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¢ƘŜǎƛǎ ǎǳƳƳŀǊȅ 
 

ER+ breast cancer affects millions of women worldwide. Disease relapse is common after initial 

treatment and causes significant morbidity and mortality. Many treatments focus on targeting the 

endocrine receptor but over time resistance to endocrine therapies emerges. The fulvestrant and 

vandetanib in advanced aromatase inhibitor resistant breast cancer (FURVA) clinical trial aimed to 

address this by adding vandetanib (a RET inhibitor) to a hormone directed backbone (fulvestrant). 

The work presented in this thesis documents the investigation into biomarker determinants of 

response to treatment. Three key areas are investigated (i) RET expression as determined by 

immunohistochemistry (IHC), (ii) presence of single nucleotide variants (SNVs) by NGS and digital 

droplet PCR (ddPCR) and (iii) copy number alterations determined by ddPCR. Tissue and plasma 

samples were collected during trial participation and allowed investigations of both primary tumour, 

represented by formalin fixed paraffin embedded tissue samples and metastatic disease, 

represented by circulating free DNA (cfDNA) extracted from plasma. 

Both high total-RET (t-RET) and phosphorylated-RET (p-RET) expression by IHC correlated with longer 

progression free survival (PFS) in participants in the FURVA clinical trial irrespective of treatment 

received. In addition, patients with no detectable circulating tumour DNA (ctDNA) in plasma samples 

during trial participation had a longer PFS. There were notable negative findings; increased RET 

expression did not appear to be related to SNVs in RET and copy number alterations in FGFR1 or 

MYC did not correlate with PFS but were detectable using ddPCR technology. 

In conclusion, this thesis has shown that high RET expression correlates with longer PFS and that 

detection of ctDNA during treatment correlates with shorter PFS when patients are treated with 

fulvestrant +/- vandetanib.
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1 Introduction 

Chapter overview 

This introductory chapter will set the scene for this thesis with background about breast cancer, the 

mechanisms by which endocrine resistance develops and the Fulvestrant and Vandetanib in 

endocrine resistant breast cancer (FURVA) trial; the source of the research samples for this project. 

This will be followed by an overview of techniques in use for biomarker investigation in the field of 

oestrogen receptor positive (ER+) breast cancer.  

1.1 Breast Cancer 

 Introduction 

In 2014 55,000 people received a diagnosis of invasive breast cancer, representing 15% of all cancer 

diagnoses in the UK that year. The incidence of breast cancer in the UK is predicted to rise at 2% per 

year meaning that by 2035 there will be an estimated 71,000 new cases of breast cancer each year 

(Smittenaar et al. 2016) this equates to nearly 200 new diagnoses per day. 

While there are many treatment options available for patients with breast cancer it remains the 

second most common cause of cancer death in women in the UK with over 11,000 deaths per year 

(CRUK) (https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-

cancer-type/breast-cancer, accessed 7/2/2019)  

Clinical sub-typing of breast cancers is based on receptor status for oestrogen, progesterone and 

HER2 as determined by immunohistochemistry (IHC). The addition of fluoro in situ hybridisation 

(FISH) testing is required if examination of HER2 receptor status by IHC has resulted in borderline 

positivity (RCPath 2016)(https://www.rcpath.org/uploads/assets/693db661-0592-4d7e-

9644357fbfa00a76/G148_BreastDataset-lowres-Jun16.pdf. Accessed 18/7/2021) 

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer
https://www.rcpath.org/uploads/assets/693db661-0592-4d7e-9644357fbfa00a76/G148_BreastDataset-lowres-Jun16.pdf
https://www.rcpath.org/uploads/assets/693db661-0592-4d7e-9644357fbfa00a76/G148_BreastDataset-lowres-Jun16.pdf
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The majority of breast cancers express oestrogen receptor (ER+), many express progesterone 

receptor (PR+) and a minority (~20%) overexpress human epidermal growth factor two (HER2+). 

Based on tƘŜ ŜȄǇǊŜǎǎƛƻƴ ǇŀǘǘŜǊƴ ƻŦ ǘƘŜǎŜ ǇǊƻǘŜƛƴ ǊŜŎŜǇǘƻǊǎ ǘǳƳƻǳǊǎ Ŏŀƴ ōŜ ǘŜǊƳŜŘ Ψ9wҌΩ ό9wҌΣ twҌκ-

, HER2-ύΣ ΨǘǊƛǇƭŜ ǇƻǎƛǘƛǾŜΩ ό9wҌΣ twҌΣ I9wнҌύΣ ΨI9wнҌΩ ό9wҌκ-, PR+/-Σ I9wнҌύ ƻǊ ΨǘǊƛǇƭŜ ƴŜƎŀǘƛǾŜΩ ό9w-, 

PR-, HER2-) with each subtype showing different patterns of disease development, metastatic 

spread and prognosis {Cardoso, 2020 #377}. However, this categorisation does not incorporate the 

subtleties of the molecular characteristics at a genomic level or the histological subtype e.g. ductal, 

lobular or inflammatory.  

 Molecular characterisation 

With the advent of molecular characterisation technologies such as gene expression profiling more 

detailed subdivisions have been possible. Perou et al categorised the gene expression of 8102 genes 

using RNA microarrays of 65 samples from 42 patients with breast cancer to reveal four major 

subgroups; basal like, HER2+, normal-breast like and luminal epithelial ER+ (Perou et al. 2000). The 

original paper was followed by a paper which subcategorised the luminal epithelial group into three. 

Sørlie et al proposed that the luminal A breast cancers strongly expressed ER and GATA3 amongst 

other genes while luminal B and C breast cancers showed low expression of the luminal A subtype 

associated genes. Luminal C breast cancers could be differentiated from luminal B breast cancers by 

the presence of a novel set of genes which could also be noted in basal-like and HER2+ subtypes.  

Clinical outcome data showed that patients with luminal A breast cancers had the best prognosis. 

Basal-like subtype was associated with the poorest clinical outcomes while normal-like, luminal B 

and C had an intermediate prognosis (Sørlie et al. 2001). When the microarrays used were refined 

and a further set of 115 malignant breast tumours were studied tumours could be categorised into 

five groups with four groups correlating with prognosis; basal-like, HER2+, luminal A and luminal B 

(Sorlie et al. 2003) as shown in Figure 1. 
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Figure 1 Kaplan Meier curves showing A) time to distant relapse and B) overall survival by molecular subtype. Reproduced 

from Sørlie et al, PNAS, 2003. It is worth noting that patients with HER2+ disease would not have received HER2 directed 

therapies as would be standard of care today. 

Molecular subtyping of breast cancers is now possible in the clinic with use of the PAM50 gene 

expression test (Parker et al. 2009). Luminal A breast cancers typically express both ER and PR and 

have a low level of proliferation, their prognosis is often excellent. Luminal B cancers again express 

ER and much less commonly PR but have higher proliferation markers and when compared to 

luminal A cancers tend to carry a worse prognosis (Russnes et al. 2017). Although not routinely used 

in UK clinical practice the PAM50 subtype is frequently used in research cohorts and so will be 

referred to in this thesis. The tumours of participants in the FURVA trial are likely to be a mixture of 

luminal A and luminal B subtypes although luminal subtype was not tested. Where comparative 
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studies or cohorts of patients are sort and categorisation of tumours is possible then comparison will 

be made to subgroups of samples that resemble the cohort of patients in the FURVA clinical trial as 

closely as possible i.e. patients with ER+, HER2- breast cancer. 

This thesis is specifically concerned with patients with ER+/HER2- breast cancer who have advanced 

breast cancer (ABC) and have developed endocrine resistance; Luminal A and Luminal B cancers by 

ƳƻƭŜŎǳƭŀǊ ǎǳōǘȅǇŜΣ ŀƭƭ ƻŦ ǿƘƛŎƘ Ŏŀƴ ōŜ ǊŜŦŜǊǊŜŘ ǘƻ ōȅ ǘƘŜ ǳƳōǊŜƭƭŀ ǘŜǊƳ Ψ9wҌ ōǊŜŀǎǘ ŎŀƴŎŜǊΩΦ 

More recently increasingly complex molecular classifications have been offered based on our 

increased understanding of the underlying genomics of the disease. Using the METABRIC dataset, 

split into a discovery and validation cohort, Russnes et al identified 10 clusters based on gene 

expression driven by copy number alterations. Of the 10 clusters identified clusters 1, 2, 3, 4, 6,7,8 

and 9 were associated with ER+ breast cancer and helped differentiate between good prognosis and 

poor prognosis ER+/HER2- disease. Cluster 2 denoted poor prognosis, clusters 1 and 9 correlated 

with intermediate survival and clusters 3,4,7 and 8 showed good prognosis based on mean clinical 

follow up of 10 years (Russnes et al. 2017). This method of classification is only in use in selected 

research settings and will not be used in this thesis. 

 Oestrogen receptor positive breast cancer 

Around 70% of breast cancers overexpress ER and are termed ER+.  

