionally 

been wide belief that the BBB plays essential role in mediating acquired resistance to 

chemotherapy in BrM. Under this assumption, the BBB is breached, enabling 

metastatic cells to traverse into cerebral compartment and exploit the barrier’s 

restrictive properties as a protective ‘sanctuary’ from immune cells as well as 

therapeutic agents (Steeg et al., 2011). However, this mechanism of 

chemoresistance is still under debate as the impact of BBB breakdown and efficient 

drug delivery remains obscure.  Although the BBB prevents the trespass of larger 

molecules such as monoclonal antibodies like trastuzumab, the transformed BTB can 

still permit the delivery of drugs, particularly at well-advanced disease stages. Both 

clinical and preclinical studies show supporting evidence of this claim, with the 

accumulation of anti-HER2 drugs in BrM. As to whether they have reached sufficient 

levels of clinical efficacy, however, is uncertain (Tamura et al., 2013; Askoxylakis et 

al., 2016).   

The integrity of the BBB has been shown to be less intact in cases of larger 

metastases, due to the higher release of vascular endothelial growth factor (VEGF) 

which increases vascular permeability (Fidler et al., 2002). Despite this leakage of 

blood vessels however, studies have argued that in some cases of BC BrM and 

glioblastomas (GBM), the BTB is still sufficient to impede the drug delivery of most 

conventional therapeutic agents (Lockman et al., 2010; Zhou et al., 2017). 

Interestingly, BTB permeability also appears characteristic of certain breast tumour 

subtypes as IHC analyses of resected BrM from basal-type/TNBC from reveal barrier 

disruption, whereas HER2-positive BC tend to preserve it (Yonemori et al., 2010). 
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Figure 1.1: The brain-tumour microenvironment.  

(A) Illustration shows the specialised structural feature of the BBB as well as some 

of the unique resident cells dwelling in the brain microenvironment. The barrier 

consists of a continuous layer of non-fenestrated endothelial cells, connected 

together by tight junctions and surrounded by pericytes and astrocytic perivascular 

end-feet. This supportive structure constitutes the protective semi-permeable 

membrane at the front between the brain and circulating blood. (B) When metastatic 

cells colonise the brain, the BBB is transformed into the BTB, which demonstrates 

variable degrees of vascular permeability among different brain metastases. Figure 

adapted from (Chamberlain et al., 2017). 
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1.5.1.2. The brain cellular milieu 

A myriad of unique stromal cell types exists within the brain parenchyma, playing 

pivotal roles in both the cerebral tropism of MBC cells and their acquired resistance 

to targeted therapies. During brain colonisation, tumour cells have the ability to 

transform the microenvironment into a more permissive neural niche through active 

cross-talk with resident cerebral cells, the most common including endothelial, 

microglia, astrocytes, pericytes and neurons (Zhang and Yu, 2011).  

Astrocytes are the most abundant population of glial cells in the brain and 

perform a number of house-keeping functions, in order to maintain homeostatic 

regulation within the brain microenvironment (Abbott et al., 2006).  Traumatic stress 

can induce the activation of both astrocytes and microglia, leading to glial scar 

formation or gliosis. This reactive response has also been shown to be triggered by 

brain metastases, once the BBB has been breached (Fitzgerald et al., 2008). 

Typically, metastatic tumour cells are found intertwined with these activated glial 

cells, a histological characteristic observed from resected human BrM (Zhang and 

Olsson, 1995).  In an attempt to eliminate such foreign invasions, astrocytes activate 

neuroinflammatory responses through the secretion of growth factors, cytokines, 

chemokines, Interleukin (IL) 1 beta, IL-6 and tumour necrosis factor (TNF).  Many of 

these factors have been described in the literature to inadvertently enable tumour 

cells with oncogenic signals that facilitate tumourigenesis (O'Brien et al., 2013).  

Furthermore, studies have also reported that astrocytes can potentially exert a 

chemoprotective effect on tumour cells against cytotoxic drugs. In vitro co-culture 

work had initially reported this adaptive mechanism to occur through the 

establishment of tumour-astrocyte gap junctions. In the case of melanoma-to-brain 

metastasis, astrocytes are able to sequester cytoplasmic calcium from tumour cells 

via this communication channel and mediate their chemoresistance (Lin et al., 2010). 

Expanding this work, a recent study demonstrated that BC cells employ these 

junctional features to transfer secondary messenger cGAMP to astrocytes, and 

exploit their neuroprotective effect by triggering pro-inflammatory secretions (Chen et 

al., 2016). Additionally, when BrM patient derived cells are co-cultured with 

astrocytes, a number of pro-survival genes such as GSTA5, BCL2L1 and TWIST1 



 

12 
 

have been shown to become upregulated, which contributes to their resistance to 

chemotherapy (Kim et al., 2011).   

 

Although not as well defined, studies have demonstrated additional brain-specific 

adaptations that metastases acquire which facilitate exploitation of the readily 

available resources from unique neural milieu. Neuronal mimicry is one such 

modification, whereby BrM undergo major transcriptional reprogramming in order to 

mimic neurons and thrive within the brain microenvironment. One study found that 

BrM acquired increased expression of GABAergic features relative to patient-

matched primary breast tumours which were necessary for metabolising 

neurotransmitter γ-aminobutyric acid (GABA) (Neman et al., 2013). Thus, BrM are 

capable of “hijacking” normal cellular processes and altering key anatomical features 

to support tumour outgrowth upon brain colonisation. Altogether, these extrinsic 

factors play major roles in the clonal evolution of BrM. 

 

1.5.2. Genetic mediators of breast cancer brain metastasis  

The unique intrinsic features of breast DTCs also play a major role in succeeding 

colonisation of the brain. This metastatic stage is the most critical step of the cascade 

and perhaps the most rate-limiting, given the extensive demands imposed by the 

brain tissue microenvironment on infiltrating cancer cells. Indeed, the difficulty of this 

task can be reflected in the long disease latency period that typically elapses 

between the initial diagnosis of early-stage BC and the final manifestations of BrM 

(Tham et al., 2006). Supposedly, during this delay, a small minority of DTCs initially 

lack the full competence for outgrowth to distant organs, but progressively undergo 

genetic and/or epigenetic alterations to acquire the necessary adaptive traits for 

metastatic fitness. This clonal cell evolution is predominantly driven by their exposure 

to the selective pressures of the unique brain milieu and such chain of events result 

in the speciation of a brain-specific metastatic population of highly evolved cells.  

Over the years, major advancements have allowed us to shed some light on the 

genetic basis of BrM. As of yet, only a small number of studies have reported on 
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genes that may contribute to BC BrM through the investigation of brain-seeking 

derivatives of human BC carcinoma cell lines as well as retrospective patient tissues. 

Such findings have uncovered the functional significance of several genes that 

facilitate metastatic colonisation of brain after extravasation into the parenchyma, in 

particular those involved with bridging their pathway across the BBB as well as their 

adaptation and survival against the defences of the reactive brain stroma.  

Expression of the cell adhesion molecule, L1CAM, by disseminated BC cells 

has been shown to be necessary for vascular co-option by enabling their diffusion 

and adherence through the basement membrane of brain capillaries. To further aid 

with this process, brain metastatic tumour cells also express a high level of 

plasminogen activator (PA) inhibitory serpins which prevents the generation of 

plasmin, an enzyme that is essential for the brains defence against metastatic 

invasion. In doing so, the inactivation L1CAM is prevented as well as the PA-induced 

release of pro-apoptotic cytokine Fas ligand (FasL) from reactive astrocytes, which 

normally evokes death signalling in infiltrated cancer cells (Valiente et al., 2014).  

In another landmark study, Bos et al. identified a set of brain-specific genes 

whose expression grants cancer cells with the highly specialised functions that they 

require for transmigrating across the paracellular membrane of the BBB including: 

cyclooxygenase (COX2), heparin-binding EGF-like growth factor (HBEGF), 

 and α2,6-sialytranferase (ST6GALNAC5). Interestingly, a number of genes 

associated with brain relapse such as COX2, collagenase-2 (MMP1), angiopoietin-

like 4 (ANGPTL4); fascin-1 (FSCN1) were found to overlap with lung metastasis gene 

signature which may offer an insight to the underlying association between lung and 

brain metastases in BC (Bos et al., 2009a). An additional study found protease 

cathepsin S to be another brain-specific molecular mediator of this process in breast 

cancer metastasis through proteolytic processing of tight junction proteins such as 

JAM-B that regulate BBB integrity (Sevenich et al., 2014).  
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1.5.3. Receptor tyrosine kinases signalling in breast cancer brain metastasis 

Receptor tyrosine kinases (RTKs) are a large superfamily of receptors that are key 

regulators of fundamental cellular processes including apoptosis, cell proliferation, 

differentiation, metabolism, and survival. Upon extracellular binding with various 

growth factors and hormones, these kinases become rapidly activated through 

receptor dimerization and tyrosine autophosphorylation which subsequently activate 

downstream intracellular signalling pathways including the PI3K/AKT/mTOR and 

Ras/Raf/MEK/ERK pathway (Figure 1.2) (Lemmon and Schlessinger, 2010). 

Figure 1.2: Overview of receptor tyrosine kinase dimerization and kinase 

activation. 

Upon growth factor or hormone binding, RTKs can dimerise together leading to 

activation of major downstream signalling pathways such the PI3K/AKT, 

RAS/RAF/MEK/ERK which can promote cell growth, proliferation and survival. Figure 

adapted from (Asati et al., 2016). 
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Dysregulated signalling of RTKs has been well-established in the pathophysiology of 

cancer in recent years and can occur as result of aberrant activating mutations, gene 

amplifications or ligand and/or receptor overexpression. Only a few tyrosine kinase-

activating mutations have been identified in BCs (Kan et al., 2010a). By contrast, 

many BCs are characterised by amplification or overexpression of receptor tyrosine 

kinases (Musgrove and Sutherland, 2009). Of the 20 classes of RTKs, this review will 

focus on discussing the signalling activity of RET and the HER family and the roles 

they may play in mediating BrM.  

 

1.5.3.1. HER receptor family 

There is an indisputable consensus among researchers that the HER family of 

transmembrane receptors play a key role in mediating BC progression and 

metastasis. These protein kinases are one of the most investigated cell signalling 

families and comprise of four members: EGFR (ERBB1), HER2 (ERBB2), HER3 

(ERBB3) and HER4 (ERBB4). Extracellular ligand binding to EGFR/HER3/HER4 

induces a large conformational change which consequently stimulates 

homodimerization or combinatorial heterodimeric interactions between HER family 

members (Schlessinger, 2002). As a result, this induces autophosphorylation of the 

intracellular tyrosine kinase domain and activation of several downstream signalling 

networks, including the phosphatidylinositol 3-kinase(PI3K)/AKT pathway, the 

Ras/Raf/MEK/ERK1/2 pathway, and the phospholipase C PLC-γ pathway (Hynes 

and MacDonald, 2009). HER2 is an orphan receptor as it does not bind to any 

known growth factor. Despite this, it can still become activated by forming 

heterodimers with ligand activated EGFR or ERBB3 or else via homodimerization 

when it becomes overexpressed in some instances such as cancer (Ghosh et al., 

2011).  

 

Of all the HER family, HER2 and EGFR are the most frequently overexpressed 

receptors in several cancer types including a significant subset of BC 

patients. Elevated levels of EGFR expression is most predominant in TNBC, and is 
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associated with poor clinical outcome (Abd El-Rehim et al., 2004; Viale et al., 2009). 

Both this and the HER2 enriched subtype display a higher prevalence of BrM, which 

strongly insinuates their active participation in facilitating brain-specific metastatic 

spread (Shao et al., 2011). Furthermore, several studies support that HER2 can 

enhance EGFR signalling and vice versa (Worthylake et al., 1999; Graus-Porta et al., 

1997). In a more recent study, the formation of heterodimers between EGFR and 

HER2 was demonstrated to increase the metastatic potential of BC cell lines 

(Masuda et al., 2012).  Taken together, these studies suggest the possibility that  

dual inhibition of both receptors may have an additive or synergistic anti-tumour 

activity (Tebbutt et al., 2013).  

 

Several studies have investigated the clinical and functional roles of EGFR in BrM. 

However, the exact contribution that it makes to its progression is still unclear. As 

mentioned earlier, the ligand for EGFR, HBEGF, was one of the BrM signature genes 

identified by Bos et al and is responsible for promoting cell migration and adhesion. 

Both in vitro and in vivo studies have shown that EGFR may contribute to the 

metastatic and invasive behaviour of brain metastatic tumours but has little influence 

on their proliferative characteristics (Nie et al., 2012). These findings are consistent 

with the disappointing results from the clinical trial evaluation of EGFR inhibitors in 

EGFR-overexpressing BCs, all of which exhibited poor efficacy in decreasing tumour 

growth (O'Donovan and Crown, 2007; Saxena and Dwivedi, 2012). 

Additionally, a comparative analysis of chromosomal aberrations between 

primary BC and brain metastatic tumours revealed a significantly higher frequency of 

EGFR expression gains in BrM, further indicating the association of this pathway to 

the disease (Wikman et al., 2012). Along similar lines, several retrospective studies 

have also demonstrated higher levels of EGFR expression in patients with BrM 

relative to patients with primary BC (Hicks et al., 2006; Tham et al., 2006). 

Interestingly, aberrant EGFR signalling is strongly correlated with the incidence of 

other brain-associated diseases. For example, mutations of EGFR are recognised as 

key drivers for aggressive GBM as well as non-small cell lung cancer (NSCLC), the 

latter of which also tends to metastasise to the brain. Such observable correlations 
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would suggest that these gene aberrations must supply the necessary growth signals 

compulsory for tumour cell survival in the brain microenvironment (Smith et al., 2001; 

Hsu et al., 2016).  Hence, these studies further indicate that the EGFR pathway must 

play an important role in BrM.  

 

HER2 is overexpressed in 20-30% of human BCs often due to amplification of the 

gene locus and is has become an essential biomarker and target of therapy over the 

years (Slamon et al., 1989). Significantly, 25-40% of HER2 positive MBC patients 

suffer from relapse to the brain (Sirkisoon et al., 2016). Indeed, there is certainly 

much evidence supporting the strong correlation between these tumour subtypes and 

the development of BrM (Fuchs et al., 2002; Gabos et al., 2006).  

Cases of HER2 mutations have also been reported, albeit at low frequencies 

in BC. Most of these are missense mutations in the tyrosine kinase and extracellular 

domain or else duplications/insertions within its exon and have been identified in the 

absence of HER2 gene amplification (Slamon et al., 1989). Although activated HER2 

induces similar signalling cascades with EGFR, in vivo studies indicate that aberrant 

levels of HER2 activity is instead responsible for the metastatic outgrowth of BC cells 

in the brain (Palmieri et al., 2007).  

 

Being catalytically impaired, the transactivation of HER3 upon ligand binding 

(neuregulins, NRG1 or NRG2) is mediated by forming heterodimers with EGFR or 

HER2 and is dependent on their kinase activity to phosphorylate its tyrosine domain. 

HER3 is a critical contributor to HER2 signalling as observed by their frequent co-

expression in BC cell lines and primary tumours (Bieche et al., 2003; deFazio et al., 

2000). Of all the HER receptor paired combinations, the HER3/HER2 signalling 

complex is the most potent activator of the PI3/AKT pathway. This is principally due 

to the presence several phosphotyrosine residues in HER3 that serve as docking 

sites for the regulatory subunit (p85) of PI3K which leads to activation of this 

downstream module (Roskoski, 2014a). Moreover, contrary to EGFR, HER3 is 

preferentially phosphorylated in HER2-overexpressing BCs (Lee-Hoeflich et al., 

https://en.wikipedia.org/wiki/Biomarker_(medicine)


 

18 
 

2008). Functional studies have demonstrated that knocking down HER3 or inhibiting 

HER3/HER2 dimers can significantly reduce tumour growth in HER2-amplified 

human BC xenografts (Lee-Hoeflich et al., 2008; Garrett et al., 2013). Given their 

intimate relationship, studies have also implicated HER3 signalling in mediating 

acquired resistance to HER2 inhibitory TKIs and monoclonal antibodies in BC 

(Sergina et al., 2007; Baselga and Swain, 2009).  

Additionally, significant HER3 overexpression has been reported in both 

mouse models and human BC BrM (Da Silva et al., 2010; Kodack et al., 2017a). This 

is consistent with the fact that NRG1 is highly expressed in the brain and has been 

shown to induce the transendothelial migration of HER2/HER3-positive BC cell lines 

across a tight barrier of primary brain microvascular endothelia (Menard et al., 2002). 

There is also evidence to suggest that HER3 activation plays a role in 

mediating drug resistance in BrM. Using an orthoptopic BC cell-line derived (CDX) 

mouse model of HER2-amplified BrM, Kodach et al. recently demonstrated HER3 

upregulation within the microenvironment of BrM is responsible for the poor 

responses to PI3K inhibitors. However, drug sensitivity was restored upon blockade 

of HER3 activity. This targeted treatment strategy also circumvented resistance to 

HER2-targeted therapies leading to improved mouse survival.  (Kodack et al., 

2017a). There is therefore substantial evidence for the role of HER3 in mediating 

HER2 oncogenic activity in BrM. 

 

1.5.3.2. The receptor tyrosine kinase RET 

The rearranged during infection (RET) proto-oncogene encodes a transmembrane 

glycoprotein RTK whose activation becomes stimulated by the glial-cell derived 

neurotrophic factor (GDNF) family of ligands. RET signalling transduction plays an 

integral role in the normal development of the kidneys as well as the sympathetic, 

sensory and enteric nervous system.  Unlike other RTKs, RET is induced to 

homodimerise upon indirect binding to these peptides via the GDNF receptor-α 

(GFR-α) family that act as Ret co‐receptors which subsequently results in the trans-

autophosphorylation of its intracellular tyrosine domains (de Groot et al., 2006).  
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Oncogenic activation of RET can lead to stimulation of several intracellular signalling 

transduction pathway involved in cellular proliferation, differentiation and migration 

like MAPK, PI3K, JAK-STAT, PKA and PKC pathways (Morandi et al., 2011). 

Activating chromosomal rearrangements and mutations are the two main 

mechanisms of RET-mediated oncogenesis in a number of different human cancers 

particularly in medullary and papillary thyroid cancers as well as lung 

adenocarcinomas (Sariola and Saarma, 2003; Kohno et al., 2012; Takeuchi et al., 

2012a).  

With regards to BC, only few activating RET kinase alterations have been 

reported (Kan et al., 2010b; Unger et al., 2010). However, within recent years, a large 

body of evidence has shown that a subset of BCs exhibit abnormally high levels of 

RET, especially ER-positive subtypes (Esseghir et al., 2007). The RET gene has also 

been shown to be a direct transcriptional target of ER and its expression is enhanced 

in response to estrogen treatment, suggesting a role for RET in the biology these BC 

subtypes (Boulay et al., 2008). Furthermore, RET may also be a potential driver of 

endocrine resistance. Gatelli et al. previously observed high levels of RET expression 

in a subset ER-positive tumours which correlated with decreased metastasis-free 

survival. Upon further investigation, targeting RET in an in vivo MBC model was 

shown to decrease tumour outgrowth and metastatic potential (Gattelli et al., 2013). 

In vitro studies have also demonstrated that combining RET inhibition to anti-

estrogens such as letrozole and tamoxifen can restore sensitivity to endocrine 

therapy and improve treatment efficacy (Plaza-Menacho et al., 2010a; Andreucci et 

al., 2016).  

 

1.6. The molecular evolution of breast cancer brain metastasis 

Upon their newfound occupation within the brain microenvironment, metastatic 

tumour cells proceed to evolve, acquiring distinct mutations that may be essential for 

sustained outgrowth. Comparative genomic profiling between clinically matched or 

patient-matched pairs of primary breast tumours and their associated BrM is 

essential to identify these unique metastasis-associated alterations.  Within recent 

years, a number of independent high throughput molecular characterisation studies 
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have been performed on both clinical and experimental samples to chart the 

changing (epi) genetic molecular landscape and history of BrM. Undoubtedly, such 

revolutionary findings have extended the depth and breadth of our understanding of 

this disease. Many have uncovered differentially expressed genes and mutations that 

are unique to BrM, which could potentially illuminate the biology underlying disease 

progression (Saunus et al., 2017). While several genomic studies have revealed that 

the overall genetic profile of BrM is shared with the breast tumour of origin, the 

acquisition of these BrM-specific alterations still indicate an evolutionary divergence 

between both disease sites. Such modifications could be critical for the formation of 

BrM and development of treatment resistance to targeted therapeutics as discussed 

below. 

Via whole-exome sequencing (WES), Brastianos and colleagues reported more than 

half of patient-resected BrM harboured clinically actionable alterations that were 

absent from their corresponding primary tumour biopsies. Notably, these mutations 

emerged most frequently in the PI3K/AKT/mTOR, CDK, and HER2/EGFR 

oncogenic pathways, all of which have readily available targeted therapies. In 

contrast, despite this evident branching evolution, the genetic homogeneity between 

anatomically and temporally different patient-matched metastatic brain tumours were 

somehow still preserved; intracranial metastases shared nearly all potentially 

clinically actionable driver alterations in comparison to extracranial metastases. 

These landmark findings reveal that basing individualised treatment decisions for 

patients with BrM from their divergent primary tumour biopsies is inadequate. 

Instead, even determining the molecular profile from just one of multiple brain lesions 

would offer much more clinical information for personalised targeted therapies 

(Brastianos et al., 2015). 

Similarly, several independent studies on smaller patient cohorts have demonstrated 

a significant genetic divergence between BrM and primary breast tumour tissue. 

Sahlia et al. performed deep genomic and epigenomic profiling on a group of 

unmatched BrM, and identified multiple chromosomal gains and deletions, enriched 

cell cycle pathways and defects in cell migration, adhesion and permeability (Salhia 
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et al., 2014). Targeted mutational analyses of patient-matched primary BC and BrM 

tumour samples have demonstrated that BrM harboured mutations in multiple 

oncogenic genes, namely, PIK3CA and TP53. The frequency of these aberrations 

were particularly higher among basal-like and HER2 enriched subtypes suggesting 

a correlation between the two (Lee et al., 2015b). A myriad of other ‘omic studies 

have also reported BrM-acquired alterations in cancer-causing genes including, 

copy number gains of PI3KCA, overexpression of HER family members, and loss 

tumour suppressor PTEN expression (Bollig-Fischer et al., 2015; Priedigkeit et al., 

2017a; Zhang et al., 2013; Wikman et al., 2012; Saunus et al., 2015). A few of 

these aberrations were also observed in BC, albeit at a lower frequency. These 

observations suggest that genes alterations necessary for initially breaching the 

BBB is hard-wired into the genome of some BC cells in order to enforce further 

metastatic establishment. In an IHC and array-based gene expression study, Da 

Silva et al showed that HER3 and its adaptor protein GRB7 were more significantly 

overexpressed in BrM relative to matched primary tumour from both matched and 

unmatched pairs (Da Silva et al., 2010). HER3 expression gains in BrM have since 

been confirmed, as shown by another cohort study using matched/unmatched pairs 

BrM and non-breast BrM originating from other primary cancer types. This suggests 

that HER3 elevation is a brain-specific tumour adaption, acquired by metastases to 

exploit the neuregulin-rich microenvironment (Saunus et al., 2015).  

In addition to mutations and copy number alterations (CNAs), comparative 

transcriptomic profiling have also shed light on the metastatic process by revealing 

differential gene expression changes between resected BrM and matching primary 

tumours. From a targeted gene sequencing approach, one study notably identified 

expression gains in SOX2, which is key regulatory transcription factor of stem cell 

pluripotency (Lee et al., 2016).  A more global view of these alterations was observed 

from a recent  genome-wide transcriptome analysis, revealing expression changes in 

genes associated with migration and invasion networks which are strongly suggested 

to promote extravasation of BrM (Varešlija et al., 2016) .  
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1.7. Current clinical management of breast cancer brain metastasis 

To date, there are no curative treatment options available for BrM. Instead, current 

management strategies are centred on providing patients with palliative care, which include 

the following: surgery, whole-brain radiation therapy (WBRT), stereotactic radiosurgery 

(SRS), chemotherapy and targeted therapies. Selecting the most appropriate method is 

dependent on careful assessment of a patient’s KPS, their primary breast tumour 

subtype and systemic disease status as well as the mass, number and location of brain 

metastatic tumours.  Therefore, a  multidisciplinary and individualised treatment plan is 

tailored for each patient (Eichler and Loeffler, 2007).  

 

1.7.1. Local therapies of brain metastases 

Surgical resection can provide immediate significant relief of symptoms, and is an ideal 

treatment choice for patients with single brain lesions, or else in some cases up to 3 

metastases within close proximity (Kalkanis et al., 2010). SRS is an alternative therapy for 

patients that are not suitable candidates for surgical removal of tumours and involves 

targeting a very high dose of radiation towards a small precise location in the brain, 

minimising the exposure to healthy surrounding tissue (Kalkanis et al., 2010). 

The mainstay of local treatment for BrM is WBRT, and is important in the scenario of 

multiple brain lesions, which may not be detected by magnetic resonance imaging (MRI). 

Unlike other approaches, the goal of this method is to eliminate both macroscopic and 

microscopic metastases in the brain. In the post-operative setting of single brain lesions, 

WBRT has proven to be quite effective in the control of intracranial disease and local 

recurrence. Despite these remedial benefits, it has also been disapproved due to the 

adverse long-term neurocognitive side effects associated with brain radiation (Khuntia et 

al., 2006).  
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1.7.2. Systemic treatment modalities 

Cytotoxic chemotherapy is the primary form of systemic treatment for BrM and was 

historically the only method available. Sadly, the chemosensitivity of most BrM is 

quite poor, most likely due to the inability of most cytotoxic agents to penetrate the 

BBB. Thus, the efficacy of this treatment route is limited to extracranial cases. 

However, given the recent advancements made in understanding the BBB over 

recent years, new treatment choices for targeted therapies have emerged such as 

TKIs and monoclonal antibodies. While some of these systemic agents have indeed 

shown promise against brain lesions, the efficacy data is still quite limited in this 

disease setting. This is primarily due to the frequent exclusion of this patient 

population from clinical trial studies of new investigational drugs (Venur and 

Ahluwalia, 2016). Therefore, there is still an urgent need for more preclinical and 

clinical studies to further evaluate the impact of these compounds on patient survival 

and intracranial tumour response. 

 

1.7.2.1. Anti-HER2 agents 

Following the recent advent of anti-HER2 therapies, disease management of HER2-

positive BC patients with advanced disease has been revolutionised. A number of 

developed targeting agents have been tested for clinical application, with the monoclonal 

antibody, trastuzumab (Herceptin), being most widely prescribed in both the adjuvant and 

metastatic setting. However, despite its tremendous success over the years in treating 

systemic disease and improving patient survival, recent studies have disputed its efficacy in 

BrM. Its major limitation is highlighted by the significantly increased risk of developing BrM 

in HER2-positive patients after receiving adjuvant trastuzumab treatment (Olson et al., 

2013) . A potential reason for this this could be due to inadequate penetration across the 

BBB, a common drawback shared by monoclonal antibodies that can hinder their 

efficacy against intracranial BrM. Therefore, this poor drug delivery system makes the 

brain a hospitable environment for BBB-breached metastatic cells, providing them 

with sanctum from cytotoxic agents (Stemmler et al., 2007; Bendell et al., 2003).  An 

alternative hypothesis for this rising incidence of BrM could also be due to improved 

systemic control of both primary tumour and extracranial metastases leading to 
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prolonged OS (Bartsch et al., 2007). As a result, more patients that are predisposed 

to BrM could be exposed before succumbing to earlier disease complications.  