If patients are diagnosed with early stage breast cancer (disease that has not spread beyond the 

breast or axillary lymph nodes) they will usually be offered treatment with surgery, radiotherapy and 

adjuvant endocrine therapy with the aim of cure. If the disease is more advanced at presentation 

(e.g. is a large tumour or there is evidence of spread to local lymph nodes) they may also be treated 

with chemotherapy to try and increase the chance of long term survival. 
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If patients are diagnosed with metasǘŀǘƛŎ ŘƛǎŜŀǎŜ όƻŦǘŜƴ ǘŜǊƳŜŘ ΨǎŜŎƻƴŘŀǊȅ ōǊŜŀǎǘ ŎŀƴŎŜǊΩ ƻǊ 

ΨŀŘǾŀƴŎŜŘ ōǊŜŀǎǘ ŎŀƴŎŜǊΩύ ǘƘŜƴ ŀ ǎŜǉǳŜƴǘƛŀƭ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ŎƘŜƳƻǘƘŜǊŀǇȅ ŀƴŘ endocrine therapy is 

used to control the disease. In this thesis the term advanced breast cancer (ABC) will be used. 

Endocrine therapiess either reduce circulating oestrogen in the body by preventing peripheral 

conversion of testosterone to oestrogen e.g. aromatase inhibitors (AIs), through interactions with 

the oestrogen receptor e.g. tamoxifen, a selective oestrogen receptor modulator (SERM), or by 

inducing downregulation of the oestrogen receptor e.g. fulvestrant, a selective oestrogen receptor 

down regulator (SERD).  

Despite the initial efficacy of these drugs tumours may either have inherent resistance (primary 

resistance) or may acquire resistance during treatment (secondary resistance). The Advanced Breast 

Cancer Consensus Meeting 2 (ABC2) agreed on the following definitions to clarify the term 

endocrine resistance (Cardoso et al. 2014): 

× Primary (intrinsic) resistance ς recurrence during the first two years of adjuvant endocrine 

therapy OR progression during the first six months of primary endocrine therapy in the 

setting of breast cancer presenting as de novo metastatic disease. 

× Secondary (acquired) resistance ς recurrence after the first two years or within 12 months 

of completing adjuvant endocrine therapy OR after the first six months of primary endocrine 

therapy in the setting of breast cancer presenting as de novo metastatic disease. 

The terms primary and secondary resistance will be used in this thesis when referring to endocrine 

resistance. 

At the point that endocrine therapy ƛǎ ƴƻ ƭƻƴƎŜǊ ŎƻƴǘǊƻƭƭƛƴƎ ǇŀǘƛŜƴǘΩǎ ŘƛǎŜŀǎŜ ǘƘŜǊŜ ŀǊŜΣ ōǊƻŀŘƭȅ 

speaking, two therapeutic approaches; to give an alternative endocrine therapy ideally with another 

targeted agent e.g. a CDK4/6 inhibitor or to use chemotherapy. While both approaches have 

potential side effects, the unwanted effects of chemotherapy are often more severe due to its 

indiscriminate effects on rapidly dividing cells. Adding a further drug to endocrine therapy is an 
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appealing therapeutic strategy as there is potential for overcoming the resistance mechanism that 

has developed. Often drugs used in this setting are oral rather than intravenous and so along with 

potential prognostic benefits they are frequently more tolerable and appealing to patients and their 

pursuit of quality of life. Combinations of treatments often prolong life but ultimately the cancer 

becomes resistant to all therapies and the patient dies.

1.2 Mechanisms of endocrine resistance  

 Introduction 

When endocrine resistance occurs, be this within the primary tumour or later in the course of 

disease it is ultimately the mechanism by which the cancer escapes treatment control. Currently, 

despite advances in molecular profiling it is not possible to clinically identify patients who have 

intrinsic endocrine resistance although potential biomarkers are being explored. Attempts have 

been made such as using change in Ki67 level after neo-adjuvant endocrine therapy (Ellis et al. 

2017). However, currently in UK clinical practice all patients with ER+ disease are offered adjuvant 

endocrine therapy. A proportion of patients will develop metastatic disease while still taking their 

adjuvant endocrine treatment while others will relapse many years after (Pan et al. 2017). The 

reason as to why this happens is one of the key questions in the field of ER+ breast cancer.  

There are many mechanisms of endocrine resistance that have been characterised over the past 

twenty years (see Figure 2). Focus will be placed on those which have been best characterised and 

are most relevant to this project with a brief summary of other hypotheses. 

This section begins with a review of RET and its role in the development of endocrine resistance as 

this is the key to the scientific rationale of the FURVA trial. Following this focus turns to those 

pathways downstream from RET (PI3K/AKT/mTOR and MAPK pathways). Additionally, mechanisms 

of resistance that will affect response to fulvestrant such as pathogenic genetic variants in ESR1 are 

reviewed. Furthermore, mechanisms of escape from normal cell cycle regulation are important to 
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consider with focus on TP53 and CDK4/6. Finally, attention turns to less well explored but potentially 

interesting findings from recent studies exploring endocrine resistance such as variants in LYN and 

copy number changes in MYC and FGFR1. This is summarised in Figure 2. 

 

Figure 2 Summary of potential mechanisms of resistance to aromatase inhibitors reproduced from Ma et al, Nature Reviews 

Cancer, 2015. Superimposed on the original graphic are the additional genes of interest which will be investigated in this 

project. Full circles indicate pathways that are the focus of this project with dotted lines indicating those that are also 

investigated. The tumour microenvironment along with epithelial to mesenchymal transition (EMT) and cancer stem cells 

(CSC) will not be investigated. 

 RET 

 Overview 

Along with fulvestrant targeting the ER the other main target in the FURVA study is RET which is 

targeted with vandetanib. All samples used in this project have been donated by participants in the 

FURVA trial. 
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The structure of REarranged during Transfection (RET) is ǿŜƭƭ ŎƘŀǊŀŎǘŜǊƛǎŜŘΦ LǘΩǎ ǊƻƭŜ ƛƴ ōǊŜŀǎǘ ŎŀƴŎŜǊ 

has been established more recently. RET is a transmembrane receptor protein encoded by the gene 

RET which is localized to 10q11.2. It comprises 1114 amino acids and a has a molecular weight of 

124kDa (Stelzer et al. 2016). The name is derived from the discovery of the RET oncogene which is 

comprised of the fusion of two separate DNA sequences that come together during transfection 

(Arighi et al. 2005). It is a tyrosine kinase receptor which has three domains; an extracellular ligand 

binding domain, a hydrophobic transmembrane domain and an intracellular tyrosine kinase domain. 

At release from the endoplasmic reticulum RET is only partially glycosylated and of 150 kDa, when 

fully glycosylated it is of 170kDa. RET has three isoforms (RET51, RET43 and RET9), the number 

signifies the number of amino acids in the carboxy terminus. RET has four cadherin like domains 

όDCwʰм-4) each with their own ligand (glial derived neurotrophic factor (GDNF), neurturin (NTRN), 

artemin (ARTN) and persephin (PSPN)). Ligand binding to its preferred co-receptor leads to 

dimerization of RET and subsequent downstream signalling pathway activation (Morandi et al. 

2011). 

In health, functional RET is essential for organogenesis of the kidney, the development of neural 

crest derived cells such as neurons found in the nervous system and for the correct projection of 

hind-limb-innervating axons (Plaza-Menacho et al. 2014). Dysfunctional RET is the cause of 

Hirschprungs disease, where the bowel develops without enteric parasympathetic neurons causing 

severe constipation in the new-born as faecal material is unable to move along the bowel (Kapur 

2009).  

Germline variants in RET are implicated in several genetic syndromes; such as multiple endocrine 

neoplasia 2A and 2B, which can be inherited or occur as a result of sporadic genetic variants. The 

majority of the features of this genetic syndrome are malignancies but it also causes non-malignant 

pathology such as parathyroid hyperplasia. In sporadic cases the causative genetic variants are 

usually single nucleotide polymorphisms (SNPs) in RET (Plaza-Menacho et al. 2006). 
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In malignant disease it is thyroid cancer that is most commonly associated with either germline or 

somatic variants in RET. Germline variants in RET are implicated in the development of around 25% 

of medullary thyroid cancers. The most commonly documented variant in familial medullary thyroid 

cancer is M918T (Cote et al. 2017) with patients with MEN2B syndrome making up the majority of 

cases. Somatic variants are found in RET in around 65% of cases of medullary thyroid cancers, again 

with M918T being most common (Drilon et al. 2018).  

RET fusion proteins have been noted in diseases such as papillary thyroid cancer and non-small cell 

lung cancer and are potentially highly targetable. The creation of fusion proteins occurs when 

rearrangement of the genome creates proteins with the intracellular components of RET but with 

replacement of the N-terminal domain with that of unrelated proteins such as CCDC6-RET and 

NCOA4-RET in papillary thyroid cancer and KIF5B-RET in non-small cell lung cancer (Drilon et al. 

2018).  

Meanwhile in non-small cell lung cancers it has been established that RET fusions are present in 1-

2% of all cases, although this increases to 16-17% in never smokers. Three fusions have been 

identified; KIF5B-RET, CCDC6-RET and TRIM33-RET (Wang et al. 2012). 

RET protein expression has been identified as a potential prognostic biomarker in both breast cancer 

and squamous cell carcinoma (SCC) of the head and neck in both disease types high RET expression 

correlated with larger tumours and more advanced tumour stage. In SCC of the head and neck it was 

an independent prognostic marker for overall survival(Lin et al. 2016). While in breast cancer high 

RET expression correlated with metastases free survival and overall survival but it was not stated if 

this association was independent of its correlation with larger, more advanced tumours (Gattelli et 

al. 2013).  

 RET in oestrogen resistant breast cancer 

The case for RET expression as a mechanism for endocrine resistance was raised partially when it 

was noted that the frequency of expression was higher in patient samples that had been exposed to 
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adjuvant tamoxifen treatment and gone on to develop recurrent disease compared to samples taken 

from unselected patients with breast cancer (25% vs. 56%) (Plaza-Menacho et al. 2010). 

Furthermore, it had been noted that ER+ cell lines such as MCF7 and T47D expressed high levels of 

mRNA encoding RET and its co-receptor GFRA1 (Esseghir et al. 2007; Boulay et al. 2008). 

Following on from these early studies, it was demonstrated that RET was targetable and when 

knocked down resulted in increased sensitivity to tamoxifen. When knockdown of RET was 

performed in tamoxifen resistant cells it restored sensitivity to the drug offering evidence that RET 

was potentially involved in endocrine resistance and that inhibiting it could restore sensitivity to 

endocrine therapy (Plaza-Menacho et al. 2010).  

Mouse models were developed to test potential RET inhibitors such as NVP-AST487 (Gattelli et al. 

2013; Andreucci et al. 2016). Overall, while both studies demonstrated convincing inhibition of 

downstream targets in cell lines; this failed to translate into differences in tumour growth in the 

mice when treated with fulvestrant, a RET inhibitor or a combination of both. However, all 

treatments performed better than a control in the mice. It is noted that the cell lines injected into 

the mice did not represent endocrine resistant disease where one might expect higher RET 

expression to result in hyper stimulation of downstream targets.  

A further mouse model was developed by Spanheimer et al, this time using vandetanib as the RET 

inhibitor in combination with tamoxifen. Again, the model was not representative of endocrine 

resistant disease but on this occasion those mice treated with the combination of endocrine therapy 

plus a RET inhibitor convincingly demonstrated reduced tumour growth compared to those mice 

treated with control or tamoxifen or vandetanib as a single agent (Spanheimer et al. 2014). In 

addition to reduced tumour growth the combination therapy also reduced the chance of disease 

progression after 10 days of treatment; 87.5% of mice in the single agent groups progressed and 

only 33% in the combination group did. For those receiving no active drug there was 100% rate of 

progression. However, progression was described as any increase in tumour size beyond that which 
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was recorded prior to treatment, no detail is given on how these measurements were made or if 

they were duplicated or assessors blinded.  

In the same paper the combination therapy was tested in cell lines. Cell lines representative of both 

hormone sensitive (MCF7) and hormone resistant disease (BT-474) had RET inhibited by either 

vandetanib or siRNA knockdown of RET. BT-474 is an ER+, HER2+ cell line so may not be fully 

representative of classical endocrine resistance. Both manners of disabling RET showed a reduction 

in the number of viable cells but those inhibited with vandetanib both in the endocrine sensitive and 

endocrine resistant cell lines showed the most dramatic reductions in cell viability with a 30% 

reduction with tamoxifen alone and a 67% reduction with tamoxifen and vandetanib. In endocrine 

resistant cell lines, the comparison was more marked; from 5% cell viability with tamoxifen alone to 

40% with combination. The data presented by Spanheimer et al give the most convincing rationale 

for the FURVA clinical trial. 

RET expression is strongly linked to mRNA expression (Plaza-Menacho et al. 2010) but it is not 

known what results in this overexpression. During the course of this project it has become clear that 

it is not due to gain of function genetic variants in RET. Exploring large genomic breast cancer 

datasets using CBioPortal (Gao et al. 2013) such as those by Razavi et al show that RET variants are 

present in just 1% of patients with ER+/HER2- breast cancer (Razavi et al. 2018). A detailed analysis 

of all RET variants in breast cancer confirmed that the overall frequency of RET alterations 

(rearrangements, missense variants and amplifications) was 1.2% in a cohort of 9693 breast cancer 

samples taken from women with a mixture of primary and advanced breast cancer (Paratala et al. 

2018). This would strongly suggest that genetic variants in RET are very infrequently, if ever, 

responsible for the increase in mRNA and protein expression which occurs in around 30% of ER+ 

breast cancers and up to 50% of endocrine resistant breast cancers. 



Chapter 1: Introduction 
 

12 
 

 Summary 

Activation of RET (and other growth factor receptors) activates the oestrogen receptor via multiple 

pathways (see Figure 3). The activation of the oestrogen receptor results in increased proliferation, 

survival and scattering of ER+ breast cancer cells and is the key driver of ER+ breast cancer. RET 

induced activation of ER occurs via the MAPK pathway (Boulay et al. 2008) and the PI3K pathway 

(Esseghir et al. 2007). These findings were confirmed by inhibiting each pathway in turn suggesting 

that the PI3K pathway was likely to be the dominant mechanism by which upregulation of ER 

occurred (Plaza-Menacho et al. 2010). 

There is limited evidence that RET may also feed into the JAK/STAT pathway as in vivo inhibition of 

RET resulted in lower phosphorylated FAK and STAT3 levels (Gattelli et al. 2013) this may be due to 

the proposed interaction between RET and IL6. Variants in the JAK/STAT pathway have been 

identified in patients with metastatic ER+ breast cancer suggesting that it is a pathway of some 

importance in endocrine resistance (Yates et al. 2017). 

Taken together this body of literature illustrates that RET signals downstream to the ER via the 

MAPK, JAK/STAT and most strongly by the PI3K signalling pathways (shown in Figure 3). Collectively 

it has been demonstrated that inhibiting RET decreases cell growth in representative ER+ cell lines, 

including cell lines representative of endocrine resistant disease and slows tumour growth in ER+ 

xenograft models (only when vandetanib is used; other RET inhibitors such as NVP-AST487 did not 

show a meaningful difference). This evidence provides the rationale for the FURVA trial which will be 

discussed in more detail in section 1.3.  
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Figure 3 Inhibition of the oestrogen receptor using Vandetanib and Fulvestrant. Vandetanib targets multiple tyrosine 

kinases as shown by the varying weight of arrows reflecting the IC50 for each receptor. This figure focuses on its role as a 

RET inhibitor, but we must keep in mind that it is also a potent inhibitor of VEGFR2 and VEGFR3. In contrast fulvestrant acts 

more directly on the oestrogen receptor (ER) by preventing its migration from the cytoplasm to the nucleus. It has been 

shown that RET activates the PI3K and MAPK and possibly the JAK/STAT pathway (as indicated by the dotted line). Even this 

simplified diagram shows that there is crosstalk between pathways and that multiple nodes within the pathway can 

activate different phosphorylation sites within the ER. Figure produced using biorender.com. 
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 Focus on the PI3K/AKT/mTOR pathway (hereafter referred to as the PI3K pathway) 

 Background 

The PI3K pathway is frequently upregulated in ER+ breast cancer. Activation of the pathway occurs 

via growth factor receptors such as insulin like growth factor receptor 1 (IGFR1), fibroblast like 

growth factor receptor 1 (FGFR1) and HER family receptors (including EGFR (HER1) and HER2-4). 

Activation of any one of these growth factors located within the cell membrane results in 

downstream activation of a cascade of intracellular transducer enzymes with three key enzymatic 

steps; PI3K, AKT and mTOR. The components of the PI3K/AKT/mTOR pathway play a key role in the 

regulation of protein synthesis alongside cell survival, migration, proliferation and glucose 

metabolism. The pathway has inbuilt regulation by PTEN which dephosphorylates PIP3. PIP3 is a key 

intermediary between PI3K activation and AKT phosphorylation (Yang et al. 2016). These pathways 

are shown in Figure 4 (Dienstmann et al. 2014). 

 



Chapter 1: Introduction 
 

15 
 

 

Figure 4 The PI3K and MAPK pathway along with potential points of inhibition along the PI3K pathway Figure reproduced 

with permission from Dienstmann et al, 2014. 

By developing long term oestrogen deprived (LTED) cell lines and performing gene expression 

analyses comparing them to endocrine sensitive cell lines, upregulation of the PI3K pathway was 

identified as a route to the development of endocrine resistance (Miller et al. 2010). Hyper 

activation of the pathway can be linked to increased tyrosine phosphorylation in RTKs such as IGFR, 

INSR, EGFR, HER2 and HER3 (Miller et al. 2010). Key to this theory was the demonstration that PI3K 

activity led to oestrogen independent ER activation In mouse models it was demonstrated that mice 

with an activating PIK3CA variant develop mammary tumours (Lauring et al. 2013). The following 

section will examine the role of each key component of the PI3K pathway. 
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 PIK3CA 

Variants in PIK3CA were first noted in the early 2000s (Samuels et al. 2004) and it is now one of the 

most investigated genes in breast cancer and has recently been reviewed by the author of the 

original paper (Arafeh and Samuels 2019). Varƛŀƴǘǎ ŎƭǳǎǘŜǊ ƛƴ ǘƘŜ ƘŜƭƛŎŀƭ ŘƻƳŀƛƴ όΨŜȄƻƴ фΩύ ŀƴŘ ǘƘŜ 

ƪƛƴŀǎŜ ŘƻƳŀƛƴ όΨŜȄƻƴ нлΩύΦ IƻǘǎǇƻǘ ǾŀǊƛŀƴǘǎ ŎŀǳǎŜ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ŘƻǿƴǎǘǊŜŀƳ ǎƛƎƴŀƭƭƛƴƎ ǇŀǘƘǿŀȅǎ 

without the need of activation by growth factor receptors on the cell surface. Various cell line and 

genetically engineered mouse models have shown that the presence of these variants results in 

tumour growth, development and resistance to treatment (Bader et al. 2006). Bader et al used cell 

line models harbouring common variants to show that H1047R transfected cells showed the highest 

levels of phosphorylated AKT followed by E545K and finally E542K transfected cells. The difference in 

ΨǇƻǘŜƴŎȅΩ ƻŦ ǘƘŜ ǘǿƻ ǾŀǊƛŀƴǘǎ Ƴŀȅ ǊŜƭŀǘŜ ǘƻ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ǿŀȅǎ ƛƴ ǿƘƛŎƘ ǘƘŜȅ ŀƭƭƻǿ ŀŎǘƛǾŀǘƛƻƴ ƻŦ ǘƘŜ 

downstream signalling pathway in the absence of normal regulatory signals. Those in the helical 

ŘƻƳŀƛƴ ǊŜǎǳƭǘ ƛƴ ǘƘŜ Ǉур ƴ{Iн ŘƻƳŀƛƴ ƴƻǘ ōŜƛƴƎ ŀōƭŜ ǘƻ ōƛƴŘ ŀ ΨǎǿƛǘŎƘ ƻŦŦΩ ŘƻǿƴǎǘǊŜŀƳ ǎƛƎƴŀƭƭƛƴƎ 

(Miled et al. 2007). While those in the kinase domain still require p85 binding to cause downstream 

activation (Zhao and Vogt 2008). 