Contrary to trastuzamab, small molecule TKIs of HER2 have demonstrated superior 

penetration across the BBB.  Several clinical trial studies have evaluated the anti-

metastatic efficacy of lapatinib, a dual reversible TKI of EGFR and HER2, in HER2-

positive BC patient with progressive BrM. Disappointingly, according to the Response 

Evaluation Criteria In Solid Tumours (RECIST), only modest central nervous system 

(CNS) objective response rates (RR) of 6% were reported with single agent 

administrations in a phase II study (Lin et al., 2009b). However, as an amendment to 

this study, the addition of capecitabine to lapatinib in a separate cohort of pre-treated 

patients, led a significant improvement to intracranial ORR of up to 38% (Lin et al., 

2009b). The most promising results of this combination therapy for BrM patients was 

reported in the LANDSCAPE trial. This major landmark study evaluated the 

administration of both agents in newly diagnosed HER2-positive BC patients with 

BrM administered prior to receiving WBRT, revealing a sizeable CNS ORR of 67% at 

the end of treatments (Bachelot et al.). The outcome these studies has encouraged 

further testing of lapatinib in combination with several other cytotoxic chemotherapies 

in BrM patients (Lim and Lin, 2014). 

Furthermore, prospective clinical trials are also currently investigating the 

efficacy of second generation of HER2 targeting TKIs in these patients such as 

irreversible pan-HER inhibitors, neratinib (HKI-272) and afatinib (Gilotrif) (Kodack et 

al., 2015). Neratinib has shown clinical promise in treating HER2-positive BC with 

progressive BrM. Similar to the previous lapatinib trials, although the CNS ORR is 

only modest when neratinib is delivered alone (8%), a significant improvement is 

achieved in combination with chemotherapy, generating a CNS ORR of 49% 

(Freedman et al., 2016; Freedman et al., 2017). Highly selective HER2 TKI, tucatinib, 

also shared a similar response profile in separate pre-clinical trial studies. Again, the 

feasibility of this TKI was questionable as a single-agent in treating BrM with a 

modest CNS ORR of 7% (Metzger-Filho et al., 2014). However, recent phase Ib trials 

observed that a combination of tucatinib, capecitabine plus trastuzumab 
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demonstrated promising clinical activity in heavily pre-treated HER2-positive BC with 

BrM. 42% of patients had brain-specific objective response and an acceptable 

tolerability to treatments (Murthy et al., 2018).  Taken together, these clinical trial 

studies highly suggest that BrM-specific resistance to anti-HER2 therapies may be 

circumvented in combination with chemotherapy.  

Additional innovative therapeutic strategies have been designed for delivering 

effective HER2-targeted therapies such as novel antibody-drug conjugate ado-

trastuzumab emtansine (T-DM1). This second-line agent had originally gained FDA-

approval based on the phase III clinical trial EMILIA which was conducted on HER2-

positive BC patients who had progressed after trastuzumab. The same study also 

revealed higher progression free survival (PFS) in patients receiving chemotherapy 

with T-DM1 instead of with lapatinib (9.6 versus 6.4 month) (Verma et al., 2012). In 

the setting of BrM, a recent retrospective study reported that T-DM1 yielded clinical 

relevant results in 10 patients with asymptomatic or progressive BrM, with an 

intracranial response rate of 20% (Bartsch et al., 2015). A summary of the discussed 

HER2-targeted therapies and their mechanism of action can be viewed in Figure 1.3 

below. 
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However, recent studies have shown that the HER2 expression status alone is not 

sufficient as a predictor for response to HER2 targeted therapies due to a number of 

reasons. Firstly, studies have reported alterations in HER2 status from negative in 

primary breast tumours to positive in brain metastases. Such findings have critical 

clinical implications as such patients receiving treatment according to the HER2 

diagnostic profile of their primary tumour could very well benefit from anti-HER2 

targeted therapies (Priedigkeit et al., 2017a). Secondly, there is an emerging 

Figure 1.3: HER2-targeted therapies brain metastases in breast cancer. 

Illustration summarises the FDA-approved anti-HER2 agents that have been 

evaluated in HER2-positive BrM patients as well as their mechanism of action. 

Monoclonal antibodies (trastuzumab and T-DM1) target the extracellular domain of 

the HER2 receptors, while TKIs (e.g. neratinib, afatinib, lapatinib and tucatinib) target 

the intracellular tyrosine kinase domain of their respective HER family member 

targets. Figure adapted from (Gradishar, 2013) 
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suggestion that patients with HER2-low scores may still derive benefit from anti-

HER2 therapies, which was initially prompted by the response data to trastuzumab 

from earlier trials (Romond  et al., 2005; Perez et al., 2011). However, a recent large-

scale phase III study demonstrated that no improved outcomes had been observed in 

early non-HER2 amplified tumours post treatment with chemotherapy plus 

trastuzamab (Fehrenbacher et al., 2012). However, trials evaluating pan-HER 

inhibitors, such as SUMMT have reported significant clinical responses in HER2 or 

HER3 mutant cancers without HER2 gene amplification, indicating a possibility that 

these patients may benefit from such therapeutic approaches (Hyman et al., 2018). 

1.7.2.2. Downstream HER2 signalling inhibitors  

As previously mentioned, activation of HER2 results in the phosphorylation of 

multiple downstream molecules, which triggers a variety of signalling cascades 

including the RAS/RAF/MEK/ERK and PI3K/AKT/mTOR pathways. By activating 

different pathways, HER2 alters the gene expression levels for many proteins some 

of which enhance cell growth, survival and metastasis (Arteaga and Engelman, 

2014).  Given the high rate of acquired resistance to anti-HER2 therapy in HER2-

positive BC, these downstream effectors have been explored as alternative potential 

targets in BrM to overcome this. 

 

A number of clinical trials are investigating the role of targeting the mTOR pathway in 

managing BrM. Currently, a phase II study is being conducted to evaluate mTOR 

inhibitor, everolimus, in combination with trastuzumab and vinorelbine for treating 

HER2-positive BC patients with BrM (NCT01305941). Additionally, another ongoing 

clinical trial study aims to treat 47 BrM patients with a combination of lapatinib, 

everolimus, and capecitabine, after progressing on trastuzumab (NCT01783756). 

 

There is also a research focus on pan- and alpha-specific PI3K inhibitors as 

alternative treatment strategies for BrM. Activating PIK3CA mutations represent one 

of the most frequent genetic aberrations in BC, with studies reporting gene 

enrichment in 28%–47% of hormone receptor-positive tumours and over a third of 
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HER2-positive tumours (Lee et al., 2015a). Notably, anecdotal evidence of CNS 

activity has been documented for a HER2-positive BrM patient case receiving 

combined treatment with trastuzumab and BEZ235, a dual PI3K and mTOR inhibitor 

(Krop et al., 2012). Preclinical orthotopic PDX models of HER2-positive BrM have 

also exhibited durable tumour regressions in response combined inhibition of PIK3 

and mTOR (Ni et al., 2016). Some clinical signs of intracranial tumour shrinkage was 

observed from a recent a Phase Ib study in patients with progressive BrM after 

treatment PIK3 inhibitor, buparlisib (BKM120) in combination with trastuzumab and 

capecitabine. However, tumour growth in the brain was still uncontrolled and the 

majority of these patients had further progressed during the study. The frequency of 

these PIK3CA alterations is lower in TNBC cases, with reports of only 7-13% 

harbouring somatic variants (2012; Millis et al., 2015). Despite this, a phase II study 

is currently in progress to examine the effectiveness of buparlisib in combination with 

capecitabine for TNBC patients with BrM (NCT02000882).  

 

1.7.2.3. Targeting the VEGF pathway 

A number of studies have reported that some BrM manifest a high degree of 

angiogenesis as revealed by their abnormal intracranial vascular network and 

morphology (Bullitt et al., 2007). Experimental tumour models have shown that the 

vasculature system of BrM is far more enriched than their primary tumour 

counterpart, which strongly suggests their dependency on a well-established blood 

network (Monsky et al., 2002).  This particular microenvironment may be essential for 

metastatic growth and progression by providing oxygen and nutrients via an 

adequate blood supply (Bergers and Benjamin, 2003). The formation of new blood 

vessels is stimulated by a key pro-angiogenic protein known as the vascular 

endothelial growth factor (VEGF). In preclinical models, targeting the receptor of this 

pathway with anti-angiogenic agents has shown to inhibit brain metastatic growth, re-

affirming the necessity of angiogenesis for effective colonisation of the brain by BC 

cells (Kim et al., 2004). Thus, the clinical prospects of VEGFR inhibitors such as 
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bevacizumab in treating patients with MBC have been highly anticipated, especially 

for those with HER2-negative tumours.  

Yet, multiple phase III trials have revealed poor OS in MBC patients with the 

addition of bevacizumab to their treatment regimens (Miller et al., 2007; Miles et al., 

2013).  Given the biologic nature of the drug, the majority of these studies did not 

include patients with BrM due to initial concerns of inducing potential intracranial 

brain haemorrhage. However, the safety and tolerability of bevacizumab has been 

proven in the management of primary brain tumours such as GBM (Chamberlain, 

2011; Vredenburgh et al., 2007). Since then, the efficacy of bevacizumab plus 

chemotherapy for the treatment of BrM has been carried out in a number of clinical 

trials. One study executed a phase II clinical trial of carboplatin and bevacizumab in a 

cohort of BrM patients, the majority of which were HER2-positive and had been pre-

treated for both intracranial and extracranial disease. A clinically promising CNS 

response rate of 45% in 38 patients was reported (Lin et al., 2013). In a second 

phase II study, progressive BrM patients that had progressed from WBRT, were pre-

administered with bevacizumab 1 day before receiving etoposide and cisplatin. A 

significant intracranial response rate of 79% was observed in 39 recruited patients 

(Lu et al., 2015).  The results of this treatment regime has prompted a further 

extension to this trial study, which is currently ongoing and actively recruiting 

(NCT02185352). However, while the intracranial response rates to this therapeutic 

strategy have been favourable, the interpretation of these results should be taken 

with caution. Given  the anti-oedema effects of bevacizumab, accurate visualization 

of brain lesions can be challenging, resulting in a potential underestimation of tumour 

burden (Lin, 2013). 
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1.8. Hypothesis 

BrM presents a major cause of neurologic morbidity and severely impacts on patient quality 

of life. Despite intensive research efforts in understanding the molecular etiology of 

this disease, current management strategies for BrM still remain a major clinical 

challenge. This deficiency was the stimulus for the work contained within this thesis. 

 

Several genomic studies have compared the molecular profile of primary breast 

tumours and BrM with the hopes of discovering potential vulnerabilities exclusive to 

BrM. From these findings, a considerable amount of genetic divergence was reported 

between both neoplastic sites, implying complex evolutionary adaptations to the 

unique brain microenvironment. However, the possibility of exploiting these 

alterations as clinical targets to improve BrM treatment has been poorly investigated. 

To address this, our group previously conducted genome-wide RNA-Seq on a 

diverse clinical cohort of 21 patient-matched breast tumours and their associated 

resected BrM.  

Following this comprehensive transcriptome analysis, recurrent BrM-acquired 

enrichments were identified in multiple RTKs, many of which are clinically significant. 

Therefore, these findings constitute the hypothesis for this thesis, being that such 

aberrations could offer effective therapeutic targets for the treatment of BrM tumours, 

with potential applicability to all BC subtypes.  
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1.9. Aims 

The aims of this research investigation will be as follows: 

 

1. Select the most promising actionable target RTKs and validate their observed 

transcriptomic changes at a protein level by performing IHC analysis on all 

available FFPE samples of the 21 patient-matched cases. 

 

2. Determine the functional efficacy of inhibiting target RTKs to treat BrM using 

small molecule TKIs. The anti-tumour efficacy of targeted treatments will be 

assessed by using: 

(i) Specialised in vitro brain-metastasising cell lines and primary cells 

derived from a patient BC BrM tumour. 

(ii) An in vivo PDX tumour model of BC BrM 

(iii) Fresh ex vivo explant tissues from patients undergoing BrM resection  
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2. Material and Methods 
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2.1.3. RNA-Seq quantification and normalization 

All RNA sequencing expression quantification, normalization, data quality 

assessment and analysis was conducted by two bioinformaticians; Dr Ailis Fagan 

(EORG, RCSI) and Dr Nolan P rie d igke it (Un ive rsit y o f P ittsb u rgh ) . FASTQ files were 

quantified using k-mer based lightweight-alignment (Salmon v0.7.2, quasi-mapping 

mode, 31-kmer index established from GRCh38 Ensembl v82 transcript annotations, 

seqBias and gcBias corrections)(Patro et al., 2017). Read counts and percentage 

alignment were calculated. Transcript abundance estimates were collapsed to gene-

level values using R package, tximport (Soneson et al., 2015). RNA-Seq data were 

aligned using Salmon and were uploaded into R using tximport. The imported genes 

were filtered to only include protein coding genes, this reduced the gene set down to 

19,808 genes. A pseudocount of 1 was added to each of the count values before the 

counts were converted to log2 values. To exclude non- or lowly expressed genes, 

only genes with a TPM value greater than 0.5 in at least 10% of samples were 

considered for gene set enrichment and clinically actionable kinase evaluation. Log2 

transformed TMM-normalised CPM (log2normCPM) values were implemented for 

subsequent analyses (Robinson et al., 2010; Robinson and Oshlack, 2010). 

  

2.1.4. Gains and losses in clinically actionable kinases.  

All enriched kinase genes were then prioritised according to the degree of clinical 

targetability. Clinically actionable and kinase gene sets were obtained from the Drug 

Gene Interaction Database (DGIdB 2.0) and the overlap between the two sets were 

used to define and prioritise clinically actionable kinases (n =105) (Wagner et al., 

2016). Continuous expression fold-changes calculated from log2normCPM values  

with genes being considered to be up or down regulated if they exhibited a log2 fold 

change greater than ± 1.5 and an adjusted p-value of <0.05. These values were 

transformed to discrete, stringent expression gains by defining an “expression gain” 

as a log2FoldChange greater than the 95th percentile (log2FoldChange = 1.198) of all 

gene and case fold-changes. After assigning discrete expression gains, data for 

recurrent gains (n>1 pair) was visualised using the oncoprint function in 
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ComplexHeatmap (Gu et al., 2016).  To plot and statistically assess HER2 and RET 

expression differences, ladder plots and paired Wilcoxon signed-rank tests (primary 

vs. metastasis)  were implemented on normalised log2 expression values. 

 

2.2. Whole-exome sequencing 

All brain metastatic tumours from ex vivo and PDX work were subjected to DNA 

extraction following standard protocols of the Qiagen GeneRead DNA FFPE kit. 

Extracted genomic DNA was assessed for quantity and quality using Thermo 

Scientific NanoDrop spectrophotometer. Downstream bioinformatics analysis of WES 

data was performed by Dr. Damir Vareslija. Prior to WES library preparation, 

genomic DNA with acceptable purity yields were mechanically sheared by Covaris 

technology into fragment sizes ranging approximately between 100bp -150bp. To 

end repair fragmented DNA extracts, an “A” base was supplemented to the 3′-end of 

each strand. Adapter oligos were ligated to dA-tailed fragments before amplification 

and sequencing. Adapter ligated DNA fragments were amplified using ligation-

mediated PCR (LM- PCR) and were then purified and hybridised to the exome array 

for enrichment. Non-hybridised fragments were washed out. Captured products were 

then circularised. The rolling circle amplification (RCA) was performed to produce 

DNA Nanoballs (DNBs). The resulting fragment library construction was then 

sequenced on BGISEQ-500 sequencing platforms (BGI Genomics, Hong Kong). All 

raw sequencing data for each study sample was stored in FASTQ format which was 

filtered to generate clean data and mapped to the human reference genome. 

Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009) software was used to do the 

alignment. Accurate variant calling was ensured by following the recommended Best 

Practices for variant analysis with the Genome Analysis Toolkit (GATK, 

https://www.broadinstitute.org/gatk/guide/best-practices). GATK (DePristo et al., 

2011), was used to recalibrate base quality scores and generate local realignments 

around InDels. Picard tools were utilised to remove duplicate reads. The sequencing 

depth and coverage for each study sample was calculated from the alignments.  A 

number of data filtering steps was performed in order to minimise any potential 
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background noise in the sequencing data which included (1) Removing reads that 

contained sequencing adapters; (2) Removing reads whose low-quality base ratio 

(base quality less than or equal to 5) was more than 50%; (3) Removing reads whose 

unknown base ('N' base) ratio was more than 10%. All genomic variations, including 

SNPs and InDels were identified using HaplotypeCaller of GATK (v3.6). 

Subsequently, a more stringent filtering approach was used to make high-confident 

variant calls using the SnpEff tool (http://snpeff.sourceforge.net/SnpEff_manual.html). 

The final variants and annotation results were used in the downstream advanced 

analysis. The SnpEff tool was used to annotate all SNPs or InDels that resulted in 

protein-coding alterations and to identify the amino acids that are affected. Several 

filter-based annotations were also applied to identify specific mutations, including 

those reported in dbSNP v141, variants with a MAF<1% in the 1000 Genomes 

Project, non-coding synonymous SNPs with a SIFT score of <0.05 and intergenic 

variants with a GERP++ score >2. All identified mutations were then cross-

referenced and filtered utilising ExAC, dbSNP and ClinVar databases. 

 

2.3. Quantitative analysis of ERBB2 amplification  

Nanostring nCounter CNV assay was employed to evaluate the ERRB2 copy number 

alterations in 13/21 primary and metastatic paired BC samples from the Pittsburgh 

cohort of patients (PITT) where sufficient DNA was already available. A copy number 

cut-off value of ≥5 was selected for HER2 amplification. FISH testing was used to 

evaluate the selected matched cases from the RCSI cohort (RCS) that were 

borderline HER-positive (2+) in the primary BC but had changed to positive in BrM. 

This method employs fluorescently labelled probes which specifically hybridise to and 

quantifies target nucleic acid sequences. The FISH probe used was the Abbott LSI 

HER-2/SE17 dual-colour probe on the Leica Bond III automated platform (Cat# 

TA9217). All quantifications were performed by trained pathologists at the Pathology 

Department, Beaumont Hospital, Dublin 9, in accordance with ASCO/CAP HER-2 

testing guidelines (Wolff et al., 2013). 



 

37 
 

2.4. Nucleic Acid Biochemistry 

 

2.4.1. RNA extraction from FFPE samples 

FFPE sections underwent RNA extraction using RNeasy FFPE RNA kit (Qiagen, 

#73504) designed specifically for effective purification of RNA from FFPE tissue 

sections. Using a microtome, 3-4 20 µm thick sections were freshly cut from each 

FFPE block. All paraffin was removed by treating sections with deparaffiniztion 

solution (Qiagen, #19093) and incubated at 56°C for 3 min, then allowed to cool at 

room temperature. If the sample became solid or waxy after cooling, an additional 

amount of deparaffinization solution was added and the incubation step was 

repeated.  Buffer PKD was then added followed by a 1 minute centrifugation step at 

10,000 rpm. Next, proteinase K was added to release RNA from the sections and 

mixed into the clear lower phase before incubating samples at 56°C for 15 minutes, 

then at 80°C for 15 minutes.  The second incubation step reverses formalin 

crosslinking of the released nucleic acids, improving RNA yields and quality. After 

incubations, the lower phase was transferred into a new tube before incubating it for 

a further 3 minutes on ice, followed by a 15 minute centrifugation step at 13,500 rpm. 

The supernatant was transferred into a new tube taking care not to disturb the pellet. 

DNase Booster Buffer, equivalent to a tenth of the total sample volume was added 

next, along with 10 μL DNase I stock solution before mixing tube contents and 

incubating at RT for 15 minutes. The purpose of this step is to eliminate all genomic 

DNA. The lysate was then homogenised with Buffer RBC and 100% ethanol to adjust 

binding conditions for RNA. The sample was then transferred to an RNeasy MinElute 

spin column and centrifuged at ≥10,000 rpm for 15 seconds. The flow-through was 

discarded and the column was wash twice with 500 μL Buffer RPE. The flow-through 

was discarded and the column was centrifuged once more to ensure no remaining 

residue. Finally, the column was placed into a clean eppendorf tube and the RNA 

was then eluted in 20 μL of RNase-free water. RNA concentration and quality was 

quantified by measuring on a NanoDrop spectrophotometer. RNA was stored at -

80°C for future use. 
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2.4.2. Reverse transcription PCR 

Superscript III First Strand Synthesis System for RT-PCR (18080400, Invitrogen) was 

used to transcribe mRNA into complementary DNA (cDNA). 500ng of RNA was 

primed with 1 μL of random hexamers and 1 μL 10 mM DNTP’s to a final volume of 

10 μL with nuclease-free water.  The sample was heated to 65°C for 5 minutes and 

placed on ice immediately after to cool.  10 μL of cDNA synthesis mix (Table 2.1) 

was added to each sample. The RNA/synthesis mix was then heated to 25°C for 10 

minutes, followed by 50°C for 50 minutes.  A control sample, without superscript 

enzyme (–RT) was also included. cDNA was stored at -20°C until ready for use. 

 

Table 2.1: Conditions and reagents used for RT-qPCR 

PCR Master Mix Volume (μl) per sample 

10x RT Buffer 2 

25mM MgCl2 4 

0.1M DTT 2 

RNase Out 1 

Superscript III 0.5 

Nuclease free H2O 0.5 

Total Volume 10 

 

2.4.3. Polymerase chain reaction PCR  

The polymerase chain reaction (PCR) is a frequently utilised research tool for 

amplifying specific target regions of DNA. The process relies on DNA polymerase 

and nucleotides as well DNA primers which binds specifically to the DNA region of 

interest on the DNA template. The reaction is repeatedly subjected to a sequence of 

temperature changing cycles which facilitates the synthesis of many copies of target 

DNA. Semi‐quantitative real time PCR, or qPCR was used to detect and quantify 
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relative levels of HER2 and RET mRNA in one of the matched tumour cases used for 

the ex vivo study (T638). Unlike conventional PCR, this technique determines the 

amount of amplified targeted DNA during the reaction rather than at the end. This 

was performed through pre-designed Taqman assays (Thermo Fisher Scientific) and 

analysed on the StepOnePlus Real Time System (Applied Biosystems). Master mix 

components and thermocycling conditions were used as per manufacturer’s 

instructions. The amplicons are detected by fluorescent dye labelled taqman probes 

which emit a fluorescent signal upon hybridization with the complementary target 

DNA sequence. Therefore, an increase in fluorescence intensity is proportional to the 

amount of synthesised PCR product. Relative expression levels of target genes were 

calculated using the comparative 2−ȹȹCt relative to human B-actin that was used as 

the control sample. Probes that were used are RET (Hs01120030_m1), ERBB2 

(Hs01001580_m1) and Human ACTB was used as the control (#4333762F, Thermo 

Fisher Scientific). 

 

2.5. Immunohistochemistry 

IHC is a technique used to selectively evaluate the presence and cellular location of 

proteins in tissues. In short, this method allows a particular protein of interest to be 

visualised by using antibodies that binds specifically to their target antigen.  

 IHC was performed using the Dako EnVisionTM Kit on formalin-fixed paraffin-

embedded tissue in the form of full face tumour specimens. A microtome was used to 

cut paraffin sections at a thickness of 5 μM which were mounted on Superfrost Plus 

slides. Slides were baked at 65°C for 6 hours to fix the tissue onto the slides. 

Sections were de-paraffinised in xylene in two separate baths for 3 minutes each. 

Sections were rehydrated gradually through decreasing concentrations of industrial 

methylated spirits (IMS, 100% twice, 70% once). The slides were then rinsed in PBS 

for 5 minutes. Heat-mediated antigen retrieval was performed by placing slides in a 

closed plastic vessel containing pre-heated 10mM sodium citrate buffer (pH 6.0) 

(Appendix I).  Slides were then heated at high power in a domestic microwave for 8 

minutes before cooling for at least 20 minutes at room temperature. Afterwards, 

slides were then washed twice in TBS containing 0.1% Tween (TBS-T) for 5 minutes 
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before drawing a hydrophobic barrier around each tissue specimen section using a 

water repellent marker. Endogenous peroxidase activity was blocked by incubating 

slides in peroxidase blocking solution (H2O2) (DAKO) for 5 minutes followed by 

another 5 minute wash in dH2O. Slides were then incubated with primary antibody of 

choice for 1 hour at 25˚C or else overnight at 4 ˚C for all phosphorylation IHC 

stainings. Primary antibody conditions were determined by following the 

manufacturer’s instructions and subsequently optimised where necessary. Details of 

the recommended primary antibody dilutions and incubations conditions can be 

found in Table 2.2. Host species- and concentration-matched IgG isotopes were used 

as negative controls. All primary antibodies and IgG controls were diluted to the 

optimised concentration in 0.05mol/L Tris buffer (pH 7.2-7.6) containing 1% (w/v) 

Bovine Serum Albumin (BSA). Following primary antibody incubation, slides were 

washed for 5 minutes in TBS-T three times and then incubated with the appropriate 

biotinylated secondary antibody. Three TBS-T washes were repeated on the slides 

again before subsequently developing each tissue section in 3, 3-diaminobenzidine 

tetrahydrochloride (DAB) for 5 minutes. The reaction was then quenched by 

immersing the slides in dH2O for 5 minutes. Slides were counterstained with 

hematoxylin (Sigma Aldrich) for 3 minutes. Immediately afterwards, slides were 

washed under gentle running tap water for 5 minutes. The slides were gradually 

dehydrated by immersing in increasing concentrations of industrial methylated spirits 

(IMS, 70% once, 100% twice) and in xylene two times, each at 3 minute intervals.  