In many datasets where presence of variants in PIK3CA has been correlated with clinical outcomes 

the presence of PIK3CA variants seems to result in a progression free survival benefit. This is 

eloquently discussed in a pooled analysis of 19 studies where the presence of a PIK3CA mutation 

correlated with better invasive disease-free survival (HR=0.77, 95% CI 0.71-0.84), distant disease free 

survival (HR 0.79 95% CI 0.72-0.86) and overall survival (HR 0.90 95% CI 0.82-0.99). Data from 10,319 

patients was analysed with all breast cancer subtypes represented. The authors acknowledge 

limitations such as heterogeneity amongst datasets and a possible bias towards positive results, as 

the study only included published datasets. When the results were adjusted for other prognostic 

factors such as age, grade and tumour size only correlation with invasive disease free survival 

remained statistically significant (HR 0.88 95% CI 0.78-1.00, p=0.043) (Zardavas et al. 2018). It 
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appears, although is not explicitly stated, that the variants were identified from tissue samples and 

no distinction was made between variants in the helical or kinase domain.  

Over 40% of the pooled data came from a single study by Sabine et al where the authors 

acknowledged that while PIK3CA variants correlated with improved 5-year distant relapse free 

survival (DRFS) they were also associated with lower grade, node negative luminal breast cancers 

which in themselves are good prognostic factors. The authors acknowledge that PIK3CA variant 

status is not an independent prognostic marker for DRFS (Sabine et al. 2014). There is a significant 

area of uncertainty over how pathogenic variants can be demonstrated as oncogenic yet, if anything, 

predict for positive clinical outcome, or at least good prognosis in the first 5 years after diagnosis.  

This highlights the complexity of breast cancer genomics. The idea of PIK3CA variants being the key 

to many breast cancers was quickly quashed. Not only is the presence or absence of a PIK3CA variant 

important, it is also important which variant is present and whether it occurs alone or with other 

variants either in PIK3CA or another gene. In individual patients it is likely to also be important at 

what frequency it occurs. This complexity is not accounted for in the clinical series mentioned above 

and may offer explanation as to why there is no definite conclusion reached about the presence of 

variants in PIK3CA as a prognostic biomarker.  

Despite the mixed data regarding whether PIK3CA variant status is an independent prognostic 

marker or not it is a good target for therapy. Strategies for targeting PI3K are developing at pace. 

Two promising agents entered late phase clinical trials before limited clinical benefit was established 

halting their further development. Pictilisib was tested in combination with fulvestrant in the phase 

II FERGI trial and did not demonstrate PFS when compared to placebo, the study also showed that 

non selective inhibition of PI3K had significant toxicity (Krop et al. 2016). The BELLE-3 study was a 

phase III placebo-controlled trial comparing buparlisib and fulvestrant with fulvestrant and placebo. 

It met its primary endpoint demonstrating a PFS advantage [3.9 months vs. 1.8 months HR 0.57, 95% 

confidence interval 0.53-0.84, p<0.001]. The study included testing for PIK3CA genetic variants and 



Chapter 1: Introduction 
 

18 
 

found a weak correlation between PFS improvement in the treatment arm and PIK3CA mutant status 

(HR 0.46, 95% CI 0.29-0.73, p=0.11), PIK3CA status was determined by a mixture of tissue analysis 

using PCR and circulating tumour DNA (ctDNA) analysis using BEAMing technology the paper 

requires an assumption that only variants in exon 9 and 20 were tested for (Di Leo et al. 2018).  

Refinement of the specificity of PI3K inhibitors has recently resulted in the first positive trial of a PI3K 

inhibitor with a potentially meaningful PFS benefit. The SOLAR-1 study used alpelisib, an alpha 

selective PI3K inhibitor and combined it with fulvestrant in patients with endocrine resistant ABC. 

The trial demonstrated an improvement in PFS  in patients with tumours harbouring genetic variants 

in PIK3CA (E542K, E545X and H1047X only1); PFS 11.0 months (95% CI 7.5-14.5 months) in patients 

with PIK3CAmut tumours receiving the drug compared to 5.7 months (95% CI 3.7-7.4 months) for 

patients receiving fulvestrant and placebo . No benefit was seen for patients whose tumours were 

PIK3CAWT (André et al. 2019). In a further study using the PI3K inhibitor taselisib no extra clinical 

benefit was noted in patients with variants in PIK3CA although this was a small phase II study 

(Dickler et al. 2018). Phase 3 results are in circulation showing a small improvement in PFS in 

patients with a PIK3CA variant, the formal publication of the results is awaited (Baselga et al. 2018). 

 AKT1 

AKT1 is activated by PI3K and in turn activates mTOR resulting in activation of genes controlling 

resistance, survival, proliferation and invasion pathways. It can be inactivated by PTEN via PIP3. 

The AKT1 E17K variant is by far the most common AKT1 variant detected in breast cancer with a 

frequency of 5-6% (Razavi et al. 2018) . It occurs in the pleckstrin homology domain (PHD). The 

variants presence allows PI3K independent activation of AKT1 in cell lines and can induce leukaemia 

in mice (Carpten et al. 2007). AKT1 E17K variants also occur in benign papillomas of the breast; in a 

small study AKT1 E17K variants were found in 15/28 papillary lesions with no evidence of atypia 

                                                           
1 X used to show that several different amino acid changes are possible at the same position depending on the 
SNV present 



Chapter 1: Introduction 
 

19 
 

(Troxell et al. 2010). Later studies continued to explore the role of AKT1 E17K variants in 

tumorigenesis but contrary to the work by Carpten et al a subsequent study showed that E17K 

variants did not cause a significant increase in downstream signalling in cell lines (Lauring et al. 

2010). Furthermore, it was shown that the presence of an AKT1 E17K variant did not result in 

tumour development in mice (Mancini et al. 2016). Both these studies did use an ER- cell line which 

could be a criticism as it is unclear if the results may have been different in an ER+ or potentially a 

long term oestrogen deprived (LTED) cell line. 

Further studies have examined the role of AKT1 E17K variants in breast cancers. In one study survival 

data was available for 104/701 patients with ER+ breast cancer who had been tested for the 

presence of AKT1 E17K variants. At the time of study closure AKT1 E17K variants were linked to 

poorer survival even when adjusted for age and disease tier HR 0.23, 95% CI 0.07-0.75, p=0.015. 

However, only 22 patients had died and the cause of death was not known (Rudolph et al. 2016). 

More recently through international collection of combined genomic and clinical outcome data the 

AKT1 E17K variant has been demonstrated to predict for good responses to mTOR directed therapy 

and when evaluated against patients with matched AKT1 WT tumours showed no difference in 

overall survival (Smyth et al. 2020) 

Again, like PIK3CA, AKT1 is an attractive druggable target. The compound MK-2206 was combined 

with hormonal therapy in phase I (Ma et al. 2016) and anastrazole neo-adjuvantly in a phase II study 

(Ma et al. 2017). The pre-clinical evidence reviewed suggest that AKT1 inhibition could be a 

successful treatment strategy, however in the phase II study of MK-2206 the recommendation was 

that MK-2206 should not be studied further in ER+ breast cancer after significant toxicity in the form 

of fatigue and rash developed alongside evidence that AKT pathway inhibition was incomplete (Ma 

et al. 2017).  

AZD5363 has been tested in a phase I study which included a cohort of PIK3CAmut patients with 

breast and gynaecological cancers. AZD5363 was more successful in phase I than MK-2206 with 
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demonstration of tumour shrinkage in 12/26 PIK3CAmut breast cancer patients treated with the 

recommended phase 2 dose. However only 1 patient met RECIST criteria for partial response (>30% 

change in tumour size from baseline) (Banerji et al. 2018). All patients gave samples for testing for 

the presence of AKT1 variants. The results of the AKT1mut patients have not been included in the 

current published results. The results of the phase II FAKTION trial showed a significant PFS benefit 

for patients treated with fulvestrant and AZD5363 (Jones et al. 2019) and a phase III trial is now 

ongoing, however no subgroup based on activation of the PI3K pathway showed evidence of 

increased efficacy. 

 mTOR 

Variants in MTOR are rare in breast cancer with only around 1% of cases containing a genetic variant 

in CBioPortal (Gao et al. 2013). MTOR can be effectively targeted with everolimus. The BOLERO-2 

trial treated post-menopausal patients who had progressed on first line ET with a combination of 

exemestane (an AI) and everolimus. The trial demonstrated a significant PFS benefit [central review: 

11.0 versus 4.1 months, respectively; hazard ratio = 0.38 (95% CI 0.31-0.48); log-rank P < 0.0001] 

(Yardley et al. 2013). This study was one of the first to show that targeting the PI3K pathway in 

postmenopausal patients could bring meaningful clinical benefit.  