Lastly, slides were allow to fully dry before applying them each with DPX mountant 

(Sigma Aldrich) and a cover slip. 
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Table 2.2: IHC primary antibody conditions 

Target protein 1° Antibody and supplier Working 1° 

Antibody dilutions 

Antigen 

Retrieval 

2̊ Antibody 

Ki67 Mouse mAb, Dako clone 
MIB-1, M2740, #A97064 

1 in 100 Sodium 
Citrate 

Anti-mouse 
IgG 

ER Mouse mAb, 
novacastra leica, NCL-L-
ER-6F11, #6043537 

1 in 50 Sodium 
Citrate 

Anti-mouse 
IgG 

PanCK Mouse mAb, novacastra 
leica, NCL-L-AE1/AE3, 
#6038590 

1 in 50 Sodium 
Citrate 

Anti-rabbit 
IgG 

HER2 Mouse mAb novacastra 
leica, NCL-L-CB11, 
#6046036 

1 in 40 Sodium 
Citrate 

Anti-mouse 
IgG 

RET Rabbit polyclonal, Sigma 
Prestige Antibodies, 
#A97064 

1 in 150 Sodium 
Citrate 

Anti-rabbit 
IgG 

EGFR Rabbit mAb, D38B1, Cell 
signalling, #4267 

1 in 100 
 

EDTA 
 

Anti-rabbit 
IgG 

HER3 Rabbit mAb, D22C5, Cell 
Signalling,  #12708 

1 in 200 EDTA 
 

Anti-rabbit 
IgG 

HER4 Rabbit mAb, 111B2, Cell 
Signalling,  #4795 

1 in 200 EDTA 
 

Anti-rabbit 
IgG 

pHER2 
(Tyr1221/1222) 

Rabbit mAb, 6B12, Cell 
Signalling, #2243 

1 in 200 EDTA 
 

Anti-mouse 
IgG 

pRET(Y1062) Rabbit polyclonal, Abcam, 
#ab51103 

1 in 400 EDTA Anti-rabbit 
IgG 

pEGFR 
(Tyr1068) 

Rabbit mAb, D7A5, Cell 
Signalling, #3777 

1 in100 EDTA Anti-rabbit 
IgG 

pHER3 
(Tyr1289) 

Rabbit mAb, D1B5, Cell 
Signalling, #2842 

1 in 500 EDTA 
  

Anti-rabbit 
IgG 

pHER4 
(Tyr1284) 

Rabbit mAb, 21A9, Cell 
Signalling, #4757 

1 in 200 Sodium 
Citrate 

Anti-rabbit 
IgG 

p-AKT 
(Ser473) 

Rabbit polyclonal, D9E, 
Cell Signalling, #4060S 

1 in 50 Sodium 
Citrate 

Anti-rabbit 
IgG 

p-p70 S6 
Kinase 
(Thr389) 

Rabbit polyclonal, Cell 
Signalling, #9205 

1 in 100 Sodium 
Citrate 

Anti-rabbit 
IgG 

p-ERK 
(T202/Y204) 

Rabbit polyclonal, , Cell 
Signalling, #2105S 

1 in 400 Sodium 
Citrate 

Anti-rabbit 
IgG 

p-RAF 
(Ser259) 

Rabbit polyclonal, Cell 
Signalling, #9421S 

1 in 50 Sodium 
Citrate 

Anti-rabbit 
IgG 

p-MTOR 
(Ser2448) 

Rabbit polyclonal, 49F9, 
Cell signalling, #2976S 

1 in 50 Sodium 
Citrate 

Anti-rabbit 
IgG 
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2.5.1. Analysis of IHC data  

All IHC analysis and scoring was conducted independently by two researchers .  

Slides were viewed by light microscopy on an Olympus IX51 inverted microscope. 

High resolution Images were captured at either 10x, 20x or 40x magnifications.  

 

2.5.1.1. IHC evaluation of HER2 positivity 

Interpretation of HER2 staining followed validated scoring diagnostic criteria 

according to the 2013 ASCO/CAP HER-2 testing guidelines (Wolff et al., 2013). This 

method of HER2 scoring is established on a 0-3 scale which considers both the 

intensity and completeness of membrane staining as well as the coverage of stained 

tumour cells. The scoring system is summarised in Table 2.3 below. Examples 

of staining patterns for tissue scored 0, 1+, 2+, and 3+, can be found in Appendix I, 

Figure 8.1.  

 

Table 2.3: HER2 IHC positivity scoring criteria 

Staining Pattern Intensity 

Score 

Assessment 

No staining in cells 0 Negative 

Weak incomplete membranous/cytoplasmic in >10% 

of tumour cells 

1+ Weak 

Weak to moderate membrane/cytoplasmic staining 

in >10% 

2+ Equivocal  

Strong membrane/cytoplasmic staining  in >10% 3+ Strong 
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2.5.1.2. IHC scoring system for total/phosphorylated RET and HER family 

members  

RET and HER family IHC scoring was evaluated based on (1) staining intensity (ie. 

0=Negative; 1=Weak; 2=Moderate, 3=Strong, 4=Very Strong) cellular location 

(cytoplasmic, membranous, nuclear), and coverage (ie. 2= <40%; 3 <60%; 4 

=<80%). EGFR and pEGFR immunostaining data was predominantly membranous, 

whilst HER3, HER4 and RET and their phosphorylated forms were cytoplasmic. The 

same scoring criteria was used to assess pHER2 staining  This scoring system was 

similar in principle to several methods already published in literature and was 

originally adapted from them (Kodack et al., 2017c; Saunus et al., 2015). The 

modified scoring system followed in this study is indicated in Table 2.4. Positive 

reference staining of total and phospho- RET/HER family can be found in Appendix I, 

Figure 8.1, Figure 8.2, respectively. 

 

Table 2.4: Scoring criteria of RET and HER family IHC assay 

Staining Pattern Intensity 
Score 

Assessment 

No staining in cells 0 Negative 

Weak incomplete membranous 1+ Weak 

Weak staining +/- <40% positive 2+ Moderate  

Heterogenous or moderate to strong in <60% 3+ Strong 

Strong staining in >80% of cells 4+ Very Strong 

 
 

2.5.1.3. Ki67 quantification analysis 

Ki67 calling was performed according to the following recommended guidelines 

(Dowsett et al., 2011). Only nuclear ki67 staining was counted and incorporated into 

a Ki67 score (= % ki67 positive stained tumour cell nuclei among total number cell 

nuclei) where staining intensity was considered irrelevant. A minimum of 500 cells 

were counted to give a score, Quantitative analysis was performed on 3 non-

consecutive tissue sections that were at least 10 cuts apart and a total of 5-10 

images were analysed per treatment group. 
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2.5.1.4. Downstream signalling quantification analysis 

Downstream pathway analysis of pAKT, p70S6K, pSRC, pERK and pRaf were 

quantified using the Aperio Digital Pathology imaging software. 5-10 images were 

analysed per treatment group. To evaluate the amount IHC staining present in each 

image, the Aperio Positive Pixel Count Algorithm was applied using the ImageScope 

program which quantifies both the number and intensity of positive pixels. The 

algorithm is pre-configured with a set of input parameters for staining quantification: 

brown colour staining was selected for as positive pixels which are measured in three 

intensity ranges (weak, positive and strong). The sum of positive pixels are quantified 

in each intensity range as well as the average intensity, ratio of strong/total number 

and average intensity of weak+positive pixels. Pixels that do not meet the set colour 

specification are deemed as negative staining but are still counted for by the 

algorithm in order to determine the % of positive to total stained areas. 

 

2.6. In vitro  cell culture  

 

2.6.1. Cell culture environment 

All routine cell culture work was carried within a sterile environment using a laminar 

flow hood. All cells were maintained in a humid 5% (v/v) CO2 atmosphere at 37 ˚C. 

All cell culture work was performed using standard aseptic techniques. 

 

2.6.2. Cell culture maintenance 

All used tissue culture reagents can be found in Appendix I, Table 8.1. BC and 

primary cell lines were cultured in T-75 cm2 filtered tissue culture flasks (Sarstedt, 

Germany). Cell were passaged at approximately 70%-80% confluency by washing 

them in 5 ml of phosphate buffer saline (PBS; Oxoid Limited, Basginstoke, 

Hampshire, England) followed by incubation with 2 ml of 0.05% trypsin (v/v)/0.02% 

EDTA (v/v) solution (Sigma Aldrich) for 3 minutes at 37 ˚C. Trypsin was subsequently 

quenched with 8mls of appropriate cell culture media before transferring the cell 

suspension into a 15ml conical tube (Greiner Bio-One, Germany) and centrifuged at 
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1200rpm for 3 minutes. The supernatant was discard and the cell pellet was 

resuspended in the required volume of cell culture medium. The final cell suspension 

was sub-divided into a new T-75 cm2 flask at a lower confluency. 

 

2.6.3. Culturing of cells from cryo-storage 

Cryovials containing frozen cells were removed from liquid nitrogen and allowed to 

defrost rapidly at room temperature before transferring contents into a 15ml conical 

tube containing 7 ml of cell culture medium. Cell suspension was centrifuged at 1200 

rpm for 3 minutes. The supernatant was discarded and the cell pellet was 

resuspended in 2mls of fresh medium. This suspension was transferred into a T-75 

cm2 flask to which a further 8mls of fresh cell culture medium was added. The cells 

were incubated at 37˚C for 4 hours before checking cells for viability. Once the 

majority of the cells had adhered the cell culture medium was refreshed. 

 

2.6.4. Cell counting 

To seed cells according to the recommended seeding density for each functional 

assay, cells were manually counted using a haemocytometer (Neubauer, Germany). 

After cells had been trypsinised, 20 μL of cell suspension was mixed with 20 μL of 

Trypan blue (Sigma Aldrich) and 10 μL of this solution was pipetted onto the 

haemocytometer. The cells were counted in the two square grids on the left and on 

the right, before obtaining an average and multiplying this by 2x104 to obtain the 

number of cells per ml of cell suspension. Counting was performed in duplicate and 

an average count per ml was calculated. The require volume of cell suspension was 

calculated and seeded into the appropriate cell culture vessel.  

 

2.6.5. Breast cancer cell lines 

For in vitro comparative studies, specialised brain seeking ER-positive and triple 

negative breast (TNBC) cancer cells in addition to PDX cell culture models 

established from resected brain metastatic tumours were utilised to evaluate the anti-

tumour efficacy of cabozantinib and afatinib. 
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2.6.5.1. LY2 cell line 

LY2 cells were a kind gift from Dr. Robert Clarke, Department of Oncology, 

Georgetown University, Washington DC, USA. These cells were initially derived as 

stable variants of the MCF-7 cell line and are resistant to LY117018, a potent anti-

oestrogen (A. Bronzert et al., 1985). LY2 cells were maintained in phenol red-free 

modified eagle medium (PRF-MEM) which was supplemented with 10% fetal calf 

serum (FCS) (Sigma Aldrich), 1% L-glutamine (L-Glut), 1% penicillin-streptomycin 

(PS). They are an ER-positive and HER2-negaitve endocrine therapy-resistant cell 

line and our lab have previously demonstrated their ability to readily metastasise to 

distant organs, including the brain (Figure 2.1A, Figure 2.1D, Figure 2.1F) (McBryan 

et al., 2015). 

 

2.6.5.2. MDA-231-BrM2 cell line  

MDA-231-BrM2 cell line was obtained from the Massagué Lab, MSKCC, New York. It 

is a highly metastatic derivative of the triple negative MDA-MB-231 cell line with 

brain-seeking selectivity (Figure 2.1B, Figure 2.1D) (Bos et al., 2009a). This subline 

was initially established from the parental cells after repeated rounds of intracardiac 

injection, brain resection, tumour cell dissociation and re-injection into mice, 

generating a clonal population of cells that have been demonstrated to specifically 

metastasise to the brain (Figure 2.1F).  MDA-231-BrM2 cells were cultured in 

Dulbecco's MEM with supplemented with 10% FCS, 1% L-Glut, 1% PS. 

 

2.6.5.3. T347-2c primary cell line 

The T347-2c brain metastatic primary cell line was initially derived from  an ER-

positive, PR-negative and HER2-positive patient tumour, which had been expanded 

in NOD-SCID mice as previously described (Figure 2.1C, Figure 2.1D) (Ward et al., 

2018b) . T347-2c primary culture cell line was derived from T347x brain metastasis 

tumour. The cell line was cultured in human breast epithelial cell culture (HBEC) 

media.  (Vareslija et al., 2017).  
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2.6.6. Cell culture treatment conditions 

For 24 hours prior to any in vitro cytotoxic assays, all cells were cultured at reduced 

serum levels (3% FCS) in their appropriate cell culture mediums. The T347-2c 

primary cell line was grown for 24 hours in Hyclone DMEM/F12 (1:1) containing 3% 

FCS, 1M HEPES and 1% (L-Glut). Drug treatments were prepared at the required 

concentration for each cell line by diluting in appropriate reduced serum media. For 

all in vitro functional assays, following seeding at the appropriate densities, cells were 

then incubated with treatment conditions outlined in Table 2.5. Concentrations of 

afatinib and cabozantinib were determined from publically available IC50 values 

Figure 2.1: In v itro  cell line models of breast cancer brain metastases. 

Light microscopic images showing the morphology of (A) LY2 cells, (B) MDA-231-

BrM2 cells (C) T347-2c cells. All Images were captured at 10x magnifications; scale 

bars correspond to 100μm. (D) Western blotting of key biomarkers represented in our 

cell line models (E; F) Representative in vivo and ex vivo bioluminescence images of 

mice following intracardiac injection of luciferase labelled brain seeking MDA-231-

BrM2 and LY2 breast cancer cell lines.  
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The wells of a 96‐well plate were coated with collagen (Sigma Aldrich) and incubated 

for 1hr at room temperature (RT). Wells were then washed with 100 ul of sterile PBS. 

75μl of fluorescent beads (supplied in the Cellomics® kit) were added to each well 

before wrapping the plate in tinfoil and incubating it for 1hr at 37°C in the incubator. 

During this time, all cell lines were harvested, trypsinised and a cell suspension of 

5000 cell/ml was prepared.  Wells were washed five times in 1x Wash Buffer 

(supplied in the Cellomics® kit) before adding 50 μl of prepared cell suspension to 

each well. The plate was then wrapped in tinfoil and incubated for 24hr at 37°C. In 

order to fix the cells, 200μl of a formaldehyde solution was added to each well and 

incubated for 1 hr. The formaldehyde was aspirated and 100μl of 1x Permeabilisation 

Buffer (Kit) was pipetted into each well and left at RT for 15 min. Wells were carefully 

washed and stained for 30 minutes with Rhodamine Phalloidin. Wells were washed 

four times with 1x Wash Buffer and images were taken on an inverted microscope. 

Track areas were measured using Olympus cellF imaging software and compared 

with a Student t‐test. 

 

2.7.2. Cell proliferation assay 

The MTS CellTiter 96® Aqueous reagent (Promega) system was utilised to assess 

cell proliferation in LY2, MDA-231-BrM2 and T347-2c cell lines.  This is a time-

effective and dependable colorimetric method for determining the efficacy of drugs on 

various cancer cell lines by quantifying the number of metabolically viable cells after 

treatments.  

The procedure was performed in a 96-well plate and each cell line was seeded 

at 2000 cells per well. Cells were incubated overnight to allow adherence at the 

bottom of the well before exchanging the normal media with serum depleted media 

cells for 24 hours. The media was then then removed with care to prevent any 

disturbance to the bottom cell monolayer and replaced with serum-free media 

containing the appropriate drug treatment concentrations. Each treatment condition 

was carried out in triplicate wells of which cells were grown in at 37°C for 72 hrs. 30 

μL of MTS solution was then added into each well. As this is a light-sensitive reagent, 

this step was performed in a dark laminar flow hood and the plate was wrapped in 
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facilitate neural cell growth. Fresh intact tumour tissue was collected, de-identified 

and placed in DMEM/F12 on ice immediately after surgical resection from the brain. 

The tumour sample was dissected into approximately 2-4mm3 fragments in size as 

indicated in Figure 2.2 and placed on the pre-soaked dental sponges. These were 

maintained at 37 °C and 5% CO2 and treated with cabozantinib (10 nM), afatinib (25 

nM) or vehicle (% DMSO) for 72 hrs.  At the end of experimental treatments, tumour 

samples were fixed in 10% formalin overnight before paraffin embedded them for 

sectioning and IHC staining.   

 

 

 

 

 

 

2.9 Animals and In vivo  experimental protocols 

All experimental procedures using live animals were reviewed and approved by 

American Association for Laboratory Animal Science (IACUC). In vivo work was 

conducted in collaboration with Champions Oncology, using Champions Oncology 

BC BrM PDX model CTG-1520. Immune-compromised female mice (Harlan; nu/nu) 

between 5-8 weeks of age were housed on irradiated, Alpha-twist-enriched 1/8” 

corncob bedding (Sheperd) in individual HEPA ventilated cages (Innocage® IVC, 

Innovive USA) on a 12-hour light-dark cycle at 68-74°F (20-23°C) and 30-70% 

Figure 2.2: Fresh patient brain metastatic tissue prior to establishing ex  viv o  

culture. 

 Following retrieval of fresh patient tumour tissue the sample was maccrodissected 

into approximately 2-4 mm3 fragments.  

 

 

https://www.aalas.org/iacuc
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humidity. Animals were given water (reverse osmosis, 2 ppm Cl2) and an irradiated 

test rodent diet (Teklad 2919; 19% protein, 9% fat, and 4% fibre) ad libitum.  

Pre-study stock mice were implanted unilaterally on the left flank with stock 

tumour fragments. Seven-ten days after implantation, tumour growth was measured 

twice a week using digital callipers and the tumour volume was determined using the 

formula (0.52 x [length x width)]. When pre-study tumour volumes (TV) reached an 

average volume of approximately 150-300 mm3, animals were matched by tumour 

and assorted into control or treatment groups for dosing with a total number of 4 

study mice per group. A summary highlighting the conditions used for the in vivo drug 

efficacy study can be found in Table 2.6. Dosing initiated on Day 0. For 5 days, mice 

were given a once daily treatment of vehicle, 20 mg/kg afatinib or 30 mg/kg 

cabozantinib through oral administration followed by 2 days off (QDx5 on, 2 off). 

Concentrations were selected based on previous preclinical studies showing these 

doses to be the highest nontoxic oral levels (Zhao et al., 2016; Tanaka et al., 2014). 

This treatment cycle was carried out 4 times for a total duration of 28 days. Tumour 

volumes and body weight were taken twice weekly. The study endpoint was when the 

mean TV of the control group reached approximately 1500mm3. If the control groups 

had reached maximum TV before Day 28, treatment groups and individual mice were 

still dosed and measured up to Day 28. Any animal showing adverse treatment 

related side-affects, substantial weight loss or signs of distress due to tumour burden 

were humanely euthanised, of which there were none. At study completion, percent 

tumour growth inhibition (%TGI) values were calculated and reported for each 

treatment group (T) versus control (C) using initial (i) and final (f) tumour 

measurements by the formula (2): %TGI = 1 - (Tf-Ti ) / (Cf-Ci). Additionally, tumours 

were collected from all animals in each group. The tumours were split; half flash 

frozen and stored at -80°C and the other half fixed in 10% formalin for 18-24 hours 

and stored at room temperature in 70% ethanol.  After formalin fixation, samples 

were then paraffin-embedded and stored at 4°C. 
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Table 2.6: Treatment conditions for in v iv o  drug efficacy study 

Group -n- Agent 
Dose 

(mg/kg/dose) 

Dose 

Volume 

(mL/kg) 

ROA Schedule 

Total 

Number 

of Doses 

1 4 

Vehicle 

Control1 

 

- 10 PO 
Qd5 on, 

2offx4 
20 

2 4 Afatinib 20 10 PO 
Qd5 on, 

2offx4 
20 

3 4 Cabozantinib 30 10 PO 
Qd5 on, 

2offx4 
20 

Vehicle control1 - 0.5% Methyl Cellulose (MC), 0.4%  

 

2.9. Statistical analysis 

All results are shown as mean +/- s.e.m. A two-way student’s t-test was used to 

compare treatment groups to the vehicle unless otherwise stated. A p-value of less 

than 0.05 was deemed to be statistically significant.  The investigators were blinded 

to allocation for ex vivo and IHC analyses. All in vitro experiments are representative 

of the mean of three independent experiments (n=3), with a technical replicate of 

three for each cell-line treatment. For the in vivo experiment, tumour-bearing mice of 

similar tumour burden were randomise into control and experimental groups and all 

treatments were not blinded.  The calculated mean and the +/- s.e.m, for the 

measured tumour volume and body weight of each group are provided in Appendix I, 

Table 8.3 and Table 8.4, respectively. Statistical comparisons of tumour volumes 

were conducted using one-way ANOVA followed by Newman-Keuls multiple 

comparison test (GraphPad Prism). All IHC analysis and scoring for in vivo and ex 

vivo study was conducted independently by two researchers both of whom were 

blinded to allocation. While no statistical tests were applied to calculate the sample 

size for the in vivo study, all efforts were made to achieve the scientific aims using 

the minimum number of animals. Deviations in PDX tumour growth were also 

considered in interpreting the therapeutic tumour drug response data.  HER2 and 
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RET gene expression differences between patient-matched primary and brain 

metastatic tumour samples were plotted and statistically assessed using paired 

Wilcoxon-signed ranked tests (primary vs. metastasis) on log2normCPM values.  
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3. RET and HER2 expression gains are commonly acquired 

characteristics in breast cancer brain metastasis 
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3.1. Introduction 

Approximately 20-30% of patients with BC will eventually develop metastasis (Redig 

and McAllister, 2013). While substantial improvements have been achieved in the 

treatments of patients with MBC, 15-30% are still diagnosed with BrM, a clinical 

complication that is indicative of poor outcome with a short median survival time 

(Leone and Leone, 2015). Furthermore, BrM presents a major cause of neurologic 

morbidity and severely impacts on patient quality of life. As current treatment options are 

predominantly limited to local interventions including surgical resection and radiation 

therapy, the disease management strategies for BrM still pose a major clinical 

challenge.  

 

On the other hand, targeted therapies have made significant progress over the years, 

yet many still fail to achieve optimal disease control when it comes to BrM. Recently, 

small molecule TKIs of HER2 have emerged as favourable alternatives in HER2-

positive disease due to their ability to cross the BBB. However, while such anti-HER2 

agents have shown promising clinical activity in HER2-positive BrM (Lin et al., 2011; 

Bachelot et al., 2013; Freedman et al., 2017), effective targeted therapies still remain 

unavailable for HER2 negative BrM. Thus, there is a critical need to uncover 

molecular alterations that contribute to brain-specific metastasis in order to ultimately 

identify novel therapeutic targets. 

 

3.2. Brain metastasis genomic studies 

Within recent years, targeted gene expression analyses across longitudinal breast 

and BrM samples have revealed a number of differentially expressed genes between 

both neoplastic sites, with metastases often manifesting a larger assortment of gene 

alterations than the parent tumour. Indeed, these comparative  expression profiling 

studies have illuminated BrM-acquired aberrations including an overexpression of 

DNA-repair genes in addition well-established oncogenes such as HER2 and TP53 

(Woditschka et al., 2014; Brastianos et al., 2015; Priedigkeit et al., 2017a; Lee et al., 

2015b). These metastasis-associated modifications are driven by the highly adaptive 
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nature of MBC cells in response to the highly specialised features of the brain 

microenvironment and different adjuvant treatments. At the DNA-level, targeted 

mutational analysis of longitudinal breast and BrM samples have uncovered acquired 

mutations predicting sensitivity to the PI3K/AKT/mTOR pathway (Brastianos et al., 

2015). Similarly, using smaller cohorts of breast-to-brain metastases, other gene 

expression profiling studies have demonstrated that BrM were more enriched for 

somatic mutations in several BC genes including EGFR and PTEN (Da Silva et al., 

2010; Wikman et al., 2012). Altogether these findings reveal BrM acquire molecular 

alterations that are unique from their corresponding primary tumours. The 

identification of such BrM-specific features are of major clinical importance as some 

may be crucial for the brain metastatic process and hence represent exploitable 

vulnerabilities that could be targeted to treat this disease. However, a large-scale 

study on the global transcriptional profile of BrM is still in demand. Furthermore, the 

therapeutic significance of clinically actionable alterations to improve BrM treatment 

remains poorly investigated and mandates attention for functional validation.  

 

3.3. Preliminary work 

To address these deficiencies, our lab further expanded on these previous studies in 

a collaborative effort with researchers at the University of Pittsburgh. To achieve this, 

genome-wide exome capture RNA-Seq analysis was conducted on 21 patient-

matched FFPE samples of breast tumours and their associated resected BrM. All 

bioinformatics analysis was carried out in collaboration with Dr. Nolan Priedigkeit 

(University of Pittsburgh). While such archival specimens are highly susceptible to 

RNA degradation, an FFPE-specific sequencing approach was employed for this 

study. The reliability of this method has been supported by several reports in 

maintaining transcript integrity, demonstrating high levels of concordance with 

matched frozen tissue (Priedigkeit et al., 2017b; Van Allen et al., 2014; Munchel et 

al., 2015). The clinical characteristics of the patient cohort is illustrative of the 

molecular diversity within BC as seen by their varying tumour features and hormone 

receptor status. The full clinicopathological data of the study cohort is given in 
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Appendix I, Table 8.2. From this patient collection, a comprehensive characterisation 

on the transcriptional landscape of BrM was obtained and recurrent patterns of 

shifting transcriptomes were identified. Following gene set enrichment analysis 

(GSEA) of the data, we observed common expression differences in those 

associated with BC proto-oncogenes including KRAS and ALK (Figure 3.1A) 

(Hanzelmann et al., 2013). In particular, BrM–acquired aberrant enrichment was also 

detected in multiple receptor tyrosine kinase (RTK) driven signalling pathways which 

are key adaptive mechanisms in driving brain metastatic colonisation and outgrowth. 

Further comparative transcriptomic analysis between matched tumour pairs using an 

established mTOR/AKT gene signature (Ni et al., 2016) revealed an elevated score 

in 19/21 BrM (Figure 3.1B).  
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Figure 3.1: Oncogenic pathway enrichments in breast cancer brain metastases. 

(A) GSEA analysis of the RNA-Seq data using oncogenic pathway relevant gene sets 

from the Molecular Signatures Database (MSigDB). Gene expression differences 

between 21 patient-matched brain metastases vs. primaries is visualised as a 

heatmap and highlights brain metastasis enriched pathways (FDR adjusted Wilcoxon 

signed-ranked P-value <0.05) (B) Transcriptomic analysis of established AKT-MTOR 

dependent signature genes in matched tumour samples (n=21). Box blots correspond 

to difference in mean signature score (log2) in mTOR-AKT1 score gained in brain 

metastasis over patient-matched primary. 
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The HER2 pathway was also enriched which is consistent with the previously 

reported elevation of HER2 expression in up to 35% of BrM relative to matched 

primaries (Priedigkeit et al., 2017a). In light of this, a thorough examination of HER2 

pathway activation was performed by drawing on a pre-defined gene set associated 

with HER2 signature (Desmedt et al., 2008). This work revealed an enriched HER2 

signature score in 15/21 pairs of BrM compared with matched primary breast tumours 

(Figure 3.2A). Furthermore, HER2 pathway enrichment was also observed to be 

correlated with downregulation of estrogen receptor 1 (ESR1), a well-established 

determinate of hormone therapy resistant disease (Figure 3.2B). Interestingly, HER2 

signalling was upregulated in cases that were HER2-negative in the primary tumour, 

three of which scored an intermediate HER2 signature gain and were reclassified as 

HER2-positive in BrM as a result (Figure 3.2C). These findings may bear immediate 

clinical implications as some patients might be underdiagnosed as HER2 negative 

according to the status of the primary tumour yet could potentially receive benefit 

from anti-HER2 therapies.    
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Figure 3.2: HER2 pathway enrichment in breast cancer brain metastases. 

 (A) Paired ladder plot of established genes represented in the HER2 signature 

depicts the expression change in patient matched cases (p<0.008; Wilcoxon signed-

rank test; primaries vs. brain metastases). Blue dots represent primary tumour 

signature scores and red dots represent metastatic tumour signature scores. (B) 

Scatter plot of HER2 signature score in primary tumours. Blue dots (-/-) represent 

patient-matched are HER2 negative in both the primary and metastatic tumours, red 

dots (-/+) represent patient-matched cases that switched from HER2 negative to 

positive whereas green dots (+/+) represent HER2 positive tumours that have further 

activation in HER2 pathway. (C) Tile plot representing increases in HER2 signature 

or loss of ESR1 expression. HER2 subtype switching from negative to positive is 

indicated by squares whereas circles denote originally HER2 positive tumours that 

have additional activation in HER2 pathways. 
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Given the strikingly enriched kinase landscape, the transcriptomic data was further 

examined and prioritised on the basis of clinically targetable kinases (Wagner et al., 

2016). “Expression gains” were marked as any log2-transformed expression fold-

changes greater than the 95th percentile (log2FoldChange = 1.198) of all gene and 

case fold-changes. All expression fold-change values can be found in Appendix I, 

Table 8.2. Among these, top recurrent alterations were found in RET and ERRB2, 

both of which had a 2-fold or greater increase in 38% of BrM (Figure 3.3). Other 

notable targets include EPHA3 and members of the PI3K family (PIK3C2G and 

PIK3R1/2) whose oncogenic activation has been implicated to play critical roles in the 

pathogenesis of GBM and BrM, respectively (Day et al., 2013; Adamo et al., 2011; 

Da Silva et al., 2010). 

Figure 3.3 Identification of recurrent expression gains of clinically actionable 

kinases in brain metastases  

OncoPrint of clinically actionable kinases (DGIdb) with discrete expression gains in 

brain metastases. 
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3.4. Multi-targeted tyrosine kinase inhibitors 

Following this extensive preliminary work, there was strong rationale for investigating 

these alterations as clinically actionable therapeutic targets for BrM. HER2 and RET 

have FDA-approved drugs that are currently being explored as a therapy for 

numerous tumour types, including BC (Modjtahedi et al., 2014; Lin et al., 2012; Elisei 

et al., 2013; Drilon et al., 2013; Tolaney et al., 2016). Furthermore, given RET and 

HER2 had the most recurrent expression gains from the clinical cohort of BrM, both 

RTKs were selected for further functional investigation in this study.  

 

Afatinib (BIBW 2992) is an orally bioavailable irreversible HER family blocker that has 

been tested in several tumour types and was initially approved as a first line 

treatment of EGFR-mutated NSCLC. It inhibits HER family signalling via covalent 

binding with the intracellular tyrosine kinase domains of EGFR, HER2 and HER4. 

This subsequently prevents their auto-phosphorylation as well as trans-

phosphorylation of HER3, thereby interrupting downstream signalling cascades and 

reducing proliferation and tumour growth. Its broad spectrum inhibitory activity has 

the potential efficacy to significantly disrupt HER2 homo and heterodimerization and 

its ability to do so may perhaps offer improved clinical activity over HER2-directed 

monoclonal antibodies and mono or dual- targeted HER-TKIs (Modjtahedi et al., 

2014).  

For RET targeting, cabozantinib was selected. Cabozantinib is orally 

bioavailable multi-kinase inhibitor that was recently approved for the treatment of 

medullary thyroid cancer (MTC). It has potent activity against RET and other RTKs 

that are associated with tumour progression including MET and VEGFR (Grullich, 

2014). 

 

  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4367587/
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3.5. Aims 

 

The aim of this chapter was to: 

¶ Validate the observed transcriptomic changes of HER2 and RET by assessing 

their IHC profiles from available FFPE samples of the 21 patient-matched 

cases. 

¶ Determine the functional efficacy of small molecule TKIs, cabozantinib and 

afatinib, to inhibit tumour progression using in vitro models of BC BrM. 
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3.6. Results 

3.6.1. Validation of recurrent RET and HER2 transcriptomic alterations in 

primary breast cancers and matched brain metastases. 

RNA-Seq profiling of 21 paired primary breast tumour and BrM revealed a substantial 

increase in HER2 and RET expression in BrM (Figure 3.4). The raw sequencing 

counts were transformed to log2 counts per million (CPM) values and normalised 

using the TMM method. This accounts for any underlying discrepancies between 

samples such as library size differences, thus providing better adjusted data for 

differential expression analysis. Genes were defined as significantly upregulated if 

fold-changes were greater than 1.5 and the P values were <0.05.  According to this 

set threshold, both genes showed increased expression in 8 of 21 BrM.  

 

Figure 3.4:  Recurrent expression gains of HER2 and RET in breast cancer 

brain metastases.  

Paired ladder plots representing expression of the two most recurrent upregulated 

clinically actionable genes HER2 and RET in each patient matched case. Light 

green dots represent primary tumour expression values and dark green dots 

represent metastatic tumour expression values (log2norm CPM). 
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With respect to the enriched RET mRNA expression between matched sample pairs, 

RET IHC analysis was performed on all available cases (18/21) to validate this at the 

protein level. Due to limited availability, not all matching cases were retrievable for 

staining (Figure 3.5). 

Figure 3.5 RET protein expression is altered between matched primary and 

brain metastases  

IHC staining and analysis for RET was conducted in matched brain metastatic vs 

primary breast tumours for cases that were available (n=18) from the 21 patient 

cohort study. Images shown are all taken at 20x magnification. All scale bars 

correspond to 50 μm. 
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A comprehensive RET scoring system was defined and applied to evaluate RET IHC 

positivity in all of the profiled paired cases. The adopted scoring approach is 

summarised in Table 2.4 of the Material and Methods chapter. Alterations in RET 

protein expression was detected in 13/18 paired patient tumours. In addition, the 

observed differences in RET IHC positivity between paired primary and metastatic 

samples faithfully paralleled their mRNA expression changes. For instance, cases 

with RET mRNA gains also demonstrated a RET IHC positivity score that was higher 

in BrM - RCS_2; 2+ in primary, 3+ in BrM, PITT_72; 3+ in primary, 4+ in BrM, and 

RCS_5; 1-2+ in primary, 3+ in BrM (Figure 3.6). Comparative differences in RET 

protein expression between matched primary and metastatic tumours were also 

correlative with cases that revealed no expression fold-changes and metastasis-

specific downregulation of RET mRNA; RCS_4 and PITT_25, respectively (Figure 

3.6). Overall, the alterations that had been observed in RET mRNA between matched 

patient tumours and BrM were confirmed at a protein level by IHC. Furthermore, 

these findings also indicate that the RNA-Seq analysis that was applied to this study 

is an effective and accurate method of detecting true expression levels in FFPE 

samples.  
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Figure 3.6: RET IHC protein analysis is highly concordant with RET mRNA 

levels in both matched primary and metastatic samples. 

Representative RET IHC images of matched primary and brain metastases from 

example cases that showed upregulated, unchanged and downregulated RET 

mRNA in BrM; along with a graphic presenting RET IHC scores for 19/21 cases and 

their corresponding log2 fold change RET mRNA scores. 
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Figure 3.7: Case specific protein analysis and validation of HER2 expression 

gain in BrM.  

(A) TMM Normalised CPM counts of ERBB2 in patient matched primary and BrM 

tumour samples from case 4 _RCS. RNA sequencing counts were transformed to 

log2 counts per million (CPM) values and TMM normalised. (B) IHC analysis of HER2 

in patient-matched primary and BrM tumour samples from case 4 _RCS. Images 

shown are 20x; scale bars correspond to 50μm. 

 

As previously mentioned, comparative analysis of the transcriptomic data revealed 

that the HER2 status in three patient cases had changed from negative to positive in 

the BrM. To validate this at a protein expression level, HER2 IHC analysis and 

pathological scoring was performed for one of these patient-matched cases, 4_RCS. 

From the RNA-Seq analysis, this case demonstrated a ~2-fold expression increase 

for ERRB2 mRNA in BrM relative to the matching primary (Figure 3.7A). Consistently, 

IHC results show that HER2 protein expression altered from 1+ positivity score in the 

primary, to 3+ score in the BrM (Figure 3.7B). Again, due to limited availability of 

matching primary tumours HER2 staining could not be performed on all other 20 

matched pairs of samples.  



 

70 
 

Given the IHC confirmation of HER2 subtype switching in case 4_RCS, NanoString 

nCounter CNV assay or FISH analysis was employed on all samples that were 

available to investigate if gained DNA mutational alterations were responsible for the 

observed increases in HER2 expression. Nanostring was carried out in collaboration 

with Dr. Nolan P rie d igke it  and FISH analysis was carried out using the pathology 

services in Beaumont Hospital.   

 

Nanostring was employed to evaluate the HER2 amplification status of 13/21 primary 

and metastatic paired BC samples from the Pittsburgh cohort of patients (PITT), 

where sufficient DNA was already available. A copy number cut-off value of ≥5 was 

selected for HER2 amplification. As a result, HER2 copy number alterations were 

detected in 2/12 primary tumours and 3/12 metastatic tumours. Interestingly, 1 

HER2-negative patient case, 62_PITT, gained HER2 amplification with metastatic 

disease (Table 3.1).  

 

FISH was used to evaluate the selected cases from the RCSI cohort (RCS) that had 

changed from negative to positive in the BrM from the RNA-Seq analysis, 4_RCS 

and 6_RCS. The FISH results showed that 4_RCS was non-amplified (HER2:cep17 

ratio 1.33; HER2 count 4.1) whereas 6_RCS acquired HER2 amplification in the BrM 

compared to the primary. With regards to 4_RCS, the observed HER2 expression 

gains and enriched signalling in BrM may alternatively be caused by the acquisition 

of somatic activating mutations or else, perhaps even beyond DNA-level 

modifications such as epigenetic mechanisms driving transcriptional expression.  
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3.6.2. Inhibition of RET and HER2 effectively inhibits the growth of brain 

metastatic breast cancer cell lines in vitro  

Given RET and HER2 had the most recurrent expression gains, and their altered 

expression had been confirmed at protein level, the effect of inhibiting both RTKs was 

next investigated in a preclinical setting. For this, the efficacy of two FDA-approved 

agents; a multi-kinase RET inhibitor, cabozantinib, and a pan-HER family inhibitor, 

afatinib, was examined in vitro. The inhibitory activity of both drugs on cell 

proliferation was assessed in three cell line models of BC BrM. ER-positive, 

tamoxifen resistant model LY2 cells have previously demonstrated the capacity to 

metastasise to several organs, including the brain (Figure 3.8A). T347-2c is a primary 

culture cell line that was derived from an ER-positive/PR-negative/HER2-positive 

patient BrM tumour, T347x (Ward et al., 2018a). MDA-231-BrM2 cells is a well-

Table 3.1: Evaluation of HER2 amplification using NanoString assay in matched 

tumour pairs from the Pittsburgh cases 
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established brain colonising derivative of TNBC parental line, MDA-MB-231(Bos et 

al., 2009b).  

For cell proliferation assays, cells were treated with vehicle (% DMSO) 

cabozantinib (10 nM), afatinib (25 nM) or else a combination of cabozantinib and 

afatinib. After treatment with either single or combined agents, cell viability was 

evaluated by using the MTS assay after 72 hours. A significant decrease in cell 

proliferation was observed in LY2 cells after treatment with cabozantinib (n=3; 

p=0.0107), afatinib (n=3; p=0.0016) and a combination of both agents (n=3; 

p=0.0055) by 1.7-fold, 2.9-fold and 2.8-fold, respectively (Figure 3.8A). A significant 

~2-fold reduction in cell viability was also detected in MDA-231-BR cells in response 

to cabozantinib (n=3; p=.0007), afatinib (n=3; p=0.0016) and combined drug 

treatment (n=3; p=0.0009). (Figure 3.8B). T347-2C cells demonstrated significant 

drug sensitivity to both cabozantinib (n=3; p<0.0001) and afatinib (n=3; p<0.0001) as 

well as dual drug treatment (n=3; p=0.0004) leading to a 3.1-fold, 10.5-fold and 3.1-

fold decrease in cell proliferation, respectively (Figure 3.8C). Given this cell line has 

been characterised to overexpress HER2, as shown in the Material and Methods 

section, the larger anti-proliferative effect observed from afatinib treatment may be 

due to the inhibition of this RTK.  Co-treatment with cabozantinib and afatinib in all 

cell lines showed no synergistic inhibition of cell growth compared to single drug 

treatment. Therefore, it is possible that either RET and HER2 may serve as sufficient 

targets alone to treat some cases of BrM. Overall, the in vitro results indicate that 

cabozantinib and afatinib can decrease cell growth in BC cells that either have brain 

metastatic potential or have previously colonised the brain. 
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Figure 3.8: Cabozantinib and afatinib demonstrates significant in v itro  anti-

proliferative activity in cell line models of breast cancer brain metastases.  

(A) An ex vivo bioluminescent IVIS image a NON-SCID mouse with BrM following 8 

weeks post-intracardiac injection of luciferase tagged ER-positive BC endocrine 

resistance LY2 cells; alongside a bar chart illustrating the significant anti-proliferative 

effect of  cabozantinib (10 nM)(p=0.0107) and afatinib (25 nM)(p=0.0016) on LY2 

cells relative to vehicle-treated cells (DMSO). (B) A bar chart illustrating the 

significant anti-proliferative effect of cabozantinib (10 nM)(p=0.0007) and afatinib (25 

nM) (p=0.0014)  on brain-colonising MDA-231-BrM2 relative to vehicle-treated cells 

(% DMSO). (C) A bar chart illustrating the significant effect of cabozantinib (10 

nM)(p<0.0001) and afatinib (25 nM)(p<0.0001) in brain metastasis PDX-derived cell 

line ,T347x-2c, relative to vehicle-treated cells (% DMSO). All error bars represent 

mean ± S.E.M., n=3. P value compares treatments versus vehicle and is obtained 

using two-way paired student t-test where ***p<0.001, **p<0.01, *p<0.05. 
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Cell motility is a critical parameter for tumour progression and dissemination, as 

metastasis formation implies the migration of cancer cells from the original tumour 

location to distant sites (Yilmaz & Christofori, 2010). Thus, the effects of either 

cabozantinib or afatinib was examined on cell movement in the highly migratory 

MDA-231-BrM cell line following 24 hours of treatments. Vehicle-treated MDA-231-

BrM2 cells maintained a high level of motility. However, cells that were treated with 

afatinib (25 nM) had significantly decreased levels of motility (2.8-fold; n=3; 

p=0.0018) and were even slower in response to cabozantinib (10 nM) (1.5-fold; n=3; 

p<0.0001) (Figure 3.9). These observations suggest that cabozantinib and afatinib 

can inhibit growth and migration in a BC brain colonising cell line model.    
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Figure 3.9 Afatinib and Cabozantinib demonstrates significant in v itro  anti-

tumour activity in brain seeking breast cancer cell line, MDA-231-BrM2.  

A bar chart illustrating the significant anti-migratory effect of cabozantinib (10 

nM)(p<0.0001) and afatinib (25 nM)(p=0.0018) on MDA-231-BrM2 cells. Histogram 

shows mean migratory area per cell (μm2). Representative images of the cellular 

migration tracks for each treated group is shown staining with DAPI and 

rhodamine‐phalloidin. All error bars represent mean ± S.E.M., n=3. P value 

compares treatments versus vehicle and is obtained using two-way paired student t-

test where ***p<0.001, **p<0.01, *p<0.05. 
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3.7. Discussion 

The incidence of BrM is increasing among patients with BC, which typically manifests 

years after primary BC diagnosis. However, this clinical latency can vastly differ 

between patients as the development of BrM is relatively short among patients with 

TNBC (Hines et al., 2008).  Early events of brain relapse might be driven by rapid 

tumour cell clonal evolution, as intra-tumour heterogeneity is a major underlying 

cause of disease recurrence, especially for TNBC cases. According to this theory, it 

is hypothesised that a very rare subpopulation of clones with inherent metastatic 

potential are pre-existent in BC cells. These then become subjected to various 

selection pressures within the progressing primary tumour, giving rise to an evolved 

group of sub-clones that harbour the necessary molecular perquisites for brain 

colonisation (Nowell, 1976). 

 By contrast, a much longer interval of metastatic latency is reported in 

patients with luminal BC. For these cases, an alternative course for metastatic brain 

tumours has been suggested whereby, during this dormancy period, BC cells 

experience gradual evolutionary changes as an adaptive mechanism to both the 

selection pressures of intervening therapy and the surrounding host 

microenvironment. McBryan and colleagues previously observed that the degree of 

these genetic divergences were correspondent with the duration of disease latency 

as demonstrated by the larger transcriptome changes between primary breast 

tumours and liver metastases than primary and nodal tumours (McBryan et al., 

2015). Indeed, in the context of BrM, several genomic analysis studies revealed that 

tumour cells continue undergoing genetic changes after dissemination into the brain 

parenchyma, acquiring clinically informative alterations distinct from their respective 

primary tumours. BrM from these reports were shown to harbour unique oncogenic 

aberrations affecting the PI3K/AKT/mTOR pathway as well as members of the HER 

family (Brastianos et al., 2015; Da Silva et al., 2010). However, to date, a full 

comprehensive characterisation of the global transcriptional landscape of BrM and its 

divergence from primary BC remains incomplete and alterations specific to BrM have 

not yet been defined. 
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The objective of this work was to explore the role of abnormal transcriptional 

regulation in the development and progression of BrM with the ultimate goal of 

identifying potential therapeutic targets. For this, comparative RNA-Seq analysis was 

performed on a set of 21 patient-matched primary tumours and their corresponding 

BrM. The results reported here constitute important progress to our understanding of 

the molecular evolutionary shift from primary BC to BrM, revealing valuable 

information on alterations that may offer potential improvements to clinical outcomes. 

Recurrent patterns of gene enrichment in several RTKs were detected in BrM many 

of which were druggable. Among these, RET and HER2 expression were identified 

as the most recurrent acquired expression gains in BrM. 

 

In this chapter, IHC was carried on all available patient-matched FFPE tumour 

samples to validate the reported observed expression changes of RET and HER2 at 

a protein level. IHC analysis results show conclusive upregulation of HER2 

expression in BrM, through confirmation of a HER2-negative-to-positive conversion in 

one of the paired cases, 4_RCS. Consistently with these findings, in an expression 

analysis study of unmatched BrM from multiple cancer types, Saunus et al. reported 

a higher expression of HER2 in BC BrM compared to BrM originating from other sites 

(Saunus et al., 2015). Furthermore, previous studies have also reported receptor 

discordances between matched primary breast and BrM tumours with common shifts 

being gains in HER2 and loss of ER status (Priedigkeit et al., 2017a; Duchnowska et 

al., 2012; Jung et al., 2018; Thomson et al., 2016). Similar changes in ESR1 were 

also observed from the preliminary patient RNA-Seq data, as mentioned in the 

introductory section to this chapter, which was inversely correlated with increased 

HER2 gene signature scores. This negative relationship has also been suggested in 

other distant metastases of BC (Hoefnagel et al., 2010).  Indeed the biological 

phenomena of subtype switching bear massive clinical implications since such 

receptor profile alterations could affect patient prognosis. For example, BrM patients 

whom are diagnosed as non-HER2 amplified on the basis of their primary tumour 

status may potentially benefit from anti-HER2 therapies. Therefore, future therapeutic 
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decisions for advanced BC should be guided by sampling the metastatic tumour 

where available. 

 

HER2 gains by DNA-level alterations are also frequently observed in BrM. One 

previous study demonstrated that 22.2% of BrM harboured ERBB2 amplifications 

and/or mutations while analysis of 7,884 BCs revealed a significant enrichment for 

DNA level ERBB2 mutations in BrM versus local disease (13% local vs 24% brain 

metastasis) (Priedigkeit et al., 2017a). Thus, the potential attribution of these 

molecular mechanisms to the observed increases in HER2 gene expression was not 

excluded in this study. Upon evaluation of HER2 gene amplification, BrM-acquired 

copy number gains was confirmed in 2/3 cases that had changed from negative to 

positive in the BrM from the results of the RNA-Seq analysis. While a gain in HER2-

positive status was validated by IHC in the other subtype altered case, it was 

clinically designated as non-amplified by FISH. Therefore, in this scenario, 

enrichments of HER2 expression and signalling in BrM may be explained by acquired 

activating mutations. Alternatively, perhaps the observed increases in HER2 mRNA 

may be accounted for beyond genomic aberrations and instead by a mechanism 

involving epigenetic reprogramming leading to transcriptional enrichment. Such a 

proposed possibility will need to be explored in future studies, given the reported 

epigenetic instability often seen in tumours found in the brain (Nagarajan and 

Costello, 2009). 

 

Recurrent upregulation of RET mRNA was also shown to be unique to BrM (Vareslija 

et al., 2018). Indeed, no such enrichments for RET were found in similar 

transcriptome analysis of patient-matched longitudinal cases that included primaries 

and other metastatic sites, indicating that responses to RET are potentially specific to 

the brain (Priedigkeit et al., 2017b). IHC was performed on the majority of available 

matched cases and confirmed consistency with the RNA-Seq data results. 

Oncogenic activation of RET has been shown to be involved in disease progression 

for various cancers and is reported to show a strong association with the 

development of endocrine resistance in luminal BC (Drilon et al., 2017a; Morandi et 
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al., 2013; Plaza-Menacho et al., 2010b). Interestingly, RET inhibition in cell line 

models of endocrine resistant BC that harbour high expression of RET was 

demonstrated to lead to decreased growth and metastasis (Plaza-Menacho et al., 

2010b). Hence, RET was deemed as a potential molecular target for treating BC 

BrM. 

 

The role of deregulated RTKs in multiple cancer types has been well-established in 

literature and are recognised as effective targets for therapeutic intervention. Small 

molecule TKIs have proven to be valuable clinical tools for such targeted cancer 

therapies (Arora and Scholar, 2005). Drug compounds of this class offer particularly 

promising treatment strategies against BrM, as several have indicated an ability to 

penetrate the BBB (Ahn et al., 2017; Bachelot et al., 2013).  

In this present study, the TKIs, cabozantinib and afatinib, were selected to 

target RET and HER2, respectively. Clinical observations would suggest these 

molecules possess favourable BBB permeability properties, as they have previously 

displayed intracranial activities in patients with glioblastomas, as well as NSCLC 

patients with BrM (Hoffknecht et al., 2015; Cloughesy et al., 2018; Schuler et al., 

2016). As single agents, both demonstrated significant anti-proliferative effects in 

specialised cell line models of BrM that feature brain-seeking and brain-colonising 

traits. However, no synergy or additional activity was observed when cabozantinib 

and afatinib were combined. As both drugs are known to target functionally 

overlapping pathways, the combination treatments may only yield an anti-proliferative 

effect similar to either single agent alone. Furthermore, other works have shown that 

additive cytotoxicity from anti-cancer drug combinations can vary within patient 

populations (Palmer and Sorger, 2017). 

HER2 and RET inhibition also caused a striking decrease in cell migration, 

which performs an essential function in the metastatic cascade. Stimulation of either 

RTK can trigger signalling along the PI3K/AKT and MAPK pathways, both of which 

are central to mediating many downstream responses, including cell migration 

(Hynes and MacDonald, 2009; Morandi et al., 2011). Furthermore, aberrant activation 

of these pathways has been frequently associated with metastatic colonisation and 
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sustained tumour outgrowth in the brain (Da Silva et al., 2010; Brastianos et al., 

2015). Therefore, such findings would suggest that the observed cell motility 

responses to cabozantinib and afatinib may have been due to disruptions of these 

two downstream signalling pathways. 

Taken together, the above in vitro preclinical data define both HER2 and RET 

as potential actionable targets for BrM. 
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4. Inhibition of RET and HER2 demonstrates significant anti-tumour 

activity in breast cancer brain metastases i n vi vo  
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4.1. Introduction  

Over the years, the extensive application of BC cell lines have served as valuable 

and informative tools for preclinical drug testing due to their well-defined 

characteristics. Granted, these models can provide useful preliminary indications 

of drug efficacy in vivo, this data cannot be relied on in predicting patient outcome. 

Moreover, one of the main shortcomings of traditional in vitro cell culture models is 

that they do not portray an entirely adequate representation of BC heterogeneity and 

morphology, with some showing a significant degree of divergence from the patient 

tumours that they had been originally derived from. As cancer cell lines are cultured 

in conditions that deviate from their natural tumour microenvironment they will 

inevitably encounter various growth selection pressures which have the potential to 

reduce gene complexity and introduce bias. Therefore, translatability of in vitro cell 

lines model  to the clinic is often poor due to their unreliability in predicting  patients 

responsiveness to targeted agents (Siolas and Hannon, 2013). 

In contrast, PDX models have yielded superior predictive value in the efficacy 

of novel anticancer therapeutics. Thus, employment of this pre-clinical platform as a 

route to study personalised treatment strategies has become increasingly popular 

over recent years. Typically, PDXs are developed by engrafting dissociated cells or 

freshly resected tissue from a patient’s tumour into immunocompromised and once 

fully established, PDXs can serve as a renewable resource of human tumour tissue.  

Unlike cell lines, these models can faithfully recapitulate patient tumour heterogeneity 

and stably retain the clinical and histopathological features of their donor tumour 

across multiple generations (Vareslija et al., 2017). Moreover, PDXs also mimic the 

disease biology of specific patient tumours as they have shown capacity to 

metastasise to the same sites as their original patient tumour and mirror their 

treatment responses (Marangoni et al., 2007; DeRose et al., 2011). They also have 

the added benefit of exhibiting slower progression rates than cell lines which makes 

them more ideally suited to serve as preclinical models to evaluate new target-

directed drugs for patients with BC BrM of drugs in therapeutic settings (Contreras-

Zarate et al., 2017). Such predicative and therapeutically powerful model systems of 

BrM have been markedly underrepresented in preclinical research studies leading to 
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a serious deficiency in the development of novel targeted therapies against this 

disease. Here, in this chapter, HER2 and RET were explored as potential therapeutic 

targets based on a PDX tumour established from a BC BrM. The following work was 

conducted in collaboration with Champions Oncology, who executed the therapeutic 

intervention study.  



 

84 
 

4.2. Aims 

The aim of this chapter was: 

¶ To determine the efficacy of targeting RET and HER2 receptor tyrosine 

kinases to inhibit tumour growth in an in vivo PDX model of BC BrM 

¶ To extensively characterise the  RET and HER family expression profile of our 

PDX tumour material using IHC  

¶ To subsequently evaluate the effect of both inhibitors on key phosphorylated 

nodes downstream of HER2 and RET in order to determine downstream 

signalling impact of therapeutic interventions on the BrM PDX model 
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4.3. Results 

4.3.1. Characterisation of triple negative breast cancer BrM PDX 

This study was conducted to evaluate the in vivo antitumour activity of afatinib alone 

and cabozantinib alone in female immunocompromised mice bearing a low-passage 

tumour model, CTG-1520, representing human BC BrM. The xenograft was derived 

from an ER-negative/PR-negative/HER2-negative BC brain metastatic tumour and 

the patient was originally diagnosed with TNBC prior to adjuvant chemotherapy and 

brain relapse. A brief summary of the patient’s clinical history is summarised in Figure 

4.1A and full details are given in Appendix I, Table 8.5. Tumour section slides were 

stained with hematoxylin and eosin (H&E) to examine their basic histomorphological 

features and establishment of PDX tumours was verified by staining for human-

specific epithelial marker, pan-cytokeratin (PanCK) (Figure 4.1B) 

 

IHC was subsequently employed to gain a comprehensive expression profile of all 

HER family receptors and RET as well as their phosphorylated states in the BrM PDX 

model.  RET and HER2 IHC staining was quantitatively determined according to 

staining intensity, location and coverage. Full details of the adopted scoring system 

can be viewed in Table 2.3 and Table 2.4 in the Material and Methods section. 