 PTEN 

PTEN is a key regulator of the PI3K pathway as shown in Figure 4 where when active it 

dephosphorylates PIP3 causing inhibition of AKT activation. Thus, any change that results in loss of 

PTEN will allow for unchallenged activation of the PI3K pathway. In addition, PTEN may play a role in 

the stability of TP53 and the DNA damage repair mechanisms by recruitment of RAD51 (Carbognin et 

al. 2019). Like PIK3CA, the data around whether loss of PTEN (assessed by loss of protein expression) 

is an independent prognostic marker in breast cancer is mixed. A meta-analysis where 25/27 studies 

used IHC to assess PTEN status showed that PTEN loss was higher in breast cancer than normal 

tissues and was more likely to be found in larger, more advanced and poorly differentiated tumours. 
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It was also more common in ER- tumours, and TNBC. Overall, PTEN loss was associated with poorer 

overall survival (HR 1.41, 95% CI 1.04-1.73) although no test was applied to determine whether this 

association was independent of its association with well-established poor prognostic characteristics 

(Li et al. 2017b). Germline gain of function variants in PTEN are known to result in cancer 

predisposition syndromes such as Cowden syndrome(Stemke-Hale et al. 2008). Somatic variants in 

PTEN are detected in around 5-10% of breast cancers using next generation sequencing (NGS) and it 

is likely there is also significant epigenetic regulation of the gene (Razavi et al. 2018). 

 Focus on the MAPK pathway 

The MAPK pathway has been studied extensively in tumour types such as lung cancer and colorectal 

cancer and often contains key drivers of disease such as variants in KRAS and EGFR. In breast cancer 

it has often played second fiddle to the more commonly upregulated PI3K pathway. However, a 

recent large scale NGS based study of over 1500 patients with ER+ breast cancer has brought its role 

to light in the development of endocrine resistance (Razavi et al. 2018). Unlike previous large 

genomic studies, the key focus in this study was on the genomic changes that had occurred over the 

course of treatment by comparing genomic profiles of primary and metastatic breast cancers and 

focusing on those genes which more commonly contained variants in the metastatic rather than 

primary setting.  

Razavi et al demonstrated that variants in the MAPK pathway (including variants in HER2, NF1, EGFR, 

HER3, KRAS, BRAF, MAP2K1 and HRAS) were present in around 13% of patients who had been 

treated with hormonal therapy. Changes in the MAPK signalling pathway were mutually exclusive 

with the presence of ESR1 variants. The presence of a pathogenic variant in the MAPK pathway 

predicted for shorter progression free survival on an aromatase inhibitor when compared to samples 

that were MAPKWT n=302, p=<0.0001. The genes within the pathway most commonly harbouring 

variants were ERBB2 (5.8%), NF1 (4.6%) and EGFR (1.7%).  
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 ERBB2 and its role in endocrine resistance 

Growth factor receptors such as HER2 are well studied in breast cancer. In oestrogen receptor 

positive breast cancers, most tumours will not co-overexpress HER2 in addition to ER. However, 

there are several ways in which the HER2 receptor can contribute to endocrine resistance. Long term 

oestrogen deprivation of cell lines such as MCF7 has demonstrated that increased HER2 expression 

results in downstream activation of the MAPK pathway causing increased expression of the ER 

(Martin et al. 2003). During this study the investigators used a MEK inhibitor to block the MAPK 

pathway, however this did not cause complete loss of ER phosphorylation suggesting, as expected, 

that there are other pathways involved in the regulation of ER.  

Genetic variants identified in the ERBB2 receptor have been postulated as a mechanism for 

upregulation of HER2 and thus oestrogen resistance. Often the variants are identified in tumours 

ǘƘŀǘ ŀǊŜ ΨI9wн ƴŜƎŀǘƛǾŜΩΣ ƛΦŜΦ ǘƘŜȅ Řƻ ƴƻǘ ƻǾŜǊŜȄǇǊŜǎǎ I9wн ƻƴ ƛƳƳǳƴƻƘƛǎǘƻŎƘŜƳƛŎŀƭ ǘŜǎǘƛƴƎ ǿƘƛŎƘ ƛǎ 

standard clinical practice in breast cancer samples (Connell & Doherty 2017). Variants in the 

extracellular domain (ECD), transmembrane domain (TMB) or tyrosine kinase domain (TKD) can 

activate the receptor even in the absence of copy number variation or protein overexpression. 

Within breast cancer most variants are found in the protein tyrosine kinase domain, although the 

frequency of mutations in all breast cancers is only 1.8%. However, for patients with these activating 

mutations there are drugs available that target HER2 and may provide a treatment strategy in this 

cohort such as neratinib as shown in the SUMMIT trial (Hyman et al. 2016). 

 Genetic changes in the ESR1 

The ER is encoded by ESR1 which contains activating genetic variants in around 20% of ER+ ABC 

which have been treated with aromatase inhibitors. This suggests that variants in ESR1 are a key 

potential mechanism of resistance to endocrine therapy. Variants come in several forms; point 

mutations, translocations and amplifications (Angus et al. 2017). The point mutations cluster in the 

ligand binding domain with D538G and Y537S variants being the most common. D538G and Y537S 
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variants have been studied in depth both with regard to frequency, as they are detectable in blood 

using ddPCR, and to function. Toy et al identified that cell lines which contain D538G or Y537S 

variants demonstrate ligand (oestrogen) independent activation, likely due to the bonding of the 

variant amino acid to D531 which favours the oestrogen receptor to take its agonist form resulting in 

cell proliferation (Toy et al. 2013). The Y537S variant has been modelled in LTED MCF7 cell lines 

showing that ligand independent activation of the ER occurs in cell lines with the Y537S variant 

present (Martin et al. 2017).  

ESR1 translocations have also been reported, in particular ESR1/YAP1 translocations have been 

demonstrated to induce oestrogen independent activation of ESR1 in a similar manner to the 

induction by the point mutations described previously (Li et al. 2013).  

Furthermore, amplifications in ESR1 have been reported (Holst et al. 2007). There has been 

controversy over the frequency of the amplification largely due to a variety of different techniques 

and scoring systems used to establish whether it is present (Holst et al. 2012) (Ooi et al. 2012). On 

balance there is good data to suggest that amplification occurs, but there is ongoing discussion 

about the frequency of the amplification with estimates ranging from 5% (Ooi et al. 2012) to 35% 

(Moelans et al. 2013) in primary breast tumours. To investigate the correlation between ESR1 

amplification and prognosis 61 patients who had relapsed less than four years after initial treatment 

were compared with 48 patients who had relapsed at least seven years after initiation of adjuvant 

tamoxifen. In a Cox analysis of overall survival ESR1 amplification demonstrated a hazard ratio of 3.8 

(p<0.0048) suggesting that the presence of an ESR1 amplification is a poor prognostic factor (Nielsen 

et al. 2011). Using publicly available databases the frequency of ESR1 amplifications, when tested for 

using large scale genomic sequencing, is low with <1% of samples in the MSK-IMPKAT breast cancer 

dataset accessed via CBioPortal (Gao et al. 2013). 

Overall, it is clear that the emergence of ESR1 variants is an event that occurs most frequently in 

tumours subjected to long term oestrogen deprivation (Schiavon et al. 2015). While their 
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appearance renders endocrine inhibition with an AI ineffective patients still appear to derive benefit 

from fulvestrant (Fribbens et al. 2016; Spoerke et al. 2016). The validity of ESR1 variants as 

prognostic biomarkers varies between studies; Spoerke et al found no difference in PFS in patients 

treated with fulvestrant +/- pictisilib (a Pi3K inhibitor) although they did limit ESR1 variants to those 

in the LBD only whereas, in a secondary analysis of the BOLERO-2 trial (treatment with exemestane 

+/- everolimus the presence of an ESR1 variant correlated with poorer OS in a multivariate analysis 

(Chandarlapaty et al. 2016).  

 Dysregulation of the cell cycle as a mechanism of endocrine resistance 

Control of the cell cycle is key for normal cell function and is frequently disrupted in cancer. In ER+ 

breast cancer genetic variants are commonly found in key genes involved in the control of the S into 

G1 phase in the cell cycle. Figure 5 shows the machinery involved in the regulation of the cell cycle.  

 

Figure 5 Overview of regulation of the cell cycle. Cyclin D1 (CCND1) binds to CDK4/6. This complex allows the 

phosphorylation of Rb. Phosphorylated Rb allows transition of the cell from S phase to G1. CCND1 is usually switched off by 
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p16 (encoded by the gene CDKN2A) unless a cell needs to divide. Alongside Rb p53 is also a key gatekeeper of the S to G1 

phase transition. Rb = retinoblastoma protein. 

There are multiple ways that this pathway is dysregulated in cancer; firstly, increased growth factor 

signals can stimulate CCND1 such as those from the PI3K or MAPK pathway. CCND1 itself can also be 

amplified leading to increased activation of its downstream proteins. Secondly, pathogenic variants 

in CDKN2A can cause structural changes in p16 resulting in impairment of its ability to inhibit the 

pathway. Thirdly, pathogenic variants in RB1 can result in it permanently being phosphorylated thus 

allowing unlimited progression through the cell cycle. These three key mechanisms will be discussed 

in detail in section 1.2.6.1. Finally, variants in TP53 can stop it performing its usual role of preventing 

genetically unstable cells entering G1 phase (discussed in section 1.2.6.2).  