Activated RET signalling was detected as shown by the strong and tumour specific 

protein expression of total RET and pRET (Y1062). IHC results confirmed the HER2 

negative status of CTG-1520 which had been clinically validated as non-amplified 

(1+). Furthermore, the PDX model expressed strong total levels of EGFR, HER4 and 

HER3. Interestingly, despite the low levels of HER2 protein expression, our 

phosphorylation analysis revealed that pHER2 expression was still elevated, in 

addition to pEGFR and pHER4 while pHER3 protein staining was relatively weak. 

These findings therefore suggest that HER2 signalling may be occurring through 

heterodimerization with EGFR and HER4, hence their concurrent activated states. 
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Figure 4.1: IHC characterisation of BrM patient-derived xenograft in v iv o  model 

 (A) Summarised clinical information of the patient from which the tumour xenograft, 

CTG-1520, was derived from. ER, PR and HER2 status in primary and BrM are 

indicated alongside adjuvant treatment received prior to resection (B). Representative 

images of PDX tumour sections after Hematoxylin & Eosin (H&E) and IHC staining 

for pan-cytokeratin (C) Representative IHC staining for RET and HER family 

members alongside key phosphorylated proteins pEGFR (Y1068), pHER2 (Y1221), 

pHER3 (Y1289) and pHER4 (Y1284) and pRET (Y1062) alongside a chart  displaying 

their assigned IHC intensity scores. Images shown were captured at 20x or 40x 

magnifications; scale bars correspond to 50μm or to 20μm. HER2 and all HER family 

members are 40x; scale bars correspond to 20μm. All other images were captured at 

20x magnifications; scale bars correspond to 50μm 
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4.3.2. Inhibition of RET and HER2 demonstrates significant anti-tumour activity 

in breast cancer brain metastases in v iv o  

To determine the efficacy of RET and HER2 inhibition in vivo, the drug effect of 

cabozantinib and afatinib on tumour growth was evaluated in BrM PDX CTG-1520, in 

collaboration with Champion Oncology. All PDX tumours were transplanted 

subcutaneously as tumour fragments into immunocompromised mice before being 

allowed to grow to a volume of 150–300 mm3. PDX implanted mice were then 

randomly assigned to treatment groups and orally administered with either 

cabozantinib (30 mg/kg), afatinib (20 mg/kg) or vehicle control over a period 20 days 

(5 days on/ 2 days off; n=12, 4 mice per treatment group). Throughout the treatment 

course, tumour growth was monitored by recording tumour volume twice a week via 

caliper measurements and the study was terminated when the mean tumour volume in 

the control group reached approximately 1500 mm3.  The workflow of this in vivo study 

is summarised in Figure 4.2A. The effect of drug treatments on tumour growth were 

determined by the % of tumour growth inhibition (TGI). At the conclusion of the study 

(Day 20), both cabozantinib, afatinib and vehicle treated group showed a mean tumour 

volume of 389 mm3 ± 47, 326 ± 49 and 1503 ± 218, respectively.  The mean tumour 

volumes ± SEM can be found in Table 8.3, Appendix I. Cabozantinib and afatinib 

showed significant anti-tumour activity leading to disease stabilisation compared to 

vehicle treatment in the BrM PDX model (p < 0.001, 86%TGI and p < 0.01; 91%TGI, 

respectively) (Figure 4.2B).  

 

In order to assess mouse toxicity to drug treatments, variations in weight were 

monitored throughout the treatment course. The mean ± SD animal body weights for 

all groups be can be found in Table 8.4, Appendix I. As shown in Figure 4.2C, 

transient mean weight loss was only observed in the afatinib-treated group as 

compared to Day 0. However, groups receiving this line of treatment had recovered 

their weight loss and reached a positive weight gain at the end of the study. These 

observed drug responses would suggest that treatment studies with cabozantinib or 

afatinib has no adverse side effects on the welfare of mice in vivo. Altogether, these 
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encouraging results suggest the potential utility and safety of both agents in treating 

BrM in the clinic.  

 

Figure 4.2: Inhibition of HER2 and RET significantly reduced tumour burden in 

breast cancer brain metastases in v iv o  model. 

(A) Schematic of the experimental design of the in vivo experiment and treatment 

schedule followed. (B) Growth curve of CTG1520 xenograft tumour in mice receiving 

oral administration of vehicle (blue line) 30 mg/kg cabozantinib (green line) and 20 

mg/kg afatinib (Red line). Tumour growth was evaluated by tumour volume via 

caliper measurements. Tumour response to cabozantinib and afatinib is represented 

by the red and blue line, respectively. Effects on tumour growth were evaluated with 

% tumour growth inhibition (RGI). The tumour growth curve shows mean tumour 

volume ± SEM (n=4 treatment group). The difference in the tumour volumes between 

treatments was compared using one-way ANOVA, followed by Newman-Keuls test. 

(C) Weight change curves of mice in CTG1520 xenograft tumour models during the 

course of the treatments. Each point represents the mean weight (g) values ± SEM 

from each treatment group.  
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4.3.3. Afatinib and cabozantinib deactivates signalling components 

downstream of RET/HER2 pathway in in viv o  BrM model 

A pharmacodynamics assessment of afatinib and cabozantinib treatment in PDX 

tumours was performed in order to better understand the drug responses observed. 

To explain the mechanisms underlying the anti-proliferative effects of both TKIs in the 

in vivo BrM tumour model, downstream effectors and key signalling nodes were 

examined using IHC. A significant reduction of ~7-fold in pRET(Y1062) (p<0.0001) 

positivity was observed in cabozantinib treated PDXs versus vehicle treated PDXs 

(Figure 4.3B). 

 

Interestingly, it was noted that afatinib had showed similar efficacy to cabozantinib 

independent of the HER2 negative status of the PDX tumour. Given that afatinib is a 

pan-HER family inhibitor we conducted a full interrogation of their expression and 

phosphorylated states in treated tumours. pEGFR (p<0.0001) and pHER4 (p=0.0342) 

was significantly diminished in afatinib treated group compared to vehicle by 20-fold 

and 6-fold, respectively (Figure 4.3A). Furthermore, a significant 4-fold reduction was 

detected in major downstream mediator of the HER family, pERK (p=0.0003), upon 

treatment with afatinib (Figure 4.3A). These results, therefore, show that inhibition of 

pEGFR and pHER4 may be responsible for the observed durable responses to 

afatinib treatment.  
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Figure 4.3: IHC analysis of signalling pathways downstream of RET/HER2 in 

BrM PDX CTG-1520. 

(A) IHC analysis and quantification of pRET(Y1062)  expression in vehicle (DMSO) 

and cabozantinib (CABO) treated samples. (B) IHC analysis and quantification of 

pEGFR (Y1068), pHER4 (Y1284) and pERK(T202/Y204)  expression in vehicle (V) and 

afatinib (AFA) treated samples. Representative images of IHC analyses of the 

tumours treated at the conclusion of in vivo experiment are shown.  IHC 

quantification of all phosphorylated proteins was performed using the Aperio Digital 

Pathology imaging software. Representative images of IHC analyses of the tumours 

analysed at the conclusion of experiment. All scale bars correspond to 50 μm. Error 

bars represent mean ± s.e.m. (n = 5–10 images per group). P value compares 

treatments versus vehicle and is obtained using two-way paired student t-test where 

***p<0.001, **p<0.01, *p<0.05. 
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4.4. Discussion  

In this chapter, the efficacy of two multi-kinase inhibitors, cabozantinib and afatinib 

against tumour growth was assessed in an in vivo PDX model of BC BrM. These 

xenograft platforms have been widely renowned for their translational value into the 

clinic as demonstrated by multiple studies (Gao et al., 2015; Townsend et al., 2016). 

Moreover, given the significantly high incidence of BrM among patients with 

advanced TNBC, the molecular subtype of the PDX model is clinically relevant to 

large subset of the BrM patient population (Smid et al., 2008). In addition, while anti-

HER2 therapies exhibit beneficial effects in HER2-positive patients, targeted 

therapies remain an unmet need for HER2-negative cases (Priedigkeit et al., 2017a). 

Interestingly, significant sensitivity to afatinib treatment was observed in the PDX 

model CTG-1520 despite being non-HER2 amplified.  

 

There is substantial evidence that HER family members are aberrantly 

overexpressed in BC BrM which strongly suggest their involvement in facilitating 

brain colonisation and metastatic outgrowth. Deregulated expression of the HER 

family members, most notably, EGFR and HER2, contributes to disease progression 

in BC and have also been associated in colonisation of BrM (Sirkisoon et al., 2016). 

Previous studies have also reported a higher burden of HER3 and HER4 alterations 

in BrM relative to unmatched primary breast tumours (Da Silva et al., 2010; Saunus 

et al., 2015). This is also consistent with the preliminary RNA-Seq results where 

recurrent HER3 and HER4 expression gains had been observed in 33% and 24% of 

BrM, respectively. The nature of these receptors to heterodimerise with HER2 has 

been shown to play an important role in the development of resistance to anti-HER2 

therapies suggesting that dual targeting of different receptor combinations could 

potentially be more efficacious, even for cases without HER2 amplification (Roskoski, 

2014b). Therefore, a full co-expression profile analysis was conducted for all HER 

family members and their phosphorylated forms in the BrM PDX model. High 

expression levels of total EGFR, HER3 and HER4 were detected, together with 

significant activation of EGFR and HER4.   
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The EGFR IHC positive status of the BrM PDX model is consistent with the frequent 

reports of EGFR overexpression in TNBC subtypes (Nakai et al., 2016). Although 

some cell line models are sensitive in vivo to EGFR inhibition, clinical trials of EGFR 

inhibitors for treating TNBC have been fairly disappointing with poor response rates 

(Quesnelle et al., 2012; Nakai et al., 2016). However, in the treated BrM PDX tumour 

model, afatinib had significantly reduced both EGFR and HER4 activity. Consistent 

with this drug response, a strong decrease in phosphorylated ERK was shown, a key 

downstream module of the Ras–Raf–MEK cascade which is a primary effector of 

EGFR signalling. Dysregulation of this pathway is implicated in several oncogenic 

processes such as cancer cell proliferation, migration and survival (Roskoski, 2014b).   

 

One of the possible molecular mechanisms underlying the sensitivity of our PDX 

model to afatinib could be the potential existence of HER family activating mutations. 

Indeed, other clinical trials have demonstrated afatinib efficacy in BrM harbouring 

EGFR mutations from patients with NSCLC (Schuler et al., 2016; Hoffknecht et al., 

2015). Alternatively, activation of EGFR and HER4 could also be occurring through 

the formation of heterodimers with other HER family members, as suggested by their 

synchronised phosphorylation activity, including pHER2 despite having weak HER2 

expression (1+). These findings are clinically significant, demonstrating that clinically 

HER2 negative BrM patients may benefit from treatment with pan-HER inhibitors. 

 

RET targeting had also induced significant anti-tumour effects in the BrM PDX model. 

High levels of RET signalling were observed in this model as demonstrated by the 

strong RET and pRET IHC positivity. As previously mentioned, cabozantinib is an 

inhibitor of multiple tyrosine kinases including VEGFR, MET and AXL, all of which 

have been also implicated in metastasis and angiogenesis. Although the clinical 

activity of this TKI is hypothesised to be driven by RET inhibition the inhibitory effects 

of these other targets cannot be excluded. To provide more supporting evidence that 

the observed anti-tumour responses are indeed contributed to by the effects RET 

inhibition, the activation status of this receptor was further investigated in treated 

tumours. Cabozantinib treatment caused a significant disruption to the 
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phosphorylation of RET tyrosine 1062. Y1062  serves as a key docking site in RET for  

several intracellular adapters, namely SHC, which can recruit GRB2 and lead to 

subsequent activation of RAS/ERK and PI3K/AKT signalling (Putzer and Drosten, 

2004) Therefore it can be concluded that the observed anti-tumour growth response 

is contributed to by the inhibition of RET signalling.  

 

While PDXs represent indispensable preclinical model systems for testing novel 

therapeutic strategies, it is still worth acknowledging some of its main limitations 

related to this investigation. Firstly, it is noted that it would have been desirable to 

have a larger therapeutic dataset that included HER2-positive BrM PDX models and 

matched primary tumours. However, creating PDX models can be labour intensive 

and time-consuming and the establishment of such a collection would have been a 

tremendous rate-limiting step for this investigation.   

 

Secondly, the PDX tumour employed in study had been subcutaneously transplanted 

into mice. However, there is evidence to suggest that such tumour models may 

respond differently to therapies compared with orthotopic BrM tumour xenografts. 

Indeed, this is well-reflected in clinic by the evident discordance between intracranial 

and extracranial tumour responses to HER2-directed therapies (Dagogo-Jack et al., 

2017). More importantly, the host organ microenvironment has been shown to play 

crucial role in facilitating the growth pattern of transplanted tumour xenografts (Chung 

et al., 2005) and can also mediate treatment responses by compromising the efficacy 

of targeted therapies. Using orthotopic CDX mouse models of HER2-positive BrM, 

several recent cases studies have demonstrated how the neural niche can support 

drug resistance in BrM through adaptive signalling mechanisms. Two independent 

studies have revealed that these tumour models had differential responses to drug 

treatments compared with matched cell lines implanted in the mammary fat pad and 

were much less sensitive to HER2 and PI3K inhibitors (Ni et al., 2016; Kodack et al., 

2017b; Kodack et al., 2012). One study was further extended to show that, relative to 

the heterotopic counterpart, orthotopic BrM CDXs had increased expression of HER3 

and that activation of this RTK was driving resistance to PI3K inhibitors. Given the 
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enrichment of HER3 ligands, neuregulin-1/2, in normal brain tissue it was 

hypothesised that the brain microenvironment may be indirectly responsible for this. 

The addition of HER3 agonist to treatments with either HER2 or PI3K leads to a 

significant increase in mouse survival compared with single agent alone. Altogether 

these studies’ findings suggest that the brain microenvironment influences treatment 

outcomes for BrM which must also be considered when interpreting drug efficacy 

data from extracranial model PDX model systems. 

 

Hence, in order to include the potential molecular impact of metastatic tumour cell-

brain microenvironment interaction on therapeutic intervention and, an intracranial 

PDX will need to be tested in future preclinical target validation studies. This could 

also provide invaluable information on the involvement of activated astrocytes and 

their neuro-inflammatory responses to these novel therapies. While this may be quite 

a challenging task, the aforementioned studies and others have demonstrated 

success in establishing these models (Contreras-Zarate et al., 2017; Fei et al., 2010; 

Ni et al., 2016).  

 

Nevertheless, these limitations do not undermine the clinical relevance of the 

presented work here on the BrM PDX model which supports the sensitivity and 

specificity of targeting RET in BrM. Furthermore, the finding from this chapter show 

that pan-HER inhibitors may potentially provide therapeutic benefit for non-amplified 

HER2 BrM.   
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5. HER2 and RET inhibition demonstrates drug efficacy in ex vi vo  

models of breast cancer brain metastases  
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5.1. Introduction 

From the previous comparative RNA-Seq analysis, a considerable level of 

transcriptional heterogeneity was observed between clinically sampled patient-

matched breast tumours and their corresponding resected BrM. Importantly, common 

transcriptional differences were observed in oncogenic pathways, with notable 

patterns of recurrent enrichments in RTKs that were unique to brain metastatic 

lesions. As previously mentioned, these BrM-specific alterations are attributable to 

the selection pressures of both adjuvant treatment regimens and the brain 

microenvironment against highly adaptive MBC cells. 

 

Although, the BrM PDX model from the previous chapter constituted a valuable in 

vivo system for preclinical drug evaluation it may lose some original features of the 

brain microenvironment which, as described, can be a major determining factor of 

therapy response. The development of preclinical models that emulate the complex 

biology of BrM are imperative to fully understand the pathophysiology of this disease 

and validate RET and HER2 as clinically actionable targets. Therefore to address 

and bridge these gaps between preclinical and translational research, this section of 

the study sought to explore a more innovative model system that could incorporate 

this additional dimension into the evaluation of BrM tumour response to anti-RET and 

anti-HER2 therapies. 

 

Organotypic explants of intact brain tumour resections are a clinically relevant and 

efficient ex vivo modelling tool for evaluating specific patient response to new drug 

therapies. Furthermore, it facilitates rapid investigations of individual tumour biopsies 

and, most importantly, ensures minimal tissue manipulation. This essentially allows 

patient intratumour heterogeneity and architecture to be almost entirely preserved 

while maintaining the original brain-tumour microenvironment. Thus, for this study, 

these models systems can re-enact important tumour-brain stromal cell interactions 

that transpire during therapeutic intervention which ultimately improves the accuracy 

for predicting patient outcome. Furthermore, the reliability of assessing drug 

responses in ex vivo explants of patient tumour biopsies has already been validated 
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by several studies in different cancers (Karekla et al., 2017; Novo et al., 2017; Vaira 

et al., 2010). However, to date no such approaches have been employed in in the 

context of exploring new drug targets against BrM. Here, we established 3-

dimensional ex vivo models of BC BrM by acquiring fresh tumour biopsies from 

patients undergoing surgical BrM resection in order to determine the efficacy of 

cabozantinib and afatinib in a more patient individualised treatment context. 
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5.2. Aims 

The aim of this chapter was to: 

¶ Characterise the RET and HER family expression profile in all ex vivo models 

using IHC  

¶ Determine the anti-tumour efficacy of cabozantinib and afatinib in ex vivo 

models through IHC quantification of ki67 cell proliferation marker 

¶ Evaluate the potential mechanism of action of both inhibitors in treated ex vivo 

models by mutational analysis of their multiple target genes. 

¶ Evaluate the  potential mechanism of action of both inhibitors in treated ex vivo 

models  by IHC analysis of  phosphorylated signalling modules downstream of 

HER2 and RET  
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5.3. Results 

5.3.1. Establishment of BrM e x  v iv o  explants 

To further support the potential therapeutic benefit of targeting RET and HER2 in 

treating BrM, the efficacy of cabozantinib and afatinib was next examined in patient-

derived ex vivo models of the disease (n=4). These tumour explants were generated 

by acquiring fresh viable BrM from patients undergoing neurosurgery. Once obtained, 

the tissue sample was immediately macrodissected into smaller fragments before 

culturing them on media pre-soaked semi-solid scaffolds. This unique model system 

preserves both the unique cellular and molecular components of the original human 

brain microenvironment as well as the heterogeneity and histological properties of 

BrM. In doing so, crucial tumour-stromal interactions that may affect drug responses 

can be reproduced and be integrated into this study. The ex vivo brain tumours were 

then treated with vehicle, cabozantinib (10nM) and afatinib (25nM) for 72 hours 

followed by fixing, paraffin embedding and IHC analysis (Figure 5.1A). BrM 

specimens were amenable to explant culture as tumour tissue architecture was still 

intact at the end of treatments (Figure 5.1B) 

 

Overall, fresh tumour from 4 BrM patients were analysed in this ex vivo experiment. 

The clinical information for each patient is outlined in Appendix I, Table 4. Notably, 

the pathology of these metastatic tumours reiterates the key receptor subtype 

alterations that we have previously observed from our sequencing study. Ex vivo 

Patient 1 (xBrM-T606) had endocrine resistant ER-positive BC but had lost ER 

expression resulting in a triple negative brain metastatic tumour. Patient 2 (xBrM-

T347) and Patient 3 (xBrM-T638) are both cases of ER+/HER2- primary tumours that 

had switched to HER2 positivity in the BrM. PR expression was also lost in Patient 2. 

Ex vivo Patient 4 (xBrM-T681) was treatment naïve and had an ER-positive/HER2-

positive primary tumour whose status was maintained in BrM. The ex vivo samples 

were also evaluated for HER2 amplification using FISH.  
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Figure 5.1: Illustration of e x  viv o  experimental design.  

(A) A schematic workflow of the study. To establish patient-derived brain 

metastatic ex vivo models, resected BrM tumour tissue from patients were 

cultured and each treated with either drugs or vehicle for 72hrs after which were 

then paraffin embedded and IHC stained. (B) Image represents an example and 

the process of preparing BrM explant cultures. Brain metastatic tissue was 

dissected into smaller fragments and cultured on pre-soaked 1 cm3 hemostatic 

gelatin dental sponges in breast/brain supporting media before receiving drug 

treatments.  
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5.3.2. Expression profile analysis of RET, HER family and their activated states 

in each brain metastatic tumour tissues utilised in e x v iv o  study 

The expression and activation profile of both RET and all members of the HER family 

were concomitantly determined in uncultured samples of the BrM by means of IHC 

(Figure 5.2A; Figure 5.2B). Tumour specific RET and pRET expression was detected 

in all tumour samples. Strong HER2 expression was also observed in T347, T638 

and T681, whereas T606 was clinically validated as HER2 negative. Interestingly, 

T347 and T638 switched from HER2 negative in the primary to HER2 positive in the 

BrM. FISH analysis was applied to these ex vivo specimens to determine if increased 

HER2 expression and altered status was accompanied by a gain in gene copy 

number. T347 was shown to be amplified by FISH (HER2:cep17 ratio 1.01; HER2 

count 7.15) yet despite this, had only moderate levels of pHER2 expression. 

However, IHC results suggest that functional signalling may be predominantly 

occurring via EGFR instead as it had also demonstrated strong expression and 

activation of EGFR protein. While T638 was clinically designated as FISH equivocal 

(HER2:cep17 ratio 1.77; HER2 count 4.1), yet HER2 was still highly expressed at 

protein level, along with EGFR, HER3 and HER4. However, only the phosphorylation 

status of HER2 and HER4 was elevated in this patient model. Similarly, T681 showed 

high expression all of HER family members, together with their activated states. In 

the HER2-negative BrM model, T606, EGFR and HER4 were shown to be co-

expressed, together with their activated forms. Notably, despite low levels of HER2 

protein expression in this model, phosphorylation of HER2 was still detected 

suggesting that its activation status is possibly being maintained by dimerising with 

EGFR and/or HER4. Taken together, the IHC data confirms potent activation of both 

RET and HER family signalling in all of the ex vivo models. 
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Figure 5.2: IHC expressing profiling of HER2 and RET signalling in e x  vivo  

BrM models  

(A) Representative IHC images of the RET/HER family members together with key 

phosphorylated proteins pEGFR (Y1068), pHER2 (Y1221), pHER3 (Y1289) and pHER4 

(Y1284) and pRET (Y1062). Images shown were captured at 20x or 40x magnifications; 

scale bars correspond to 50μm or to 20μm. (B) IHC scores that were assigned to 

each of the tumour explants and tumour PDXs. 
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5.3.2 RET and HER2 expression gains in brain metastasis is demonstrated in a 

patient-matched case. 

Matched primary tumour tissue was available for one of the patient cases, T638. At 

the protein level, by IHC analysis, HER2 and RET levels were conclusively 

demonstrated to be higher in BrM relative to the primary (Figure 5.3A). These 

expression changes were also observed and confirmed at the mRNA level for RET 

as determined by TaqMan RT-qPCR (Figure 5.3B). With regards to the other patient 

BrM tumours, matching primary tumours were unavailable. Indeed, such longitudinal 

studies across patient-matched samples can be quite challenging as tumour 

specimens are rare and difficult to collect.   

Figure 5.3: Expression gains of HER2 and RET in xBrM-T638 compared with 

matched primary tumour. 

(A) Primary and metastatic IHC staining and protein analysis of RET/HER2 from 

case T638PB (Primary Breast) and patient matched T638 BrM (Brain 

Metastasis).Images shown are 20x; scale bars correspond to 50 μm (B) mRNA 

expression levels of RET as analysed by Taqman PCR. Bar chart displays ∆∆Ct 

values.  
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5.3.3. Therapeutic response to RET and HER2 inhibition in e x v iv o  BrM models 

Analysis of ki67 IHC expression was performed on 5 μM paraffin sections to assess 

the rate of cell proliferation in all FFPE embedded tumour explants that had been 

treated with cabozantinib, afatinib and vehicle control for 72 hours. The ki67 

proliferation index is a well-established tool for assessing tumour aggressiveness in 

BC and high levels are strongly associated with poor prognosis (Dowsett et al., 

2011).  Cabozantinib had a substantial anti-tumour effect on x-BrM models T606 (p= 

0.0008), T347 (=0.0014), T681 (p=0.0253)and T638 (p=0.0003), as demonstrated by 

a significant decrease in proliferating cells (ki67+) relative to vehicle treated tumours 

by 93.9%, 73.75%, 66.76% and 65.24%, respectively (Figure 5.4). Similarly, afatinib 

treatment also lead to a significant suppression of ki67 in x-BrM models T606 

(p=0.0046), T347 (p=0.0005), T681 (p=0.021) and T638 (p<0.0001) relative to the 

vehicle control by 83.6%, 76.2%, 74.3% and 88.74%, respectively (Figure 5.4). 

Altogether, our data validates that targeting RET and HER2 induces significant anti-

tumour effects in all of the BC BrM ex vivo models. Moreover, similarly to the PDX 

model from chapter 4, afatinib had also demonstrated an anti-proliferative effect 

independent of HER2 amplification in one of the treated explant cases, xBrM-T606. 

This could most likely be due to inhibition of EGFR or/and HER4-mediated signalling 

as both receptors were previously shown to be expressed and activated (Figure 5.2A; 

Figure 5.2B). 
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Figure 5.4: IHC analysis of Ki67 in treated e x  v iv o  models of breast cancer 

brain metastasis 

Ex vivo models (x-BrMT606, T347, T638 and T681) were treated with vehicle (0.1% 

DMSO), 10 nM cabozantinib and 25 nM afatinib and processed as previously 

described. MRI/CTI images of the brain metastases resected for each patient case 

are shown together with their ER, HER2 and RET IHC expression profile. 

Accompanied below each case is a diagram summarising the adjuvant treatment 

received prior to BrM resection as well as the hormone receptor status of both the 

primary breast and BrM tumours. Representative images of ki67 IHC staining 

analyses and quantification in treated and processed tumour explants (red triangles 

indicate ki67+ cells). All scale bars, 50 μm. Error bars represent mean ± s.e.m. (n = 

5–10 images per group). P value compares treatments versus vehicle and is 

obtained using two-way paired student t-test where ***p<0.001, **p<0.01, *p<0.05. 
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5.3.4.  Identification of somatic HER2 and RET mutations in e x v iv o  BrM models 

To investigate the anti-tumourigenic responses to both TKI treatments, a mutational 

analysis of cabozantinib and afatinib target genes was conducted on the BrM 

samples by WES (Table 5.1). Multiple variants were identified in several targeted 

kinase receptors, but their functional effects have not been previously characterised. 

Other types of mutations were also detected, including missense mutations (n=5) and 

silent mutations (n=6). Notably, DNA alterations relating to the kinase domain of 

HER2 were not detected or any other region previously associated with constitutive 

HER2 activation (Bose et al., 2013; Hyman et al., 2018). Furthermore, only 1 of the 4 

tumour samples, T606, harboured a missense RET mutation whose oncogenic 

activity is still unknown. However, this variant may be of clinical significance, as this 

case exhibited the strongest RET and pRET expression by IHC and highest anti-

proliferative response to cabozantinib out of all the ex vivo models. 