 CDK4/6, p16, CCND1 and RB1 

One of the key steps in transition from S phase into G1 during the cell cycle is the binding of CCND1 

to CDK4/6 which, when activated, allows phosphorylation of retinoblastoma protein (Rb) which 

permits progression of the cell cycle from S phase into G1 (de Groot et al. 2017). Rb acts as a key 

brake on the cell cycle, phosphorylation by CDK4/6 switches the inhibition off allowing the cell to 

move into G1 phase. CCND1 is inhibited by the presence of p16 which is encoded by the gene 

CDKN2A. CDKN2A contains genetic variants in ER+ breast cancer although not at high frequencies; 

deletions of the gene occur in around 3% of ER+ breast cancers (Pereira et al. 2016). As 

understanding increased in the role of the cyclins in ER+ breast cancer drugs inhibiting CDK4/6 

progressed from early phase clinical trials to the clinic. 

The largest evidence base for the use of CDK4/6 inhibitors in ER+ metastatic breast cancer is in the 

first-line setting combined with either an AI or fulvestrant. The MONALEESA trials (Ribociclib) 

(Tripathy et al. 2018), MONARCH trials (Abemaciclib) (Sledge et al. 2017) and the PALOMA trials 

(palbociclib) (Cristofanilli et al. 2016) have all shown significant PFS benefit and more recently an OS 

benefit for patients (Im et al. 2019; Sledge et al. 2019) . Based on these successes and study of the 
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potential patterns of resistance CDK4/6 inhibitors are now also being studied in other breast cancer 

types, as well as in combination with PI3K inhibitors and in the neo-adjuvant setting. Efforts to 

identify predictive biomarkers for CDK4/6 inhibition have been extensive yet fruitless with neither 

CCND1 amplification nor PI3KCA variant status or loss of p16 being predictive of response (Ribnikar 

et al. 2019). 

Copy number amplification of CCND1 is a common finding in ER+ metastatic breast cancer (Razavi et 

al. 2018). This may be another mechanism by which the normal control of cell cycle progression is 

over-ridden in breast cancer. However, it is not an independent prognostic marker and may not 

correspond to an increase in mRNA (Callegari et al. 2016). Variants, most commonly SNVs in CDKN2A 

(~1%) and RB1 (~2%) are also noted in ER+ breast cancer adding weight to the importance of the 

CDK axis as a potential mechanism of endocrine resistance (Razavi et al. 2018).  

Overall, the regulation of the cell cycle is key in all cancers and there is evidence to suggest that 

changes in the CDK axis are of particular relevance in ER+ breast cancer. However, like so many 

other individual changes there is little evidence that any of the changes discussed here aside from 

variants in TP53 will act as biomarkers in isolation.  

 TP53 

TP53 is the gene that ŜƴŎƻŘŜǎ ŦƻǊ Ǉро ŀ ƪŜȅ ǊŜƎǳƭŀǘƻǊ ƻŦ ǘƘŜ ŎŜƭƭ ŎȅŎƭŜ ŀƴŘ ƻƴŜ ƻŦ ǘƘŜ ƪŜȅ ΨǘǳƳƻǳǊ 

ǎǳǇǇǊŜǎǎƻǊ ƎŜƴŜǎΩΦ tŀǘƘƻƎŜƴƛŎ ǾŀǊƛŀƴǘǎ ƛƴ TP53 are common in breast cancer (Razavi et al. 2018). 

They are strongly associated with poor survival and to date cannot be targeted therapeutically 

although many strategies have been tried. Control of cell death by p53 is essential to many normal 

physiological processes and variants in TP53 in cancer cells are one of the key drivers of cancer cell 

immortality (Brown et al. 2009; Babikir et al. 2018). Before the advent of large scale sequencing it 

was already known that the presence of TP53 variants was a poor prognostic factor in breast cancer 

(Andersen et al. 1993). Subsequently, after many smaller studies, a large dataset exploring the 

prevalence of TP53 variants in breast cancer patients was generated using sanger sequencing 
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(Silwal-Pandit et al. 2014). The authors collected variant data, along with clinical outcome data from 

1420 patients with breast cancer. All samples were from primary breast tumours, the overall 

frequency of variants in TP53 was 402/1420 (28%). 73% of variants were single nucleotide variants 

(SNVs). 81% of the variants were within the DNA binding domain (exons 5-8). In patients with ER+ 

breast cancer the presence of a TP53 variant was strongly predictive of poor survival. When ER+ 

tumours were categorised by PAM50 subtype it was noted that patients with luminal B cancers had 

poorer overall survival if a TP53 variant was present (n=375, HR 1.66 (95% CI 1.14-2.42, p=0.007) 

whereas patients with luminal A cancers did not (n=499, p=0.761 -HR not given). One could 

hypothesise that there are additional protective effects in luminal A tumours that override the TP53 

variant present. No differences were detected in survival dependant of type of TP53 variant (Silwal-

Pandit et al. 2014). 

Several studies have shown that the frequency of TP53 variants is higher in metastatic samples than 

in primary tumours (Yates et al. 2017; Razavi et al. 2018). While this does not necessarily mean they 

have occurred as a result of treatment with endocrine therapy it may be that either a sub clone 

present at very low levels in primary tumour has been able to expand to detectable levels or that a 

spontaneous variant has occurred later in the course of disease. Either way the presence or 

development of a variant in TP53 is likely to promote an aggressive phenotype that can escape 

control of endocrine therapy. 

 MYC 

c-MYC is a key protein involved in many cellular processes including growth and survival it is 

encoded by MYC. MYC amplification occurs in around 10% of patients with breast cancer (Razavi et 

al. 2018). High c-MYC expression is associated with poor prognosis in breast cancer.(Green et al. 

2016).  

While the mechanism by which c-MYC is such a key regulator of many cellular functions is not 

completely understood it has been established as being intertwined with the development of 
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endocrine resistance in breast cancer (Miller et al. 2011; Chen et al. 2015; Green et al. 2016). After 

identifying a gene signature which included MYC and MYC associated genes from comparing 

parental MCF7 cell lines with a long term oestrogen deprived MCF7 cells Miller et al used this 

signature to demonstrate worse relapse free survival in several cohorts of breast cancer patients. 

85% of the cohort were patients with ER+ luminal A and B breast cancers. Furthermore, they 

demonstrated that siRNA knockdown of MYC resulted in inhibition of cell growth (Miller et al. 2011). 

In exploring how MYC expression contributes to a more aggressive breast cancer phenotype Chen et 

al identified that cross talk between ER and HER2 were important for increased MYC expression. In 

particular, they demonstrated that a possible mechanism of upregulation of MYC was via HER2 

derived activation of the MAPK pathway. They also explored the role of MYC in glutamine 

metabolism (Chen et al. 2015). Glutamine metabolism is an essential part of the TCA cycle and there 

ƛǎ ŜǾƛŘŜƴŎŜ ǘƻ ǎǳƎƎŜǎǘ ǘƘŀǘ 9wҌ ōǊŜŀǎǘ ŎŀƴŎŜǊ ŎŜƭƭǎ ǎƘƻǿ ΨƎƭǳǘŀƳƛƴŜ ŀŘŘƛŎǘƛƻƴΩ (Wise et al. 2008). 

Chen et al demonstrated that glutamine transport was upregulated in LTED cells adding weight to 

the hypothesis generated by Wise et al that one of the mechanisms of resistance to endocrine 

therapy may involve glutamine dependence. Furthermore, Chen et al offered insight into how 

treatment with fulvestrant might be used to treat cells that were reliant on increased glutamine 

uptake mediated, in part, by c-MYC. However, caution should be noted as LTED cell lines modified to 

silence MYC were still able to proliferate albeit at a reduced rate while those that were endocrine 

sensitive were not. This suggests that additional mechanisms are at play in endocrine resistant 

disease and that if targeting c-MYC was possible then it should not be targeted in isolation.  

The role of c-MYC in breast cancer remains unclear but there are suggestions it is a key mechanism 

in both endocrine sensitive and perhaps even more so in endocrine resistant disease. In detailed in 

vivo studies in other tumour types e.g. lung cancer it has been shown as a key player in the structure 

of the tumour microenvironment and may have a role in creating an environment of immune 

suppression to allow unchallenged cellular proliferation (Kortlever et al. 2017).  
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 Increased activity of FGFR1 and its ligands 

FGFR1 is another commonly amplified gene in ER+ breast cancer (Drago et al. 2019) and is often 

amplified alongside some of the genes encoding its ligands such as FGF19, FGF3 and FGF4 . 

Amplification of the gene as determined by chromogenic in situ hybridisation (CISH) correlated with 

shorter disease free survival and overall survival in patients with ER+ breast cancer (Elbauomy 

Elsheikh et al. 2007). This work was expanded on in 2010 when the relationship between FGFR1 

copy number (as determined by CISH) and FGFR1 gene expression was examined. In a clinical series 

of 87 breast cancer samples taken from patients who had received adjuvant treatment with 

tamoxifen, strong correlation between FGFR1 amplification and over-expression was demonstrated. 

In turn it was shown that over-expression of FGFR1 resulted in increased downstream signalling in 

AKT and ERK1/2 (in cell lines) and poorer disease-free survival (Turner et al. 2010). FGFR1 over-

ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ όǇҐлΦлллп ōȅ ˔нύ ƳƻǊŜ ŎƻƳƳƻƴ ƛƴ ƭǳƳƛƴŀƭ . ǘȅǇŜ ǘǳƳƻǳǊǎ ǘƘŀƴ ƻǘƘŜǊǎ 

(as determined using the van de Vijver dataset) (Turner et al. 2010). 

In the neo-adjuvant setting a cohort of patients with early stage ER+ breast cancer who had received 

2 weeks of neo-adjuvant letrozole were used to demonstrate that those patients where the Ki67 

remained elevated (>7.4%, arguably not the standard cut off in the UK) had a higher frequency of 

FGFR1 amplification as determined by fluorescence in situ hybridisation (FISH) than those in which 

the Ki67 fell (Formisano et al. 2017). Here high Ki67 as determined by IHC is used as a surrogate 

marker for endocrine resistant disease. 21/72 tumours retained a high Ki67 level and of these 43% 

had evidence of FGFR1 amplification while in those tumours where the Ki67 fell the rate of FGFR1 

amplification was only 7.5%. By subsequently developing patient derived xenografts it was possible 

to demonstrate that it was possible to target FGFR1 amplifications with lucitanib, a tyrosine kinase 

inhibitor of FGFR1. Inhibition resulted in a reduction in tumour size of >50% in all mice treated with a 

combination of fulvestrant and lucitanib (n=8/32 mice all with the same PDX).  
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Furthermore, by using genomic data in combination with information regarding FGFR1 amplification 

as determined by FISH it was shown that FGFR1 amplified tumours were more likely to have co-

occurring TP53 variants (40% vs 20% for non-amplified tumours) but less likely to have tumours 

containing PIK3CA variants (10% vs 40% for non-amplified tumours). The overall frequency of FGFR1 

amplification as determined by FISH assay on FFPE tissue was 30/110 (27%) in this cohort of patients 

with ER+ metastatic breast cancer. With access to information on the treatments patients had 

received the authors were able to demonstrate that the progression free survival of patients taking 

endocrine therapy was significantly shorter in patients with FGFR1 amplified tumours than those 

without (p=0.009 by log rank testing n=73) (Drago et al. 2019). 

 Lyn as a potential mediator of endocrine resistance 

Lyn (encoded by LYN) and its associated Src family kinases are key signalling proteins which exert 

control over many cellular processes. Lyn is one of nine Src Family Kinases (SFK), the others being 

Src, Lck, Hck, Fyn, Yes, Fgr, Blk, and Frk (Elsberger et al. 2010). Lyn has two splice-variants; p53 and 

p56 kDa isoforms which vary by a 20 amino acid region in the SH4 domain that includes a pY motif 

(pY32). Lyn is located in the subcellular region and interacts with other proteins either via protein 

binding in the SH2 and SH3 domain or by altering phosphorylation status. Lyn can act as both a 

positive and negative regulator of downstream signalling targets, in addition it has key roles in the 

regulation of a number of haemopoetic cells including stem cells and may act as an oncogene in a 

number of haematological malignancies (Ingley 2012).  

Members of the SFK family play key roles in integrin signalling and thus cell adhesion and migration. 

In a study where a 200 gene signature related to epithelial-mesenchymal transition (EMT) was 

investigated in breast cancer cell lines LYN was identified as the top ranked EMT signature gene 

(Choi et al. 2010). Knockdown of LYN inhibited cell migration and invasion. LYN mRNA expression 

correlated with a triple negative breast cancer phenotype. Using a tissue micro array (TMA) of breast 

cancer samples Lyn was overexpressed in 133/939 (14.2%) of cases and overexpression was an 
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independent prognostic factor in a multivariate analysis. However, these findings were not 

replicated in an additional study where Lyn expression was also determined using 

immunohistochemistry on breast cancer samples; Lyn protein expression was higher than in the 

study by Choi et al (34% in the nucleus and 35% of samples in the cytoplasm) but did not correlate 

with disease free survival (Elsberger et al. 2010). 

Studies have specifically examined the role of Lyn in ER+ breast cancer and proposed a role for Lyn in 

endocrine resistance. In array studies of endocrine responsive and resistant cell lines Lyn was found 

to persist at high levels once endocrine resistance had occurred (Gee et al. 2006). These cell line 

findings were reproduced as part of a larger study examining the role of Lyn in ER+ breast cancers 

showing evidence of endocrine resistance; in this case determined by the persistence of a high Ki67 

score after two weeks of endocrine therapy in the neo-adjuvant setting (Schwarz et al. 2014). In 

addition to the cell line work Schwarz et al identified a novel LYN variant; D189Y. This variant was 

then transduced into MCF7 cells and showed increased cell growth in the absence of oestrogen 

compared to WT cells.  

Variants in LYN or Lyn overexpression are not commonly noted in the literature around ER+ breast 

cancer. However, following on from the work performed by Gee et al and Schwarz et al the next 

generation sequencing part of the project will be designed so that it is possible to detect genetic 

variants in LYN if they are present. 

 Other considerations 

In this chapter focus has been placed on the potential mechanisms of endocrine resistance and key 

genes and proteins that may determine response to fulvestrant and vandetanib that will be 

investigated in this thesis. However, there are many additional factors that are also important to 

consider in the development of endocrine resistance, two are discussed, in brief, here. Whole theses 

could be written on minutiae in each topic, so the overview presented here merely acknowledges 

the existence of these fascinating fields. 
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 Epigenetics 

Epigenetics refers to changes in DNA that do not arise from alterations in the DNA sequence. In 

cancers this is due to changes in methylation status, histone modification or changes in higher order 

chromatic structures. These changes are controlled by other elements in the genome such as non-

coding RNAs. Epigenetics can be influenced by environment, inheritance and biological processes 

such as ageing (Drake and Søreide 2019). Broadly speaking while there are considerable genomic 

ŘǊƛǾŜǊǎ ƻŦ ŎŀƴŎŜǊ ǿƘƛŎƘ ŀǊŜ ǊŜƭŀǘƛǾŜƭȅ ΨŦƛȄŜŘΩ ǘŀǊƎŜǘǎΣ ǘƘŜ ŜǇƛƎŜƴƻƳŜ ƛǎ Ŏƻƴǎǘŀƴǘƭȅ evolving in 

response to internal and external stimuli and may offer explanation as to why simply targeting 

genomic changes rarely represents a cure when treating solid cancers.  

Of the three main epigenetic changes DNA methylation has been most frequently studied in breast 

cancer. DNA methylation changes studied in the TCGA breast cancer cohort revealed 5 DNA 

methylation groups with group 3 having considerable overlap with patients with luminal B breast 

cancers. These patients were noted to have a lower than expected rate of PIK3CA and MAP3K1 

variants (TCGA 2012). Furthermore, changes in methylation status of key genes such as ESR1 could 

offer an alternative mechanism of endocrine resistance that is independent of changes in the gene 

itself (Martínez-Galán et al. 2014). Epigenetic changes are also implicated in drug resistance for 

example phosphorylation of KMT2D is implicated in the activation of ER and is not inhibited when 

anti PIK3CA or AKT1 drugs are used (Toska et al. 2017). 

 The tumour microenvironment (TME) 

The tumour microenvironment has been hypothesised to contribute to endocrine resistance via 

mechanisms that allow uncontrolled cell growth, evasion of apoptosis and promotion of EMT. 

Cancer associated fibroblasts present in the TME secrete proteins that play a key role in tumour 

growth and angiogenesis e.g. vascular endothelial growth factor A (VEGFA), platelet derived growth 

factor (PDGF) and hepatocyte growth factor (HGF). Increased production of these factors can then 

result in upregulation of key growth pathways such as the MAPK and PI3K pathway. Additional 

factors can directly result in EMT such as tissue growth factor betŀ ό¢DCʲύΦ CǳǊǘƘŜǊƳƻǊŜΣ 9-cadherin, 
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a protein that normally promotes geographical stability of cells, has been shown to be reduced in 

endocrine resistant ER+ breast cancer (Ma et al. 2015).

1.3 The FURVA trial 

The FURVA trial was designed to investigate whether treating patients with aromatase inhibitor 

resistant breast cancer with a combination of vandetanib (a tyrosine kinase inhibitor with action 

against RET) and fulvestrant results in a longer progression free survival than treating patients with 

fulvestrant and placebo. The rationale for targeting RET is has been discussed in section 1.2.2. The 

FURVA trial is the primary source of the tissue and plasma samples used in this thesis (REC number 

14/WA/1219 (Wales REC 3). Details of samples used including number of tissue and plasma samples 

are given in Chapter 2. 

 Overview 

The FURVA trial is a prospective randomised phase II clinical trial. Post-menopausal women with ABC 

that had progressed on an aromatase inhibitor were recruited to the trial and randomised in a 1:1 

ratio to receive either fulvestrant and vandetanib or fulvestrant and placebo. The primary endpoint 

of the trial was progression free survival. Secondary endpoints encompass safety, tolerability and 

feasibility of use; objective response rate, clinical benefit, overall survival and an exploratory analysis 

of the influence of the RET signalling pathway on vandetanib activity. The trial schema is detailed in 

Figure 6). 
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Figure 6 FURVA Trial schema taken from trial protocol version 3.0 09 December 2016 
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 Vandetanib 

 Mechanism of action 

Vandetanib is an oral tyrosine kinase inhibitor with activity against multiple receptors. Table 1 shows 

the IC50 levels for its targets (Morandi et al. 2011). Vandetanib is a potent inhibitor of RET with 

additional activity against VEGFR-2 and VEGFR-3 as shown in Table 1 and Figure 7. 