Taken together, these results reveal the presence of several mutations in the 

BrM tumour samples which may possess biological importance and be responsible 

for the drug responses observed. However, given the uncertainty of their oncogenic 

properties, further investigations were performed in this study to better define the 

nature of cabozantinib and afatinib activity in the treated explants. 
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5.3.5. Cabozantinib and afatinib deactivates signalling components 

downstream of RET/HER2 pathway in e x  v iv o  models 

To explore the mechanisms underlying the anti-proliferative effects of both TKIs in 

our ex vivo models, downstream effectors and key signalling nodes were examined 

via IHC and quantified using Aperio Digital Pathology ImageScope software. 

Cabozantinib and afatinib significantly attenuated the activation of several 

downstream signalling proteins in treated explants, including pmTOR, pAKT, 

pP70S6k, pRaf and pERK, providing mechanism of action and further evidence for 

the functionality of both RTKs. 

HER3 has been reported to be the more favoured dimerization partner of 

HER2 and that it is frequently co-expressed in HER2 positive tumours which was 

previously demonstrated in patient xBrM-T638 and xBrM-T681. In xBrM-T638, 

pHER2 was significantly reduced in the afatinib treated explants compared to the 

vehicle by ~5.5 fold (p<0.0001) in addition to downstream mediators of the PI3K/AKT 

pathway, pmTOR and pP70S6k (p=0.0032 and p=0.0025, respectively) (Figure 5.5). 

A decrease in pERK signalling was also noted (p=0.0042) (Figure 5.5). 

Table 5.1: Somatic mutations identified by whole exome sequencing in brain 

metastasis tumours used in the e x  v iv o  study 

Sample ID Func Gene Exonic|Biotype Transcript Codon_Change Impact COSMIC 1000G_ALL

T347BrM intron_variant ERBB3 protein_coding NM_001982.3:c.2617-73delA MODIFIER

T347BrM intron_variant ERBB4 protein_coding NM_005235.2:c.2719+164delA MODIFIER

T638BrM synonymous_variant ERBB3 SILENT NM_001982.3:p.Arg1116Arg/c.3348G>A agG/agA LOW 0.252196

T638BrM intron_variant ERBB4 protein_coding NM_005235.2:c.2644-70_2644-69insGTTAACTGC MODIFIER

T638BrM intron_variant ERBB4 protein_coding NM_005235.2:c.2643+79dupA MODIFIER 0.285543

T638BrM intron_variant ERBB4 protein_coding NM_005235.2:c.1947-24_1947-23insA MODIFIER COSN17139814 0.0315495

T638BrM intron_variant ERBB4 protein_coding NM_005235.2:c.1622+84_1622+85delTT MODIFIER

T606BrM missense_variant EGFR MISSENSE NM_005228.3:p.Ala1210Val/c.3629C>T gCa/gTa MODERATE 0.000199681

T606BrM missense_variant ERBB2 MISSENSE NM_001289936.1:p.Pro8Thr/c.22C>A Cca/Aca MODERATE 3 0.0658946

T606BrM missense_variant ERBB2 MISSENSE NM_004448.3:p.Ile654Val/c.1960A>G Atc/Gtc MODERATE 0.00259585

T606BrM intron_variant ERBB3 protein_coding NM_001982.3:c.2938-40_2938-39insAGTTCTTTAAA MODIFIER

T606BrM intron_variant ERBB3 protein_coding NM_001982.3:c.3202-97delA MODIFIER

T606BrM intron_variant ERBB4 protein_coding NM_005235.2:c.1622+83_1622+85delTTT MODIFIER

T681BrM synonymous_variant EGFR SILENT NM_005228.3:p.Ala613Ala/c.1839C>T gcC/gcT LOW COSM5019978(2) 0.0421326

T681BrM synonymous_variant ERBB3 SILENT NM_001982.3:p.Arg1116Arg/c.3348G>A agG/agA LOW 0.252196

T681BrM synonymous_variant ERBB3 SILENT NM_001982.3:p.Gly1297Gly/c.3891G>T ggG/ggT LOW

T681BrM intron_variant EGFR protein_coding NM_005228.3:c.629-329delG MODIFIER 0.0123802

T681BrM intron_variant EGFR protein_coding NM_005228.3:c.1880+737dupA MODIFIER

T681BrM intron_variant ERBB4 protein_coding NM_005235.2:c.2643+79dupA MODIFIER 0.285543

Sample ID Func Gene Exonic|Biotype Transcript Codon_Change Impact COSMIC 1000G_ALL

T347BrM missense_variant KDR MISSENSE NM_002253.2:p.Gln472His/c.1416A>T caA/caT MODERATE COSM149673(20) 0.211861

T606BrM missense_variant RET MISSENSE NM_020975.4:p.Arg189Cys/c.565C>T Cgc/Tgc MODERATE

T606BrM synonymous_variant RET SILENT NM_020975.4:p.Ser836Ser/c.2508C>T agC/agT LOW 0.0359425

T681BrM synonymous_variant RET SILENT NM_020975.4:p.Ser904Ser/c.2712C>G tcC/tcG LOW COSM3751779(7) 0.172524

Afatinib targeted genes

Cabozantinib targeted genes
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Following cabozantinib treatment, pmTOR was also reduced compared to vehicle 

control (p=0.0032). In relation to the signalling activity of RET in cabozantinib treated 

explants versus the vehicle, a significant reduction in pRET positivity was observed 

(p=0.0004) by ~1.5 fold (Figure 5.5).  

Figure 5.5: Downstream signalling analysis of xBrM-T638 in response to 

afatinib or cabozantinib treatment. 

Quantitative IHC was carried out to profile, pERK, p70S6K, pmTOR as well as 

proteins pHER2 (Y
1221

), and pRET (Y
1062

) in all of the treated ex vivo samples. All 

images are representative of IHC analyses performed on tumour explants receiving 

indicated treatments for 72 hrs. All scale bars, 50 μm. Error bars represent mean ± 

s.e.m. (n = 5–10 images per group). P value compares treatments versus vehicle and 

is obtained using two-way paired student t-test where ***p<0.001, **p<0.01. 

Accompanied beside the scores is a schematic summary diagram explaining 

potential mechanism of drug effect in treated ex vivo model, xBrM-T638. 
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In xBrM-T681, pHER2 (p=0.004) and pAKT (p=0.01) were also downregulated in the 

afatinib treated explants compared to vehicle. Furthermore, a strong reduction in 

pHER4 signalling was observed in this model (p=0.04), which is another RTK that 

can potentially dimerise with HER2 and activate downstream signalling (Figure 5.6). 

Additionally, pAKT was also decreased in the cabozantinib treated explants 

compared to vehicle control (p=0.01). 

Figure 5.6: Downstream signalling analysis of xBrM-T681 in response to 

afatinib or cabozantinib treatment. 

Quantitative IHC was carried out to profile, pRAF as well as proteins pEGFR (Y
1068

), 

and pRET (Y
1062

) in all of the treated ex vivo samples. All images are representative 

of IHC analyses performed on tumour explants receiving indicated treatments for 72 

hrs. All scale bars, 50 μm. Error bars represent mean ± s.e.m. (n = 5–10 images per 

group). P value compares treatments versus vehicle and is obtained using two-way 

paired student t-test where **p<0.01, *p<0.05. Accompanied beside the scores is a 

schematic summary diagram explaining potential mechanism of drug effect in treated 

ex vivo model, xBrM-T681. 
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In the EGFR-overexpressed and HER2-amplified model, xBrM-T347, pEGFR was 

shown to decrease when treated with afatinib, although not significantly (p=0.1119). 

Nevertheless, a reduction was observed in pRAF (p=0.0065) when treated with 

afatinib, a key player of RAS signalling which is a major downstream pathway of 

activated EGFR (Lowenstein et al., 1992). Therefore, in this model, afatinib may be 

inhibiting the oncogenic activity resulting from EGFR/HER2 heterodimerization. 

Cabozantinib also successfully disrupted RET signalling as indicated by a significant 

reduction in both pRET (p<0.0001) and pRAF. (p<0.0001) by 3-fold and 2-fold, 

respectively (Figure 5.7). 
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Figure 5.7: Downstream signalling analysis of xBrM-T347 in response to 

afatinib or cabozantinib treatment: 

Quantitative IHC was carried out to profile, pRAF as well as proteins pEGFR (Y
1068

), 

and pRET (Y
1062

) in all of the treated ex vivo samples. All images are representative 

of IHC analyses performed on tumour explants receiving indicated treatments for 72 

hrs. All scale bars, 50 μm. Error bars represent mean ± s.e.m. (n = 5–10 images per 

group). P value compares treatments versus vehicle and is obtained using two-way 

paired student t-test where ***p<0.001, **p<0.01, *p<0.05, n.s. not significant. 

Accompanied beside the scores is a schematic summary diagram explaining 

potential mechanism of drug effect in treated ex vivo model, xBrM-T347. 
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Finally, in xBrM-T606, a significant 3.5-fold decrease in pRET was observed post 

cabozantinib treatment, relative to the vehicle control (p=0.0005). A reduction in 

several intracellular signalling pathways was also observed following cabozantinib 

treatment as demonstrated in Figure 5.8. AKT signalling was abrogated as indicated 

by a decrease in pAKT and pP70SK6, relative to the vehicle control (p=0.0156 and 

p=0.012, respectively). A significant inhibitory effect was also observed on signalling 

modules along the MAPK pathway, including pERK and pRAF (p<0.0001 and 

p=0.0052, respectively).  

 

While this model previously demonstrated weak HER2 expression, sensitivity to 

afatinib was still observed. The blocking effect of afatinib against other members of 

the HER family was therefore further investigated by assessing their activation 

profiles in treated ex vivo samples. Positive expression of EGFR and its activated 

form was previously demonstrated in this model. Treatment of tumour explants with 

afatinib lead to a significant 3.3-fold reduction in pEGFR relative to the vehicle control 

(p<0.0001). Despite low HER2 expression levels, its phosphorylated form was still 

previously observed in this model and, significantly, was almost completed 

suppressed upon afatinib treatment (p<0.0001). The co-inhibition of both HER 

receptors was accompanied by a decrease in pAKT levels relative the vehicle control 

(p=0.0157). Furthermore, inactivation of the MAPK pathway was also detected 

following afatinib treatment, as shown by an inhibition of pRAF and a significant 

decreased in pERK by 3.6-fold relative to the vehicle control (p=0.0093 and 

p<0.0001, respectively). Overall, downstream signalling analysis of the afatinib 

treated explants suggests that the observed anti-tumourigenic effects may be due to 

inhibition of pEGFR and pHER2 (Figure 5.8). 
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Figure 5.8: Downstream signalling analysis of xBrM-T606 in response to 

afatinib or cabozantinib treatment 

(A) Quantitative IHC was carried out to profile pAKT, p70S6K, pERK, pRAF as well 

as proteins pEGFR (Y
1068

), pHER2 (Y
1221

), and pRET (Y
1062

) in all of the treated ex 

vivo samples. All images are representative of IHC analyses performed on tumour 

explants receiving indicated treatments for 72 hrs. All scale bars, 50 μm. Error bars 

represent mean ± s.e.m. (n = 5–10 images per group). P value compares treatments 

versus vehicle and is obtained using two-way paired student t-test where ***p<0.001, 

**p<0.01, *p<0.05, n.s. not significant. Accompanied beside the scores is a 

schematic summary diagram explaining potential mechanism of drug effect in treated 

ex vivo model, xBrM-T606. 
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5.4. Discussion 

Currently, there are still insufficient preclinical models that can adequately predict 

patient individual response to novel therapeutics and this is especially true in BrM. A 

common limitation with many existing platforms is their inability to mimic the intricate 

tumour-stroma interplay that transpires within the host microenvironment. Indeed, a 

plethora of unique cell populations reside within the unique brain milieu including 

astrocytes and microglia, many of which have been reported to promote tumour 

growth and survival (Fitzgerald et al., 2008) . Therefore, in order to better translate 

the reported findings to clinic, ex vivo explant culture models derived from fresh 

resections of human BrM tumour tissue was employed. This method presents an 

ideal system for evaluating the efficacy of cabozantinib and afatinib in individual 

patient BrM whilst simultaneously incorporating key physiological and micro 

environmental parameters into the study. 

 

A diverse cohort of BC BrM patients was recruited to this study providing a deeper 

insight into differential patient responses. WES was subsequently performed for each 

surgical specimen to detect alterations in TKI target genes in order to explain the 

observed tumour sensitivity to treatments. From this gene expression analysis, no 

known activating mutations were identified in either HER2 or HER3. These results 

are unsurprising given that the frequency of such mutations have been reported to be 

relatively low in MBC patients (Nik-Zainal et al., 2016). However, this mutation 

frequency may be higher if investigated in large-scale screening analyses of brain 

metastatic patients.  Furthermore, missense alterations in other regions besides the 

kinase domains of HER family members were observed whose exact functions are 

not currently defined  

 

To characterise the mechanism of action of both TKI treatments, the scope of this 

study was expanded further by dissecting the expression profiles and activation 

status of the entire HER family repertoire and RET in each of the BrM models. IHC 

analyses revealed strong RET and pRET staining specifically in the tumour cells of all 

clinical BrM specimens. High levels of EGFR and pEGFR was also detected at the 
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cytoplasmic and membrane levels of malignant cells. These results are consistent 

with several findings that EGFR signalling is critical in BrM tumourigenesis. 

Furthermore, studies have also shown that the % increase of EGFR expression is 

higher in brain metastatic tumours (41%) in comparison to primary breast tumours 

(16%) (Gaedcke et al., 2007).  

HER3 expression was detected in both cases that were defined as HER2-

positive by IHC (3+), xBrM-T681 and xBrM-T683, albeit had relatively weak HER3 

activation. Both RTKs have been previously reported to be frequently co-expressed 

in many BCs, most likely due to their preferred dimerization with one another out of 

all the HER family members (Bieche et al., 2003; deFazio et al., 2000). Of all the 

receptor paired combinations, the HER3/HER2 signalling complex is the most potent 

activator of the PI3K/AKT pathway due to the presence of several phospho-tyrosine 

docking sites in HER3 for PI3K (Roskoski, 2014b).  Consistent with this, both xBrM-

T681 and xBrM-T683 demonstrated strong activation of AKT and mTOR, 

respectively. Moreover, overexpression of HER3 has been established in both 

independent matched and unmatched BrM cohorts from BC and has also been linked 

with BrM-associated HER2 expression gains (Saunus et al., 2015; Da Silva et al., 

2010). Given the wide abundance of the HER3 ligand, NRG-1, in the brain, HER3 

activation has been implicated to play a role both in brain colonisation and in the 

acquired resistance of HER2-positive BC BrM to anti-HER2 therapies (Da Silva et 

al., 2010). This is believed to occur through oncogenic heterodimerization with 

HER2 and subsequent hyper-activation of the PI3K-AKT-mTOR signalling pathway. 

One recent study by Kodack et al. showed that resistance to PI3K inhibitors in 

HER2-amplified BrM can be circumvented by targeting HER3 (Kodack et al., 

2017b). Thus, it would be interesting to evaluate if a dual combination of afatinib 

and a PI3K/MTOR inhibitor such as gedatolisib has a more synergistic effect in 

cases of HER2-positive/HER3-positive BrM tumours.  

 

IHC studies were also extended to analyse key phosphorylation nodes of 

downstream target RTK pathways in order to determine the signalling impact of 

therapeutic intervention. Treatment with cabozantinib or afatinib in tumour explants 
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caused a downregulation in several regulatory effectors along the PI3K/AKT/mTOR 

and Ras-Raf-MEK-ERK cascade, which play major roles in cell proliferation and 

survival, respectively (Roskoski, 2014b).  These preclinical findings are significant as 

aberrant expression of these signalling pathways may play pivotal roles in BrM 

biology (Da Silva et al., 2010).  In particular, activated PI3K signalling is becoming an 

emerging hallmark of BrM. Recurrent genomic alterations along this pathway have 

been reported by several molecular characterisation studies of BrM (Brastianos et al., 

2015; Bollig-Fischer et al., 2015; Adamo et al., 2011) with one notable multi-omic 

integration analysis revealing an enrichment of aberrations in 54.5% of BrM (Saunus 

et al., 2015). Similar to the aforementioned study above, an increasing body of 

evidence suggests that deregulation of this pathway may be a key adaptive 

mechanism underpinning BrM resistance to HER2-directed therapies (Dagogo-Jack 

et al., 2017; Kodack et al., 2015). In IHC analyses of matched primary breast and 

BrM, Da Silva et al. also demonstrated similar elevated activation of both AKT and 

Ras-Raf-MEK-ERK pathways in BrM in addition to activating mutations in upstream 

effectors such as PIK3CA and NRAS, HRAS and KRAS (Da Silva et al., 2010).  

A critical negative mediator of the PI3K/AKT cascade is the tumour suppressor 

gene, PTEN. Downregulation of PTEN expression has been shown to be a recurrent 

genomic feature in BrM (Saunus et al., 2015; Ni et al., 2016). In a comparative target 

gene expression analysis between unmatched pairs of BrM and primary breast 

tumours, Wikman et al. observed that chromosomal aberrations in PTEN were more 

detectable in BrM by 52% (Wikman et al., 2012). Furthermore, while loss of PTEN is 

not typically found in the majority of epithelial carcinomas, it represents one of the 

most frequently observed aberrations in GBM and other CNS-related malignancies. 

These findings indicate that PTEN suppression may be a BrM-acquired feature for 

BC cell survival in the brain microenvironment via adaptive PI3K/AKT signalling. 

However, Adamo et al. previously reported a high concordance of PTEN expression 

between patient-matched tumour samples, alternatively suggesting that PTEN loss 

could perhaps facilitate earlier stages of brain metastatic progression. Furthermore, 

PTEN may be a prognostic marker for the development of BrM as lower expression 

levels in primary tumours has been associated with shorter time to disease 
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recurrence. (Adamo et al., 2011). Consistently, in the earlier mentioned study by 

Wikman et al., the frequency of PTEN chromosomal aberrations was also higher in 

primary tumours from patients that had suffered from BrM relative to patients without 

brain relapse. Taken together, loss of PTEN expression may represent an innate 

and/or acquired mechanism for PI3K/AKT activation in BrM.  

 

Overall, the extensive IHC analysis of both RET and HER family expression profiles 

as well as their downstream signalling pathways provides a mechanistic insight into 

the anti-tumourigenic responses of each BrM tumour to both cabozantinib and 

afatinib. Characterising different patient tumour responses to the anti-tumour efficacy 

to TKI treatments is fundamental as evidence from the clinic suggests that not all BrM 

patients will respond to tyrosine kinase inhibition (Brastianos et al., 2015; Priedigkeit 

et al., 2016). This is believed to be primarily due to a number of oncogenic drivers 

that appears exclusively in BrM versus extracranial metastasis of the same patient. 

Similarly, the previous findings together with the work presented here, confirm 

discordances in expression profiles between primary breast and BrM tumours. 

Therefore, such individual patient profiling work can help inform rational drug 

selection and make refinements to approaches in treatment strategies for a unique 

cohort of responders. Of clinical relevance, two of the tumour specimens recruited to 

ex vivo study had originated from HER2-negative primary breast tumours but were 

reclassified as positive in their BrM by either IHC as well as FISH analysis.  Several 

studies have described similar events of HER2 subtype switching during tumour 

progression from primary breast tumour to distant BrM or else increased HER2 

amplifications and mutation in BrM that are undetected in patient-matched primary 

tumours (Priedigkeit et al., 2017a; Saunus et al., 2015). Furthermore, these observed 

expression differences are reported to be more common in BC BrM compared with 

BrM of tumours originating from different primary sites (Saunus et al., 2015). 

 

The findings from this ex vivo therapeutic intervention study suggest that small 

molecule TKI pan-HER inhibitors are a promising treatment strategy for BrM. 

Interestingly, noteworthy anti-tumour activity was observed, independent of HER2 
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status, as demonstrated by the significant inhibitory effect of afatinib in HER2 low-

expressing model xBrM-T606. This case demonstrated high activation levels of 

EGFR and in addition phosphorylated HER2 implicating functional signalling through 

EGFR-HER2 heterodimers. Indeed, there is currently a growing curiosity as to 

whether HER2 targeted therapies can confer clinical benefit to BCs presenting with 

lower HER2 expression, that is, patients that are FISH negative but have an IHC 

score of 1+ or 2+. Disappointingly, a recent phase lll clinical trial, NSABP B47 had 

demonstrated that trastuzumab was not effective in treating HER2 in early non-

amplified tumours. However, the clinical potential of pan-HER inhibitors in treating 

this class are now being explored and their assessment in clinical trials are currently 

underway. One such study, SUMMIT, investigating non-HER2 amplified patients 

harbouring HER2/HER3 somatic activating mutations has reported significant 

responses, neratinib, which is a much more potent irreversible pan-HER TKI quite 

similar to afatinib (Hyman et al., 2018). These results indicate that a subset of low 

HER2 expressing patients could benefit from such therapeutic approaches. Given 

that both HER2-positive BrM patients, T347 and T683, had not received HER2 

targeted drugs due to the negative HER2 status of their primary tumour this is 

certainly a clinical strategy worth considering. 

 

In a recent randomised phase II study, both afatinib as a monotherapy and in 

conjunction with chemotherapy showed disappointing results in HER2-positive BC 

patients with progressive BrM (Cortés et al., 2015). There are a number of possible 

explanations for these poor patient responses. (1) Firstly, the trial was conducted in 

patients that had progressed after or during treatment with either trastuzumab, 

lapatinib or both. A greater clinical response may have been observed in a cohort 

whom were not previously exposed to HER2-targeting drugs. Patients of the ex vivo 

BrM tumours had no prior anti-HER2-based therapies which may explain their 

increased sensitivity to afatinib treatment. (2) Secondly, patient eligibility for the trial 

study was restricted to those defined as HER2-positive in their primary BC. The two 

HER2-positive switched BrM cases from the ex vivo study, T347 and T683, had not 

received HER2-targeted drugs due to the negative HER2 status of their primary 
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tumour yet both responded well to afatinib treatment. This again highlights the 

importance of characterising the molecular profile of both the primary and metastatic 

tumours in patients. Perhaps, afatinib may have been more efficacious if conducted 

in a clinical cohort that are selected for HER2 positivity in the BrM. (3) Thirdly, a 

greater CNS response may have been achieved at higher dosages, yet adverse 

events were already quite frequent at the administered drug concentration.  

Sensitivity to afatinib may have been observed in the ex vivo tumour explants at 

treatment concentrations that may not have been achievable in patients without 

significant toxicity. 

On the other hand, more potent pan-HER inhibitor, neratinib, has shown 

greater clinical promise in treating HER2-positive BC with progressive BrM and has 

an acceptable safety profile in humans. While the CNS ORR are only modest as a 

single agent (8%), a significant improvement is obtained in combination with 

chemotherapy with a reported CNS ORR of 49% (Freedman et al., 2016; Freedman 

et al., 2017)., Dual EGFR/HER2 reversible TKI, lapatinib, demonstrated similar 

monotherapy outcomes with a response rate of 6% in patients with CNS metastases, 

implicating a possible intrinsic tumour resistance to both anti-HER2 drugs (Lin et al., 

2009a). Similarly again, encouraging activity is observed when delivered in 

conjunction with capecitabine with a CNS response of 38%, suggesting that BrM 

resistance to HER2-directed therapies may possibly be circumvented with 

combination therapy (Lin et al., 2011). While lapatinib did surpass neratinib in another 

recent combination trial study with a response rate of 66%, it must be noted that the 

selected patient cohort were newly diagnosed with BrM (Bachelot et al., 2013). 

Perhaps the same or even greater response rates may be achieved with neratinib 

and chemotherapy if conducted in a similar clinical cohort of previously untreated 

BrM. Importantly, from a drug toxicity perspective, neratinib was also much more 

tolerated by patients than lapatinib in both the monotherapy and combination clinical 

trial studies. The results from these clinical trial studies is summarised in 
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Table 5.2. Taken together with these supportive studies, the work from this thesis 

strengthens the potential promise of small molecule TKIs of HER2 in treating BC 

BrM, in particular pan-HER inhibitors. 
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Table 5.2: Summary of clinical trials testing dual EGFR/HER2 and pan - HER 

inhibitors in HER2-positive BC with BrM 

 

 

 

 

Treatment 

Regimen 

 

 

HER Targets 

 

Prior anti-

HER2 therapy  

 

Cohort   

(N) 

 

CNS 

response 

rate 

No. of  

grade ≥3  

adverse 

events  

No. of  

serious 

adverse 

events 

Monotherapy 
Afatinib 

(Cortés et al., 

2015) 

HER2/EGFR/ 

HER4 

Lapatinib 

and/or 

Trastuzumab 

40 0% 46 5 

Lapatinib (Lin 

et al., 2009a) 

HER2/EGFR Trastuzumab 242 6% 31 18 

Neratinib 

(Freedman et 

al., 2016) 

HER2/EGFR/ 

HER4, 

Lapatinib 

and/or 

Trastuzumab 

40 8% 16 0 

In conjunction with chemotherapy 

Afatinib + 

Vinorelibine 

(Cortés et al., 

2015) 

HER2/EGFR/ 

HER4, 

antimetabolite  

 

Lapatinib 

and/or 

Trastuzumab 

37 3% 72 11 

Lapatinib + 

Capecitabine 

(Lin et al., 

2011) 

HER2/EGFR, 

antimetabolite  

Trastuzumab 

(treated for 

brain 

metastasis) 

13 

 

38% 65 16 

Neratainib + 

Capecitabine 

(Freedman et 

al., 2017) 

HER2/EGFR/ 

HER4, 

antimetabolite  

 

Trastuzumab 

39 49% 18 

 

6 

Lapatinib + 

Capecitabine 

(Bachelot et 

al., 2013) 

HER2/EGFR/ 

HER4, 

antimetabolite  

Trastuzumab 

(untreated for 

brain 

metastasis) 

44 66% 22 14 
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Lastly, the results from this chapter demonstrate the feasibility of exploiting RET as a 

novel therapeutic target to treat BC BrM. Oncogenic activation of RET mediates 

tumour progression in multiple tumour types which is mainly achieved through 

activating rearrangements and mutations. Many of these molecular RET alterations 

have been viewed as clinically actionable in these patient populations as reflected by 

their confirmed responses to RET-directed multi-kinase inhibitors, including BrM in 

patients with RET-rearranged NSCLC (Tolaney et al., 2016; Takeuchi et al., 2012b; 

Drilon et al., 2013; Drilon et al., 2016; Subbiah et al., 2015). However, although a 

RET missense mutation had been detected in one of the ex vivo tumour models, this 

mechanism of oncogenic RET activity is not commonly reported in advanced BC 

(Nik-Zainal et al., 2016).   

Despite the rarity of RET mutations in BC populations, a large body of 

evidence has shown that a significant subset, particularly ER-positive subtypes, 

exhibit abnormally high levels of RET. In alignment with these findings, a recent 

clinical study reported that cabozantinib had shown efficacy as a single agent against 

RET-driven tumours in ER-positive BC patients with extra-cranial metastasis 

(Tolaney et al., 2016). Furthermore, cross-talk between RET and ER has been well-

established and several preclinical studies have implicated that aberrant signalling 

through this RTK may also mediate resistance to anti-estrogen therapies (Horibata et 

al., 2017; Morandi et al., 2013). One study showed that in tamoxifen-resistant MCF7 

cells, targeting RET restored tamoxifen sensitivity (Plaza-Menacho et al., 2010a).  

Another independent study demonstrated that the cell growth of luminal BC cells is 

more significantly inhibited by combined anti-estrogen and anti-RET therapy than 

either therapy alone (Spanheimer et al., 2014).  

Currently there are several ongoing trials assessing whether these inhibitors 

are effective in sensitising ER-positive/RET-positive BC to endocrine therapy and/or 

preventing the acquisition of endocrine therapy resistance (NCT03168074; 

NCT02562118). These findings are relevant to this work given that 3 of 4 patient 

study cases had retained ER expression in BrM and that the ex vivo models showed 

significant anti-proliferative responses to anti-RET treatments. Although the majority 

of patients with ER-positive BC develop endocrine refractory disease by the time 
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metastases are detected in the brain, anti-estrogen sensitivity may potentially be 

restored through RET inhibition. While this study suggests that RET inhibitors may be 

sufficiently effective as a single agent alone for the treatment of BrM, responses to 

cabozantinib may be more improved by the inclusion of anti-estrogens. Furthermore, 

no prospective trials have been performed to assess the effectiveness of endocrine 

therapy in the setting of BC BrM despite the reports of some responses to hormonal 

agents (Colomer et al., 1988; Lien et al., 1991; Pors et al., 1991; Salvati et al., 1993; 

Madhup et al., 2006). The efficacy of cabozantinib is also currently being evaluated in 

a clinical trial as either a single agent alone or in combination with trastuzumab for 

HER2-positive BC BrM (NCT02260531). Given the demonstrated anti-proliferative 

effect of cabozantinib in all of the HER2-positive ex vivo models, positive trial 

outcomes may be anticipated.  

 

In summary, the findings from this ex vivo study provides functional evidence for the 

suitability of RET and HER2 as potential therapeutic targets against BrM and 

provides a unique preclinical platform system for evaluating novel anticancer drugs. 

. 
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6. General Discussion 
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6.1. Transcriptomic characterisation of breast cancer brain metastases 

reveals clinically targetable alterations.   

Although metastatic disease contributes significantly to mortality in BC, the current 

understanding of it is largely limited, especially with regards to BrM. Approximately 

30% of BC patients will develop a secondary malignancy in the brain and the 

incidence is steadily rising, due to longer survival from improved systemic therapies 

(Leone and Leone, 2015). As chemotherapy is remarkably ineffective against 

metastatic brain tumours, the only available therapeutic options are surgical resection 

and radiotherapy (Venur and Ahluwalia, 2016). Given the severe lack of disease 

treatment strategies, BrM are an unmet clinical need.  

 

Genomic and transcriptomic analyses of BrM have revealed several clinically 

informative molecular alterations that are distinct from primary tumour sites, bearing 

testament to the adaptive evolutionary nature of MBC cells upon colonisation of the 

unique brain microenvironment (Da Silva et al., 2010; Brastianos et al., 2015; Saunus 

et al., 2015). However, this fundamental area of research is still in its infancy, 

hindered by the lack of tissue availability. Hence, the vast genomic landscape of BrM 

remains largely unknown. In an attempt to address this void in research, genome-

wide RNA-Seq was employed to chart the global transcriptional landscape of a large 

cohort of patient-matched primary BCs and their associated BrM. Further detailed 

analyses revealed transcriptional aberrations in a variety of key oncogenic pathways, 

most of which were more abundantly expressed in BrM. In particular, BrM-acquired 

abnormal enrichments were identified in multiple RTKs. The most notable recurrent 

alterations were upregulations in RET and HER2, both of which are clinically 

actionable and could provide potential therapeutic targets for treating BrM. 

Furthermore, the clinical potential of molecular target-based therapies against BrM is 

quite promising, as several small molecule TKIs have been reported to achieve 

effective CNS penetration and anti-tumour activity in patients harbouring metastatic 

brain lesions (Bachelot et al., 2013; Lin et al., 2009b; Geyer et al., 2006; Ceresoli et 

al., 2004; Popat et al., 2007; Kim et al., 2015). It should be noted, however, that the 

majority of TKIs are unable to cross the BBB as single agents (Pardridge, 2005), and 
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a number have been shown to display poor distribution in the brain tissue (Kast and 

Focosi, 2010; Kinoshita et al., 2013). Indeed, the BBB permeability profile of these 

drug compounds can considerably vary, which is influenced by a number of key 

molecular properties such as  their substrate nature for drug efflux transporters, 

molecular weight, polar surface area (PSA) and lipophilicity index (LogP) (Di et al., 

2013).  Nevertheless, as discussed in the previous chapter, strategies to improve the 

delivery of these agents can be significantly achieved through combination with 

chemotherapy. With this rationale, the central work of this thesis, therefore, focused 

on validating RET and HER2 as viable therapeutic targets against BrM through the 

employment of TKIs, cabozantinib an afatinib, respectively. To explore this in a 

preclinical setting, patient derived ex vivo and brain metastatic PDX models were 

utilised which recapitulate characteristics of the patients from the RNA-Seq analysis. 

The principle findings from this work is discussed below and their implications for the 

clinical management of BrM.  

 

6.2. Pan-HER inhibitors may be more superior to other current HER2 

targeting agents in patients with breast cancer brain metastases 

The HER2 proto-oncogene is overexpressed or/and gene amplified in approximately 

20-30% of BCs and is a major therapeutic target for both early and advanced stages 

of this disease subtype (Slamon et al., 1989). Trastuzumab plus chemotherapy is the 

current first-line treatment option for HER2 positive MBC patients and has resulted in 

significantly improved OS (Inoue et al., 2010; Hamberg et al., 2011). However, after 

initial treatment there is a high risk of succumbing to BrM among this population, 

despite systemic control of the disease (Olson et al., 2013). Historically, it was widely 

perceived that this was owing to the restricted penetration of large molecule drugs 

across the BBB such as trastuzumab, thereby failing to prevent brain relapse 

(Stemmler et al., 2007). However, poor brain distribution of these anti-HER2 agents 

is not the only factor governing drug sensitivity in BrM, as both clinical and preclinical 

studies show supporting evidence for the accumulation of these drugs in brain 

tumour lesions (Askoxylakis et al., 2016; Tamura et al., 2013).  Furthermore, despite 
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the reported anti-tumour activity of highly BBB-penetrant dual HER2/EGFR TKI, 

lapatinib, in both recurrent and progressive cases of BrM, brain tumour growth was 

still uncontrolled, suggesting additional resistance mechanisms at play to HER2-

targeted therapies (Lin et al., 2009b; Geyer et al., 2006).  

  In addition to aberrant activation of HER2, there is a growing body of evidence 

implicating the deregulation of other HER family members in brain colonisation and 

BrM outgrowth (Sirkisoon et al., 2016; Da Silva et al., 2010; Momeny et al., 2015; 

Bos et al., 2009a). These receptors become activated on the cell membrane through 

specific ligand binding, resulting in homo- and hetero-dimerization with other fellow 

family members. This interaction leads to the phosphorylation of each receptor’s 

tyrosine kinases, which in turn activates several downstream effector modules 

(Roskoski, 2014a). Cross-talk signalling via different HER receptor pathways may 

effectively bypass the inhibitory effect of mono- or dual- targeted HER-TKIs which 

has previously been shown to mediate resistance to anti-HER2 therapies in BC 

(Sergina et al., 2007). Furthermore, in the setting of breast-to-brain metastatic 

disease, this compensatory signalling mechanism was even recently reported to be 

mediated by the brain microenvironment itself (Kodack et al., 2017a). This, together 

with the necessity for HER family receptors to heterodimerise for activation, suggests 

that BrM may therefore be more sensitive to pan-HER inhibitors. 

Using an irreversible pan-HER TKI, afatinib, the impact of targeting HER2 was 

evaluated in different models of BC BrM which demonstrated significant anti-tumour 

efficacy. Given that this inhibitory effect may be due, at least in part, to activation of 

other HER family members, the impact of afatinib was therefore examined in both 

HER2-amplified and non-amplified cases. Strong activation of HER family members 

were observed in both in vivo and ex vivo BrM tumour models, which were 

significantly abrogated following treatment with the pan-HER inhibitor.  

Furthermore, WES analysis of the ex vivo BrM tumour models revealed 

somatic mutations in HER family receptors. While the functional significance of 

these alterations have not been elucidated, it is plausible that they may contribute 

to the increased expression of the native and activated HER family members in 

these models. Indeed, the therapeutic potential of such unknown HER mutations 
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can be supported by a recent ‘basket’ trial study, SUMMIT, whereby pan-HER 

inhibitor, neratinib demonstrated clinical activity in different HER2-negative BC 

harbouring either kinase or extracellular domain missense mutations in 

HER2/HER3 (Hyman et al., 2018). Taken together with the findings from this 

present study, concomitant targeting HER family receptors with pan-HER TKIs 

could offer a promising treatment strategy for BrM.  

 

6.3. Additional challenges in defining HER2 positivity 

From the preliminary RNA-Seq study, HER2 was identified to be one of the two most 

recurrently upregulated protein kinases in BrM among the clinical patient cohort. This 

is an important finding given that Priedigkeit et al. previously reported significant 

enrichments for HER2 mutations/amplifications in BrM versus local disease 

(Priedigkeit et al., 2017a). Even more remarkably, these transcriptional alterations led 

to a negative-to-positive HER2 status conversion in some patient-matched cases 

which reinforces previous studies’ observations (Duchnowska et al., 2012; Thomson 

et al., 2016; Priedigkeit et al., 2017a). 

Upon further inspection of HER2-subtype switching in BrM, the observed 

expression gains were demonstrated to be was governed by amplification of the 

ERBB2 locus in two of the patient-matched cases from the RNA-Seq study. In 

contrast, another case that had undergone HER2-switching exhibited no BrM-

acquired copy number gains for HER2 but had increased HER2 protein levels, as 

determined by IHC. HER2 amplification analysis revealed that, asides from two 

patient cases, there appears to be no underlying mutation level changes that are 

driving this transcriptomic shift which leads to the conclusion that the acquisition of 

HER2 enrichment in BrM is achieved by more than one mechanism. These scenarios 

demonstrate how analysing tumour specimens by FISH can potentially result in false 

negatives. These misclassifications may be due to the extensive intra-tumoural 

heterogeneity of HER2 that is commonly observed in BC (Buckley et al., 2016). 

Alternatively there may be an unexpected mechanism at play here that increases 

HER2 expression at the transcript or protein level, which is not uncommon.  Indeed, 

tumourigenic transcriptional changes can also be driven by alterations of key 
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epigenetic modulators such as transcription factors which can reprogram the 

chromatin landscape and potentiate metastatic events (Morrow et al., 2018; Malladi 

et al., 2016).  Therefore, considering the IHC data in relation to HER2-negative BrM 

patients is crucial, especially those in borderline categories, and additional HER2 

testing strategies should be incorporated into routine BC pathology. 

Similarly, aberrant HER2 transcriptional regulation and its peculiar subtype-

switching behaviour was observed in the ex vivo models. Interestingly, one of these 

patient cases was confirmed as IHC HER2-negative yet had full HER2 pathway 

activation and functional signalling through HER2-EGFR heterodimerization. In line 

with these observations, HER3/HER4/EGFR activation are known to drive HER2 

phosphorylation and its downstream signalling independent from total HER2 

expression (Contreras-Zarate et al., 2017; Wulfkuhle et al., 2012). This is not 

surprising given the ligand independent nature of HER2 activation and that it is the 

preferred dimerization partner of all other HER family members (Roskoski, 2014c). 

While there was no evidence of activating HER2 mutations in these tumour models 

from WES analysis, there were somatic variants in other HER members which could 

be responsible for their elevated native and phosphorylated expression levels.  

Taken together, this work demonstrates that the HER2 expression profile can 

alter between primary and metastatic sites. These findings bear massive clinical and 

diagnostic implications which are important especially given the recent ASCO 

guideline recommendations pertaining to HER2 retesting (Wolff et al., 2013). Indeed, 

in some cases BrM patients may be falsely classified as HER2 negative according to 

the status of their primary tumour biopsies, resulting in suboptimal treatments by 

denying them the potential benefits of HER2-targeted therapy. These research 

findings further suggest that HER2-negative BrM, of which there are still no targeted 

therapies for, may also receive positive results from anti-HER2 therapy.  
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6.4.  Oncogenic activation of RET as a novel therapeutic target for breast 

cancer brain metastases   

Although the brain represents one of most common sites of BC metastasis, BrM 

patients are typically excluded from clinical trials. Thus, there is an extreme lack of 

molecular targeted therapies for the treatment of HER2-negative BrM. Furthermore, 

given the worse clinical outcomes of TNBC BrM patient the discovery of novel 

actionable genomic alterations beyond HER2 aberrations require urgent attention. 

Addressing this clinical gap, recurrent enrichments of RET were identified in BrM 

which was further explored as a potential novel therapeutic target to treat this 

progressive disease. Through parallel meta-analysis with public microarray gene 

expression datasets in primary BC tumours and other metastatic sites previous 

bioinformatic work revealed that these transcriptional events associated specifically 

with BrM. Other studies have also reported RET overexpression in GBM, implicating 

a possible role for RET in promoting tumour progression in the brain (Ng et al., 2009; 

Gil et al., 2010). Additionally, the importance of dysregulated RET signalling in brain-

related cancers is also highlighted by the strikingly high  incidence of BrM in patients 

with RET-altered NSCLC (Drilon et al., 2017b).  

 

RET is a major proto-oncogene that contributes to tumour progression in a diverse 

range of cancers. The most common mechanism of RET-mediated oncogenesis 

among these diseases are either mutations or fusions, most of which are commonly 

observed in sporadic medullary thyroid carcinoma (MTC) and papillary thyroid 

carcinomas (PTC), respectively. However, these gain-of-function alterations are quite 

rare in BC and have only been reported at low frequencies from several high 

throughput studies (Kato et al., 2017; Kan et al., 2010a). By contrast, RET 

amplification and overexpression has been identified in BCs instead (Morandi et al., 

2011). Many of these RET-driven tumours are the focus of several molecularly 

targeted FDA-approved drugs and drugs under current clinical trial investigation; 

these could be redirected to treat metastatic brain tumours. In turn, the design of new 

treatment strategies may be rapidly achieved, sparing substantial time investment in 

the development of novel therapeutic agents.  
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Several multi-kinase RET inhibitors have confirmed modest yet durable responses in 

patients with RET-rearranged or RET mutant cancers (Elisei et al., 2013; Wells et al., 

2012; Velcheti et al., 2016).  In particular, cabozantinib, a multi-kinase RET inhibitor, 

has shown efficacy against solid tumours with oncogenic RET activity, including 

extra-cranial metastatic BC disease (Drilon et al., 2013; Lipson et al., 2012; Takeuchi 

et al., 2012b; Tolaney et al., 2016). This agent was used to target RET for the 

therapeutic intervention studies, demonstrating significant anti-tumour efficacy in in 

vitro, in vivo and ex vivo models of BrM.  

 

The incidence of BrM is reported to be lower in patients with luminal BC relative to 

other HER2-positive and TNBC subtypes. Contrary to this, a considerable proportion 

of the clinical cases from the 21-patient cohort study were ER-positive (39%). While 

many had experienced a decrease in ER transcript levels during the process of 

acquiring BrM, it is noteworthy that 5/9 total ER-positive brain metastatic tumours 

experienced significant transcriptional gains in RET, suggesting a possible 

association between the ER status and RET expression. Similarly, the patient BrM 

samples that were used in the ex vivo study exhibited high levels of RET and had 

originated from ER-positive BCs, one of which lost ER expression upon brain 

colonisation and switched to a triple negative tumour phenotype. In agreement with 

these observations, recent expression profiling studies have indicated increased RET 

expression being strongly associated with ER-positive BCs as well as poorer 

metastasis-free survival (Tozlu et al., 2006; Boulay et al., 2008; Gattelli et al., 2013). 

The functional significance of RET-ER interactions have been previously described 

with RET being shown to be a direct transcriptional target of ER. Consistent with this, 

RET expression has also been shown to become enhanced in response to estrogen 

treatment. (Horibata et al., 2017). More importantly, several ER/RET-positive BC cell 

lines and primary tumour models have suggested that oncogenic RET signalling may 

be necessary to mediate resistance to endocrine therapies (Gattelli et al., 2013; 

Morandi et al., 2013; Plaza-Menacho et al., 2010b; Andreucci et al., 2016). This was 
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demonstrated to occur via estrogen-independent ER activation in response to 

treatment with RET activating ligand, GDNF (Plaza-Menacho et al., 2010b).  

Evidence suggests that the brain microenvironment may play a role in 

mediating this resistance via GDNF-RET signalling. One particular report 

demonstrated that astrocytes can promote the invasive properties of RET-expressing 

glioma cells in GBM through secretion of GDNF, leading to subsequent activation of 

RET signalling (Shabtay-Orbach et al., 2015). Indeed, activated astrocytes have 

been demonstrated to be highly abundant in brain tumours (Zhang and Olsson, 

1995) .  Similarly to the context of this study, ER-positive brain-colonising BC cells 

may evolve to acquire an increase in RET expression in order to exploit the GDNF-

rich brain tumour microenvironment that consequently stimulates ER and RET cross 

talk signalling .  Taken together with the findings from this thesis, there is strong 

evidence to believe that inhibition of RET with cabozantinib in conjunction with anti-

estrogens may be effective in re-sensitising BrM to endocrine therapy. In this disease 

setting, no prospective trials have been performed to assess the effectiveness of 

endocrine therapy despite there being anecdotal reports of patients with BrM 

responding well to such treatments (Lien et al., 1991; Colomer et al., 1988; Pors et 

al., 1991; Salvati et al., 1993). Additionally, treatment with cabozantinib could also be 

more efficacious through combined mTOR pathway inhibition (Ni et al., 2016; Gild et 

al., 2013; Subbiah et al., 2015). 

  Elevated levels of RET and its physiological relevance has also been reported 

in a subset of triple negative and HER2-positive breast tumours (Gattelli et al., 2013; 

Hatem et al., 2016; Nguyen et al., 2015). Similarly, high expression of total and 

activated RET had been observed in all preclinical models of TNBC and HER2-

positive BrM from the previous chapters of this thesis. Furthermore, their downstream 

signalling became significantly attenuated following treatment with cabozantinib. 

Hence, these findings suggests that RET targeting within these subtypes may also 

provide a potential treatment option for BrM irrespective of molecular subtype.  
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6.5. A new era of anti-RET therapies 

Whilst cabozantinib decreased RET activation and achieved durable tumour 

regression in all BrM models it is important to note that these observed anti-

tumourigenic effects may also be mediated in part by the inhibition of other target 

RTKs. Until recent times, only multi-kinase RET inhibitors have been explored in 

RET-altered cancers. While these non-selective anti-RET agents have demonstrated 

clinical activity in cases of RET-fusion positive lung cancers with BrM (Subbiah et al., 

2015; Drilon et al., 2016), the objective response rates were a little lacklustre, 

especially in comparison to those observed from targeted therapies for ALK- and 

ROS1-driven cases (Shaw et al., 2013; Lim et al., 2017). 

As significant toxicities are associated with inhibition of other off-target 

kinases, including KDR, frequent dose reductions of MKIs have been made in clinical 

trials (Drilon et al., 2013; Elisei et al., 2013; Wells et al., 2012) which could be 

compromising the potency and full therapeutic potential of RET-specific inhibition 

(Drilon et al., 2017a). These disappointing trial reports have raised uncertainties 

regarding the impact of deregulated RET signalling in disease oncogenesis and 

whether the currently available MKIs are sufficient for RET inhibition. Perhaps, 

response rates may be improved with more potent and selective RET inhibitors which 

are being developed and undergoing clinical investigations at present.  The initial 

prospects already appear quite promising, as recently seen by the therapeutic 

outcomes of two highly selective RET inhibitors, RXDX-105 and LOXO-292. Both 

agents have demonstrated encouraging activity in a broad range of advanced RET-

altered cancers, including confirmed intracranial responses in a proportion of NSCLC 

patients with BrM, with no significant signs of toxicity observed (Subbiah et al., 

2018b; Li et al., 2017).  BLU-667 is another RET-specific antagonist that has also 

shown notable anti-tumour activity in NSCLC patients harbouring RET 

rearrangements, without any noticeable signs of adverse toxicity (Subbiah et al., 

2018a). Therefore, as work from this thesis demonstrates RET to be a novel and 

specific target in treating BrM, the effectiveness of more RET-focused inhibitors 

should be investigated in future preclinical studies. However, given the expression of 

RET in the adult central nervous system and its reported requirement for the survival 
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of mature neurons, there have been concerns as to whether long-term treatments 

could potentially lead to neuronal degradation (Jain et al., 2006; Kramer et al., 2007). 

These potential long-term side-effects from prolonged RET inhibition should be 

strictly monitored in future clinical trial studies.  

 

6.6. Conclusion 

Taken together, these results demonstrate profound and recurrent transcriptional 

remodelling events in BC BrM. Such transcriptomic shifts are illustrative of the 

adaptive nature of BrM, suggesting breast-to-brain metastases acquire therapeutic 

vulnerabilities that are unique from their matched primary tumours. Clinically relevant 

alterations independent of the primary site were identified in multiple receptor kinase-

driven signalling pathways, most notably, recurrent enrichments in HER2 and RET 

which has clear implications for clinical management. In summary, this study reports 

RET and HER2 as candidate targets to treat BrM offering new approaches to therapy 

that may not otherwise be apparent from the molecular analysis of clinically sampled 

primary tumours. Critically, these findings show that primary biopsies alone are 

insufficient to inform individualised treatment decisions for patients with BrM and 

instead comprehensive genomic profiling of resectable BrM should be integrated in 

paving management strategies moving forward. As proven, such underutilised tools 

could reveal additional candidates that may meet the criteria for trial eligibility and 

potentially unveil new targeted therapies for treating this disease. 
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IHC Reagents 

Sodium Citrate buffer 

1.47g sodium citrate in 300ml dH2O. Adjust pH to 6 with concentrated HCL.  Bring up 

the volume to 500ml with dH2O (make up fresh on day). 

 

10x EDTA Buffer 

12.1g Tris base, 3.7g EDTA. Adjust pH to 9.0 with concentrated HCL.  Bring up the 

volume to 1L with dH2O. 

 

EDTA solution 
10mM Tris Base, 1mM EDTA Solution, 0.05% Tween 20, pH 9.0 
 
 
0.5M Tris-HCl buffer 

181.65 g Tris Base in 700ml dH2O. Adjust pH to 7.4 with concentrated HCL.  Bring 

up the volume to 1L with dH2O  

 

Antibody Diluent 

0.05mol/l Tris-HCl buffer (pH 7.2-7.6) containing 1% BSA 

 

Phosphate buffered saline 

Dissolve one PBS tablet per 100 ml dH2O Each PBS tablet contains: 0.1 M 

phosphate buffer 0.0027 M potassium chloride 0.137 M sodium chloride 
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 Table 8.1: List of cell culture reagents. 

Cell culture reagents Cat # Supplier 

Modified Eagle Medium ( no glutamine, no phenol 

red) 

#51200-038 Thermo 

Scientific 

Dulbecco's Modified Eagle Medium (1.0g/L 

Glucose, no glutamine with HEPES) 

#12-708F Lonza 

HyClone™ DMEM/F12 1:1 Media  with HEPES # 

SH30023.01 

Thermo 

Scientific 

L-Glutamine G7513  

FCS F7524 Sigma  

Trypsin-EDTA 10X T4174 Sigma  

PBS tablets 11058 Oxoid 

1M HEPES solution #H3537 Sigma 

Bovine Serum Albumin #A7906 Sigma 

Insulin-Transferrin-Selenium-X 

Supplement(100X) 

#51500-056 Invitrogen 

Hydrocortisone #H0888 Sigma 

Gentamycin 3V30080.01 HyClone 

Fungizone #SV30078.01 HyClone 



  

 

1
6

1
 

Dx.Age, age at primary breast diagnosis; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; MDC, Mucinous Ductal Carcinoma; ER, 

estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; pos, positive; neg, negative; -,not determined; 

NA, not available; BrM, brain metastasis; DFS, disease free survival, time from primary diagnosis to first recurrence; BMFS, brain metastases free 

survival, time from primary diagnosis to death or last follow-up; SPBM, survival post brain metastasis, time from brain metastasis to death or last 

follow-up; OS, overall survival, time from primary diagnosis to death or last follow up. 

Table 8.2: Clinical Information for the patient-matched brain metastasis cohort 
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Table 8.3: Mean tumour volumes of each treatment group per measurement day from the in v iv o  study 

 

 

  

Tumour Volume - Mean 

Day of Treatment 0 3 6 10 13 17 20 25 27 

Vehicle Control 207 328 451 714 872 1347 1503     

Afatinib 212 199 227 252 247 338 326 410 382 

Cabozantinib 211 246 365 346 440 349 389 343 347 

Tumour Volume - SEM                   

Day of Treatment 0 3 6 10 13 17 20 25 27 

Vehicle Control 20.885 28.539 54.251 74.483 80.667 199.371 218.274     

Afatinib 29.005 38.864 32.374 43.691 47.423 51.54 48.636 64.577 47.254 

Cabozantinib 24.634 18.281 42.517 35.595 37.443 25.461 47.026 34.586 66.49 

Tumour Growth Inhibition (%)                   

Day of Treatment 0 3 6 10 13 17 20 25 27 

Vehicle Control 0 0 0 0 0 0 0     

Afatinib 0 110.74 93.85 92.11 94.74 88.95 91.2 0 0 

Cabozantinib 0 71.07 36.89 73.37 65.56 87.89 86.27 0 0 
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Table 8.4: Measured body weights of all mice from in v iv o  experiment during the treatment course with vehicle, 

afatinib or cabozantinib. 

 

Body Weight - Mean 

Treatment 0 3 6 10 13 17 20 25 27 

Vehicle Control 23.242 23 23.275 25.325 25.45 26.225 26.15     

Afatinib 22.67 21.55 21.925 23.125 22.175 23.7 23.15 23.25 23.775 

Cabozantinib 22.328 22.2 22.875 23.525 24 23.75 24.35 24.4 24.5 

Body Weight - SEM                   

Treatment 0 3 6 10 13 17 20 25 27 

Vehicle Control 0.426 0.302 0.275 0.526 0.676 0.679 0.693     

Afatinib 0.822 1.008 1.026 0.927 1.054 0.903 0.893 0.652 0.978 

Cabozantinib 0.949 0.919 0.983 0.867 0.91 1.043 1.159 1.017 1.051 

Primary Breast Tumour Pre Brain Metastases Treatment Brain Metastases Post Brain Metastases Treatment

Case  Histology Dx.Age ER PR HER2 Endocrine Radiotherapy Chemotherapy Anti-HER2 therapy ER PR HER2 Endocrine Radiotherapy Chemotherapy Status

xBrM T606 IDC 58 Pos Neg Neg Yes Yes Yes No Neg Neg Neg No Yes No Alive

xBrM T347 IDC 43 Pos Pos Neg No Yes Yes No Pos Neg Pos No Yes No Alive

xBrM T681 ILC 60 Pos Neg Pos No No No No Pos Neg Pos No Yes No Alive

xBrM T638 ILC/IDC 74 Pos Neg Neg Yes No Yes No Pos Neg Pos No Yes No Alive

CTG-1520 IDC 57 Neg Neg Neg No No Yes - Neg Neg Neg No NA Yes NA

Table 8.5: Clinical Information for the brain metastases cohort utilised in e x  v iv o  and in v iv o  experiments 
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Clinically Actionable Kinase 1_RCS 2_RCS 3_RCS 4_RCS 5_RCS 6_RCS 6_Pitt 7_Pitt 12_Pitt 17_Pitt 19-2_Pitt 25_Pitt 29_Pitt 47_Pitt 51_Pitt 52_Pitt 62_Pitt 64_Pitt 68_Pitt 71_Pitt 72_Pitt
ATM -0.802 -1.694 0.100 -0.117 -1.020 -0.821 -0.374 0.623 -0.429 -0.809 -0.284 1.117 0.247 -0.866 -0.155 0.021 0.017 -0.136 -0.513 -0.134 -0.126

CHEK1 0.251 1.076 -0.290 -1.267 0.321 -0.397 0.001 0.727 0.796 0.956 1.385 0.578 -0.210 0.783 -0.973 -0.328 0.065 0.030 -0.381 -0.114 -0.631

PIK3R1 0.024 -0.457 -0.758 0.242 0.360 -0.834 -0.730 1.283 -0.051 -0.618 0.346 2.458 -0.462 -0.616 -0.476 -0.486 0.051 -1.615 -0.034 -0.556 1.395

ARAF -0.107 -0.094 0.233 -0.018 -0.035 -0.370 0.289 0.306 -0.648 0.281 -0.126 -0.575 0.703 0.471 0.339 0.796 0.010 0.553 0.998 -0.332 -0.071

MTOR 0.087 0.958 -0.002 0.107 -0.044 0.079 -0.201 -0.340 0.470 0.241 -0.264 -0.065 -0.051 0.636 0.208 0.577 0.180 -0.252 0.231 -0.017 -0.065

PRKAR1A 0.180 -0.179 0.388 -1.058 0.412 1.831 0.104 -0.364 -0.064 1.038 0.174 0.309 -0.055 0.397 0.061 -0.799 -0.057 -0.268 0.329 -0.165 -0.139

CDK8 0.316 -1.296 0.120 -0.732 -0.512 -0.194 -0.353 0.414 0.417 0.955 0.057 0.948 0.562 -0.071 0.132 -0.670 0.217 -0.617 -1.001 0.126 0.227

PLK2 -0.796 2.390 0.025 -2.034 -0.605 2.210 1.319 0.306 -0.025 -1.469 0.558 -0.574 -0.228 0.706 0.272 -0.276 2.934 -0.218 -1.370 -0.960 0.180

EPHA3 -1.822 -1.314 1.420 -1.207 2.299 -0.833 -0.114 1.096 1.310 -0.347 -1.538 0.556 0.940 0.277 1.954 0.889 -1.687 1.919 -0.411 1.688 0.470

CARD11 -1.449 -1.817 0.493 -0.830 -1.322 -1.007 -1.121 -0.450 -0.581 -1.138 -1.309 -0.298 -1.786 -1.807 0.929 0.324 -1.453 -1.330 0.725 -1.013 0.352

BCR 0.089 1.300 0.317 0.225 0.305 0.424 -0.038 0.552 0.095 -0.080 0.048 0.190 -0.229 0.210 0.374 0.327 0.301 -0.528 0.509 0.306 -0.157

MAPK1 0.412 -0.328 -0.071 -0.929 -0.502 0.210 -0.014 0.076 0.124 -0.350 0.376 0.088 0.130 0.666 0.181 -0.020 0.076 -0.503 -0.287 0.275 0.410

PIK3CB 0.341 -1.363 0.065 0.250 0.315 -0.049 0.027 -0.214 -0.189 0.497 0.506 -0.356 0.711 0.036 -0.415 0.006 0.195 -0.296 -0.283 -0.330 -0.086

CDKN1A -0.688 -0.605 1.165 -0.974 0.440 2.333 -0.098 -1.067 -0.841 1.197 -0.045 0.039 0.747 -0.088 0.908 -0.599 -1.278 0.310 -0.162 -0.596 0.364

MAP3K13 -0.067 0.699 0.380 0.730 -0.088 1.055 0.160 -0.181 0.178 0.752 0.322 0.065 0.520 0.554 -0.765 0.221 0.736 0.345 0.042 -0.215 -0.061

FLT1 -0.221 1.449 1.144 1.073 0.841 0.104 -0.226 -0.121 0.209 0.011 0.430 0.853 0.203 0.205 1.017 0.906 -0.779 1.179 -1.657 -0.138 -0.546

LATS1 -0.227 -1.749 -0.335 -0.575 -0.353 0.024 -0.184 -0.029 0.060 -0.351 -0.076 0.213 0.136 -0.448 -1.247 -0.163 -0.160 -0.067 -0.935 -0.627 -0.497

AURKB 0.471 2.127 0.098 0.065 0.658 0.603 0.038 0.822 -0.022 0.741 0.959 -0.733 -0.037 -0.141 -0.305 0.337 0.133 -0.097 0.038 -0.473 -0.498

ERBB4 2.070 1.373 -0.063 3.056 1.408 -0.582 0.126 -2.056 1.202 0.298 1.008 2.101 0.307 -0.392 -1.029 -0.640 -0.310 0.295 0.556 1.277 -1.038

BRAF -0.444 -0.629 0.439 0.347 -0.130 0.250 0.498 0.209 0.255 -0.122 0.212 0.531 0.196 -0.028 -0.418 0.474 0.846 0.214 -0.993 -0.145 0.038

PAK1 1.094 -0.437 0.193 -1.321 -0.113 0.842 0.308 -0.236 -0.219 -0.240 0.467 0.602 0.454 0.367 -0.363 -0.212 0.314 0.446 0.668 -0.408 0.380

BMPR1A -0.012 -0.622 0.088 -0.507 0.371 -0.615 0.205 -0.153 -0.364 0.393 0.424 0.003 -0.039 0.027 0.221 0.199 0.286 0.121 -0.404 -0.462 0.232

ERBB2 0.174 2.019 0.694 1.233 0.535 4.436 2.656 -0.718 -0.343 1.294 0.225 0.206 0.772 2.241 0.765 -0.132 3.084 1.592 -0.218 0.108 -0.159

PIK3R3 0.654 0.918 1.058 0.871 0.736 0.963 0.183 -0.285 0.583 1.419 0.223 0.309 -1.536 0.841 -0.534 -0.211 0.291 0.629 -0.816 -0.254 0.107

AKT3 -0.510 -1.701 0.049 -1.053 -0.454 0.496 -0.585 -0.294 0.293 -2.391 0.152 -0.026 1.321 -0.243 0.523 0.102 -0.772 -0.823 0.092 0.018 0.249

CCND1 -0.880 1.452 0.145 -1.374 -2.138 -1.040 -0.001 0.501 -0.141 0.926 -0.144 -1.041 1.017 -3.038 0.017 -0.372 -0.065 -0.634 0.441 0.970 -0.150

IGF1R -0.413 0.944 -3.940 -2.088 -0.238 -4.709 0.975 1.071 -1.341 0.800 0.048 0.409 0.851 -3.318 -0.080 0.981 1.056 -0.958 -2.846 -1.742 -0.224

PIK3CD -1.435 -1.191 0.227 -0.500 -0.992 -1.641 -0.705 -0.567 -0.694 -1.930 -1.296 -0.990 -2.224 -1.306 0.522 1.153 -1.612 -0.811 0.602 -0.567 -0.365

MAP3K1 -0.268 -0.435 -0.166 -1.933 -0.853 0.502 -0.362 -0.077 -0.392 -1.085 -0.367 -0.341 -1.291 0.026 -0.780 -0.218 0.865 -1.901 0.441 -0.780 0.279

EGFR 0.728 0.388 -0.065 1.803 -0.011 -1.294 0.968 -1.233 -1.137 -3.814 0.563 0.008 -0.511 0.398 0.281 -0.337 -0.975 0.785 0.623 -1.308 0.674

PDGFRA -1.518 -4.218 -1.569 -3.811 -0.364 -2.413 -1.548 -3.853 -0.574 -3.439 -2.525 -1.243 -0.811 -1.002 -0.927 -0.819 -3.035 -1.477 -2.390 -0.699 0.775

TGFBR2 -0.735 -1.013 0.037 -2.197 -0.620 -1.839 -0.789 -0.717 -0.707 -3.561 -0.905 0.559 -0.382 -0.941 1.217 0.266 -2.282 -0.687 -0.183 -0.168 1.160

CDK6 -1.290 1.520 -0.402 0.939 -0.536 -0.114 0.149 -0.859 -0.396 -1.753 -1.148 -1.294 0.381 -0.796 -0.096 0.453 -1.182 -0.541 0.880 0.841 -0.101

ABL1 0.154 0.630 0.050 -0.436 -0.216 -1.306 -0.182 -1.368 0.018 -0.625 -0.470 -0.026 -0.759 -0.342 0.131 0.042 -0.610 -0.079 0.190 -0.316 -0.092

INSR -0.212 3.376 0.189 0.984 0.373 -0.805 0.425 -1.354 0.080 0.135 0.072 0.672 -0.592 0.044 0.617 0.470 0.111 0.707 0.113 -0.478 -0.264

CDKN2C -0.099 -0.400 0.355 -1.044 0.062 -0.482 -0.003 0.595 0.095 -0.641 -0.513 0.077 0.096 -1.162 -0.618 0.832 0.667 0.263 0.139 0.366 -0.779

PDGFRB -0.776 -0.081 0.140 -0.964 1.190 -1.428 -0.458 -1.313 -0.522 -2.171 -1.771 -0.483 -0.893 -0.290 2.133 1.548 -2.139 -0.045 -0.824 -0.652 0.168

KIT 1.917 -3.197 -1.061 -1.146 0.755 -1.302 -1.464 0.110 -0.503 -4.698 -0.588 -0.455 -0.357 -1.569 -1.692 0.759 -1.991 -1.785 1.113 0.049 -0.559

CDKN1B 0.093 0.539 0.231 -0.310 -0.185 -0.101 -0.192 0.257 -0.010 -0.690 0.037 -0.046 -0.352 -0.785 -0.946 -0.474 -0.237 -0.508 -0.033 -0.302 -0.052

PIK3R2 0.136 1.282 -0.386 0.076 -0.274 0.776 0.314 1.411 0.591 1.079 -0.184 0.057 0.539 0.771 -0.733 0.030 0.521 0.426 -0.484 -0.076 -0.057

ERBB3 0.185 2.095 0.544 1.249 1.112 0.807 0.675 0.088 -0.495 1.355 0.427 -0.778 0.186 1.209 -0.813 0.082 0.222 1.216 0.249 0.262 -0.340

RPS6KB2 0.111 1.495 0.043 0.993 -0.442 -0.259 -0.086 0.466 0.365 0.651 0.058 -0.379 -0.245 0.923 0.299 0.009 -0.050 -0.094 0.243 0.289 -0.239

PIK3CG -1.890 -3.440 -0.369 -2.599 -1.349 -1.501 -1.564 -0.168 -1.080 -2.010 -1.445 -0.401 -2.069 -1.929 0.408 -0.027 -2.141 -1.544 -0.075 -0.543 -0.639

JAK2 -0.533 -2.839 -0.284 -0.414 -0.897 -0.297 -0.814 -0.045 -0.577 -0.372 -0.539 0.775 -2.047 -1.231 0.275 0.013 -0.943 -0.604 -0.408 -0.361 0.440

LATS2 -0.954 -0.707 -0.422 -0.793 -0.536 -1.429 -0.623 -1.115 -0.253 -2.045 -0.630 1.000 1.078 -1.116 0.772 0.697 -1.399 -0.592 -0.377 -0.460 0.062

BRD4 0.227 -0.638 -0.408 0.212 -0.046 -0.359 -0.406 0.195 -0.152 -0.338 0.041 0.293 0.686 -0.581 -0.159 -0.607 -0.294 -0.505 0.042 -0.455 0.038

NTRK1 -0.283 0.834 0.196 0.841 -0.099 -0.941 -0.457 0.123 0.267 -2.406 0.090 -0.282 -0.580 -1.534 0.354 -0.435 -0.044 -0.351 0.223 -0.670 -0.497

BTK -1.478 -3.310 -0.279 -1.817 -1.046 -1.384 -1.073 0.219 -0.707 -2.088 -0.496 0.189 -1.495 -1.228 0.919 1.054 -1.704 -0.890 0.212 0.399 -0.058

PDPK1 -0.041 0.649 0.045 0.933 0.220 -0.103 0.068 0.013 -0.153 0.423 0.290 0.038 -0.040 0.402 -0.253 -0.106 0.510 -0.469 0.471 0.142 -0.147

 

Table 8.6: Case-fold changes and expression gains in clinically actionable kinases 
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Clinically Actionable Kinase 1_RCS 2_RCS 3_RCS 4_RCS 5_RCS 6_RCS 6_Pitt 7_Pitt 12_Pitt 17_Pitt 19-2_Pitt 25_Pitt 29_Pitt 47_Pitt 51_Pitt 52_Pitt 62_Pitt 64_Pitt 68_Pitt 71_Pitt 72_Pitt
JAK1 -0.434 -0.567 0.117 -1.469 -0.262 -0.437 -0.054 -0.552 0.272 -0.810 -0.130 0.622 -0.015 -1.008 0.764 0.541 0.046 -0.406 -0.103 -0.334 0.590

NTRK3 2.681 -1.094 2.211 3.922 1.983 2.886 1.903 0.842 3.363 -1.131 2.050 0.818 1.394 2.548 1.788 2.796 2.415 2.396 0.815 2.307 3.532

ATR -0.070 0.093 0.220 0.427 0.277 -0.179 -0.083 0.075 -0.006 0.294 -0.020 -0.410 0.292 0.185 -0.536 0.572 0.393 0.177 -0.598 -0.688 -0.023

PIK3C3 0.003 -0.184 0.271 -0.092 -0.209 0.380 -0.125 0.677 0.110 0.220 0.008 0.628 0.450 -0.364 -0.283 -0.038 -0.116 0.450 -0.055 0.043 0.299

PIK3C2G -0.363 -1.910 -0.570 -2.078 1.837 -0.700 0.042 -0.300 0.764 -1.071 1.233 -4.008 1.522 2.276 -2.533 0.665 0.833 0.215 -3.816 0.564 0.477

AKT1 0.227 0.990 -0.083 0.042 0.024 0.512 0.106 -0.167 0.223 1.030 -0.076 -0.991 0.406 0.441 0.745 0.713 0.003 -0.127 0.458 0.092 0.023

EPHB1 0.149 0.046 -0.115 0.291 -1.411 1.136 -1.025 0.320 0.737 -0.615 -0.368 -0.709 -0.053 0.371 -0.335 0.061 0.511 -0.272 -0.682 0.512 -0.795

CDKN2A -0.704 1.072 -0.400 -0.694 -0.848 -1.087 1.420 0.265 -0.808 -0.150 0.149 -1.208 -0.085 -0.373 -0.451 -0.603 -1.784 1.165 2.383 1.246 -0.188

MAP2K4 0.356 -0.837 0.085 -0.524 0.194 0.493 -0.122 -1.308 -0.177 0.100 0.238 0.392 -0.202 0.233 -0.039 -0.013 0.093 -0.183 -0.807 -0.001 -0.112

MAP2K1 -0.168 0.113 0.035 -0.816 -0.245 0.793 0.229 0.137 -0.197 0.021 0.485 0.634 -1.027 0.160 0.202 -0.325 0.273 0.240 0.292 -0.107 0.585

RAF1 0.494 0.720 -0.049 0.155 0.074 -0.328 0.233 0.108 0.392 -0.291 0.061 0.282 -0.462 0.014 0.016 0.534 0.155 0.753 -0.371 -0.092 -0.002

ERCC2 0.271 1.538 -0.156 0.534 -0.373 -0.268 0.076 -0.205 -0.006 0.691 -0.149 -0.556 -0.173 -0.053 0.089 0.765 0.082 -0.051 0.189 0.652 0.143

PIK3CA -0.025 -1.738 0.031 -0.838 0.091 -0.317 -0.270 -0.056 -0.057 0.328 0.006 0.065 0.525 -0.502 0.120 -0.280 0.186 -0.216 -0.476 -0.240 0.334

CCND3 0.082 0.943 0.655 -0.181 -0.085 0.035 0.114 -0.122 -0.764 0.425 0.279 -0.132 0.333 0.483 1.217 0.682 -0.047 -0.008 0.822 -0.400 0.548

FGFR3 1.215 2.851 0.071 2.369 0.955 -0.599 -0.067 -1.272 1.132 0.457 1.863 0.880 2.032 -2.001 0.535 0.405 -1.322 1.309 1.171 0.624 -1.082

YES1 0.896 -1.179 -0.282 -1.336 0.151 -0.617 0.266 -0.307 -0.197 0.919 0.416 -0.193 -0.130 -0.467 -0.656 -0.339 -0.182 0.755 -0.370 -0.941 0.293

PRKDC 1.031 0.395 -0.051 -1.020 0.006 -0.138 -0.599 0.077 -0.900 0.583 0.375 -0.328 -0.260 0.410 -1.230 -1.033 -0.558 -0.881 -0.416 0.555 -0.214

MAP2K2 0.284 1.103 0.127 0.728 -0.123 -0.194 0.287 -0.369 0.473 0.191 0.116 -0.436 0.102 0.511 0.697 0.430 0.168 0.143 0.646 0.201 0.128

JAK3 -1.887 -3.374 -0.537 -1.763 -1.581 -1.279 -1.428 -0.991 -1.001 -1.251 -1.460 -1.249 -0.279 -2.638 0.098 0.409 -2.701 -1.065 -0.250 -0.991 -1.455

FLT4 -1.390 1.244 0.103 0.791 -0.342 0.687 -0.784 -0.016 -0.309 -0.464 -1.506 -0.387 -0.460 -0.244 0.342 0.114 -1.353 -1.007 -0.250 -0.495 -0.664

STK40 0.389 0.950 -0.201 0.463 -0.444 0.232 0.265 -0.305 0.113 0.012 -0.167 -0.228 0.391 0.155 0.483 0.518 0.690 0.139 -0.326 0.534 0.195

PAK3 -0.595 -2.720 1.112 1.202 -0.792 3.306 -0.511 0.077 0.484 -2.642 1.955 -1.416 0.467 -0.863 -1.120 2.470 -0.929 -1.077 -0.791 0.016 -1.055

CCNE1 0.042 0.287 0.111 0.043 0.736 0.461 -0.305 -0.303 0.324 1.360 0.784 -0.446 0.275 0.545 -0.164 0.033 0.191 -0.403 0.032 -0.318 0.368

RPS6KA4 -0.514 -0.017 -0.006 0.366 -0.503 -0.380 0.072 -0.266 -0.774 -0.511 -0.781 -0.437 -0.021 0.113 0.971 -0.011 0.029 0.160 0.569 0.157 -0.028

TGFBR1 0.368 -0.408 -0.547 -2.055 -0.293 0.576 -0.511 -1.000 -0.249 0.079 -0.080 -0.225 0.744 2.639 0.861 0.573 -1.504 0.038 -0.963 -0.134 0.643

SRC -0.359 1.818 -0.277 -0.803 0.602 -1.329 -0.181 -0.915 0.035 0.247 -0.109 -0.356 0.688 0.077 0.765 0.336 -0.363 -0.554 0.342 0.502 -0.362

CHEK2 0.842 0.336 -0.178 -0.692 -0.197 -0.362 0.196 1.612 0.344 0.368 0.632 0.035 -0.585 0.184 -0.526 -0.019 0.517 0.425 -0.481 -0.147 -0.007

IKBKE -1.239 1.383 -0.137 1.213 -1.540 -1.096 -0.340 -0.058 -1.479 -1.507 0.022 -0.528 -0.792 -0.533 0.414 0.858 0.168 -0.376 -0.490 -2.229 -0.841

KDR -1.932 1.698 0.061 0.227 0.090 -0.935 -0.855 0.212 -0.047 -0.963 -0.783 1.015 0.507 -0.572 0.545 1.107 -1.799 0.343 -0.731 -0.197 -0.407

AXL -0.645 -1.171 0.259 -1.962 -0.123 -1.219 -0.419 -0.862 -0.649 -2.039 -0.996 -0.398 -1.537 -0.529 1.546 0.351 -1.410 -0.367 0.475 -0.519 0.521

FGFR2 1.467 2.434 -0.797 2.308 0.608 0.403 0.706 -0.854 0.791 0.962 2.093 -0.068 0.635 0.606 -0.052 1.210 -1.289 -0.146 -0.015 -0.236 -0.119

PIM1 -1.152 -2.069 -0.805 -1.121 0.296 -2.159 -0.436 -0.741 -0.820 -2.268 -1.400 0.375 0.220 -1.597 -0.966 0.669 -0.934 -0.233 0.034 -0.944 -0.519

FLT3 -0.247 -3.778 -1.126 -1.069 -1.240 -3.176 -0.837 0.275 -0.244 -0.431 -0.699 1.470 -1.057 -1.947 -0.665 -0.152 0.282 -1.457 0.535 0.073 0.004

GSK3B 0.088 0.251 -0.010 -0.188 0.014 0.161 0.263 -0.500 0.517 0.474 0.293 0.297 0.262 0.339 -0.280 -0.236 0.500 -0.058 0.383 -0.213 -0.095

SOX9 0.961 -0.353 0.490 1.093 0.130 1.259 0.257 -0.993 -1.408 2.664 -0.024 0.449 0.607 1.769 -0.351 -0.081 1.496 -0.271 1.262 -0.250 0.007

CSF1R -0.690 -1.305 -0.119 -1.426 -0.791 -0.791 -0.763 -0.162 -0.136 -1.814 -0.793 0.111 -1.529 -0.682 1.591 0.673 -2.403 -0.480 0.559 0.249 1.211

ROS1 -0.489 0.977 -0.365 -0.152 -0.756 2.164 -0.144 -0.766 0.365 0.130 -2.595 3.284 4.078 -0.325 -0.331 -3.421 -0.230 0.622 -1.123 -3.452 0.108

CDK4 0.339 0.838 -0.331 -1.293 0.417 -0.356 0.243 0.328 -0.570 0.396 0.193 -1.011 -0.029 0.391 -0.184 0.279 0.147 0.286 0.240 0.305 0.067

ERCC3 -0.087 0.548 -0.047 0.950 0.033 0.027 0.178 0.293 0.214 0.299 0.366 -0.130 0.081 0.275 0.166 0.427 0.098 0.278 0.238 -0.255 -0.012

ALK -0.712 0.147 1.028 0.910 -0.479 0.593 -0.732 0.482 -0.601 -0.553 0.336 0.103 0.749 -0.775 1.071 -0.216 0.546 -0.299 -1.218 1.653 0.474

SYK -0.879 -2.336 -0.271 -2.190 -0.351 -1.649 -0.279 0.317 -0.136 -0.184 -0.282 0.142 -0.774 -1.654 0.082 0.056 -1.537 -0.010 0.427 -0.186 0.125

MET 0.407 -4.249 0.601 -1.250 1.012 -0.556 0.045 -1.597 -0.080 -5.088 0.435 0.888 1.862 -2.845 -1.746 -0.277 -0.025 -1.693 -0.245 0.048 0.785

FIP1L1 0.840 -0.162 0.367 0.512 -0.177 0.438 -0.168 0.073 0.724 0.428 0.336 0.280 0.084 0.031 -0.763 -0.603 -0.319 0.221 -0.068 -0.043 0.018

FGFR4 1.083 1.569 0.758 3.835 0.061 4.984 0.097 0.557 -0.052 -0.691 1.671 -0.998 0.481 5.424 0.817 0.495 0.768 0.016 0.578 1.601 -0.182

DDR2 -1.299 -1.436 -0.231 -1.530 0.302 -2.011 -1.220 -1.160 0.764 -3.102 -0.969 1.781 -0.415 -0.647 1.079 0.690 -1.336 -0.141 -2.379 -0.320 0.672

STK11 -0.196 1.877 -0.035 -0.332 -0.075 -0.473 0.130 -0.586 -0.124 0.182 0.073 0.013 -0.090 -0.079 0.242 0.335 0.002 0.356 0.108 -0.520 0.002

PDK1 0.457 0.615 -0.301 0.353 -0.658 -0.352 -0.531 1.184 -0.767 0.676 0.266 -0.211 0.277 0.841 -0.493 -0.305 0.039 -0.252 -1.593 0.440 -0.073

AURKA 0.832 0.420 -0.219 -1.134 -0.310 1.032 -0.851 0.413 0.420 1.767 0.652 -0.282 -0.415 0.738 -0.841 -0.235 0.436 -1.165 -0.862 -0.128 -0.660

NTRK2 0.116 -0.683 2.843 1.963 0.989 2.532 0.022 0.716 0.726 -1.667 2.966 0.660 -0.830 1.284 1.971 2.181 1.587 0.393 -1.802 1.232 1.648

CDKN2B -2.244 -0.430 -0.096 -0.738 -1.105 -0.817 1.182 -0.415 -0.124 -0.226 -0.332 -0.271 0.141 -0.626 0.804 1.758 -0.211 0.317 2.540 -0.087 0.409

CDK12 0.005 0.710 -0.175 0.286 -0.499 2.560 1.817 0.001 0.055 0.346 -0.081 -0.276 -0.024 0.159 0.213 -0.645 3.308 -0.090 -0.154 -0.016 -0.199

RET -0.852 1.831 -1.280 -0.430 1.564 3.238 0.936 0.684 -0.199 3.450 -0.032 -0.827 -0.032 3.892 0.525 1.931 1.639 -0.136 -1.151 -0.700 2.319

FGFR1 -0.180 -0.271 -1.008 -1.428 0.017 -2.201 -0.729 -0.808 -0.169 -2.859 -0.501 0.659 -0.810 0.546 0.320 -0.156 -0.782 -0.751 -0.370 0.484 -0.210

AKT2 0.289 1.556 -0.268 0.914 0.539 0.048 0.335 -0.195 0.068 0.482 -0.043 -0.430 0.508 -0.428 -0.478 0.850 0.073 0.504 0.477 0.043 -0.053

 

Table 8.6: Case-fold changes and expression gains in clinically actionable kinases (Continued) 
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Figure 8.1: Representative images of total‐HER and total RET IHC staining in 

human breast cancer brain metastases. 

HER2 IHC scoring was based on a 0-3 scale with tumours scoring 0, 1+, 2+ and 

3+ being interpreted as negative, weak, equivocal and strong, respectively. The 

adopted scoring system for assessing RET and HER family IHC staining was 

based on a  0-4 scale with tumours scoring 0, 1+, 2+, 3+ and 4+ being interpreted 

as negative, weak, moderate, strong and very strong, respectively. Images shown 

were captured at 10x, 20x and 40x magnifications; scale bars correspond to 

100μm, 50μm and 20μm, respectively. 
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Figure 8.2: Representative images of phospho‐HER and phospho- RET IHC 

staining in human breast cancer brain metastases. 

The adopted scoring system for assessing phospho-RET and phospho-HER 

family IHC staining was based on a  0-4 scale with tumours scoring 0, 1+, 2+, 3+ 

and 4+ being interpreted as negative, weak, moderate, strong and very strong, 

respectively. Images shown were captured at 10x or 20x magnifications; scale 

bars correspond to 100μm and 50μm, respectively. 
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