Target IC50 (nM) 

RET 130 

VEGFR-1 1600 

VEGFR-2 40 

VEGFR-3 110 

EGFR 500 

PDGFR 1100 

Table 1 Vandetanib targets and their associated IC50 values 

Vandetanib is a quinazoline which was originally developed as a VEGFR inhibitor (Wedge et al. 2002). 

It is currently licenced for the treatment of aggressive and symptomatic medullary thyroid cancer in 

patients with locally advanced or metastatic disease. The use in medullary thyroid cancer is based on 

a phase III clinical trial where the primary endpoint of increased progression free survival was met 

with a HR of 0.46 (95% CI 0.31-0.69 p<0.01) (Wells et al. 2012). There appeared to be greater benefit 

in patients whose tumours harboured pathogenic RET variants as determined by amplification-

refractory mutation system (ARMS)-PCR for M918T and direct sequencing of RET exons 10,11 and 

13-16. However, no comment was made on the limits of detection of the methods used to 

determine the presence or absence of RET variants.  

It should be noted that the VEGF and EGFR pathways are also implicated in the pathogenesis of 

medullary thyroid cancer and that these pathways may also have been inhibited by vandetanib. 

Genetic variants in neither VEGF1-3 nor EGFR were studied. The magnitude of benefit derived in 
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patients who were RETmut is likely to have been driven from those who were RETM918T positive (35/40 

RETmut positive patients had a M918T variant and were treated with vandetanib in the trial).  

Vandetanib was not effective against all variants in RET; the variant V804M (commonly found in both 

sporadic and MEN2 associated medullary thyroid cancers) conferred resistance to vandetanib as it 

controls access to the binding pocket used by vandetanib (Knowles et al. 2006). 
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Figure 7 The mechanism of action of Vandetanib. Vandetanib is a multi-kinase inhibitor with varying affinity for the growth 

factor receptors VEGFR3, VEGFR2, RET and EGFR. Between the four main target receptors three downstream pathways may 

be inhibited; the JAK/STAT pathway, the PI3K pathway and the MAPK pathway, all of which are implicated in the 

development of endocrine resistance in breast cancer. The infographic also shows the inhibition of the ER directly by 

fulvestrant.  
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 Previous use of vandetanib in breast cancer 

Two clinical trials have been reported where vandetanib has been used to treat patients with breast 

cancer. A small randomised phase II study of 64 patients offered patients treatment with docetaxel 

+/- vandetanib in the first line metastatic breast cancer setting. The study was able to confirm the 

safety and tolerability of the combination but did not demonstrate a PFS benefit. The authors 

acknowledge that the study size, design and execution meant that no firm conclusions could be 

drawn about the efficacy of vandetanib in breast cancer (Boér et al. 2012).  

Secondly, the ZAMOBNEY study (Clemons et al. 2014). The primary endpoint of this phase II 

randomised study was a biomarker analysis using urine N-telopeptide as a marker of response to 

bone targeted therapies. In this study vandetanib 100mg PO OD was combined with fulvestrant in 

post-menopausal patients with hormone receptor positive metastatic breast cancer with bone 

predominant metastatic disease. There was no difference in biomarker response, PFS or OS between 

the two arms.  

Other RET inhibitors such as LOXO-292 and BLU-667 have not been formally tested in breast cancer 

patients in clinical trials although ongoing studies are using both drugs for RET activated cancers in a 

tissue agnostic approach. For example, the LIBRETTO-001 study is using LOXO-292 in patients with 

advanced solid tumours, RET fusion positive solid tumours and medullary thyroid cancer 

(ClinicalTrials.gov Identifier: NCT03157128). The trial team recently announced that LOXO-292 had 

shown significant activity resulting in prolongation of PFS in patients with non-small cell lung cancer 

(NSCLC) with RET fusions and are planning a randomised phase III study (Drilon et al. 2019).  

 Fulvestrant 

 Mechanism of action 

Fulvestrant is a selective oestrogen receptor down regulator (SERD). The ER is predominately found 

in the nucleus and controls many genes involved with transcription thus contributing to 

proliferation, invasion, survival and angiogenesis in benign and malignant cells. ER activation by 
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oestradiol results in the dissociation of heat shock proteins from the ER followed by receptor 

dimerization. This dimerised complex then binds to specific DNA sequences allowing control of 

transcription via two regions of the ER; activation function 1 and 2 (AF1 and AF2). AF1 activation is 

controlled by the MAPK pathway, while AF2 is under the control of oestrogen. Two types of ER have 

been ƛŘŜƴǘƛŦƛŜŘΤ 9wʰ ŀƴŘ 9wʲΦ 9wʰ ŜȄŜǊǘǎ ŎƻƴǘǊƻƭ ƻŦ ǘƘŜ ƻŜǎǘǊƻƎŜƴ ǊŜƭŀǘŜŘ ƎŜƴŜǎ ƛƴ ōǊŜŀǎǘ ŎŀƴŎŜǊ ŀƴŘ 

ǿƘŜǊŜ 9w ƛǎ ǳǎŜŘ ǘƻ ŘŜŦƛƴŜ ǘƘŜ ƻŜǎǘǊƻƎŜƴ ǊŜŎŜǇǘƻǊ ƛǘ ƛǎ 9wʰ ǘƘŀǘ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ǳƴƭŜǎǎ ƻǘƘŜǊǿƛǎŜ 

ǎǘŀǘŜŘΦ CǳƭǾŜǎǘǊŀƴǘ ƛǎ ŀ ǎȅƴǘƘŜǘƛŎ ŀƴŀƭƻƎǳŜ ƻŦ мтʲ ƻŜǎǘǊŀŘƛƻƭ which acts as a competitive antagonist 

to the ER. Once bound it inhibits dimerization and the relay of the ER from cytoplasm to the nucleus. 

This complex has inactive AF1 and AF2, resulting in inherent instability and heightened degradation 

of the ER (Osborne et al. 2004).  

Fulvestrant is administered as an intramuscular injection every four weeks. In the FALCON study it 

proved to be effective as monotherapy and demonstrated a small progression free survival benefit 

when compared with an aromatase inhibitor in the first line locally advanced or metastatic setting 

(HR 0.797; 95% CI 0.637-0.999, p=0.0486). The overall progression free survival benefit was 

measured in short months, although was greater in a subgroup analysis of patients with no evidence 

of visceral disease (Robertson et al. 2016). Currently in the UK fulvestrant is not recommended over 

aromatase inhibitors as the first line choice patients with ER+ unresectable locally advanced or 

metastatic breast cancer. 

In the endocrine resistant setting fulvestrant has successfully been combined with a number of 

agents including CDK4/6 inhibitors and PI3K inhibitors (as shown in Table 2). In this setting, albeit 

within the context of clinical trials, the progression free survival is approximately 5 months with 

fulvestrant alone. All trials listed in Table 2 recruited patients at the point of endocrine resistant 

disease, so these populations are comparable to the patients recruited into the FURVA study. This is 

not an exhaustive list of trials in this setting but demonstrates agreement that the median PFS for 
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patients with ER+ endocrine resistant ABC is around 5 months when patients are treated with 

fulvestrant. 

Clinical Trial Progression free survival in 

fulvestrant only arm 

Reference 

PALOMA-3 (fulvestrant and 

placebo vs. fulvestrant and 

palbociclib (a CDK4/6 inhibitor)) 

4.6 months (95% CI 3.5-5.6) (Cristofanilli et al. 2016) 

FERGI (fulvestrant and placebo 

vs. fulvestrant and pictisilib (a 

PI3K inhibitor)) 

5.1 months (95% CI 3.6-7.3) (Krop et al. 2016) 

BELLE-2 (fulvestrant and placebo 

vs. fulvestrant and buparlisib (a 

pan PI3K inhibitor)) 

5.0 months (95% CI 4.0-5.2) (Baselga et al. 2017) 

Table 2 Clinical trials comparing fulvestrant to fulvestrant PLUS investigatory medicinal product (IMP) in patients with 

endocrine resistant breast cancer i.e. at the same time point as patients have been recruited to the FURVA study. 

¢ƘŜǊŜ ƛǎ ŀƭǎƻ ΨǊŜŀƭ ǿƻǊƭŘΩ Řŀǘa available regarding the use of fulvestrant as endocrine therapy after 

treatment with an anti-oestrogen. In a retrospective review of 263 women with secondary breast 

cancer that had been treated with fulvestrant after disease progression on at least one endocrine 

therapy PFS was found to be around 10 months with a gradual decrease depending on which line of 

treatment fulvestrant represented. In the first line setting, after tamoxifen or an aromatase inhibitor 

or both the median PFS was 11.5 months (95% CI 9.5-19.8). Even in the 4th line setting the median 

PFS was 8.5 months (95% CI 6.5-11.1). 50% of the patients in the study were stage II at primary 

diagnosis, while 86% of patients in the metastatic setting did not have visceral disease, this means 

that patients in this study already had potentially good prognosis disease. This study suggests that 

outside the context of a clinical trial fulvestrant still has activity in the setting of endocrine resistance 

and may even offer longer PFS than previously thought for certain patients (Blancas et al. 2018).  
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 Summary of the FURVA trial design 

The rationale for treating patients with fulvestrant is strong and the idea of combining it with 

another agent designed to target one of the potential mechanisms of resistance to aromatase 

inhibition is logical. Fulvestrant is active in this patient group and vandetanib has shown activity in 

combination with fulvestrant in mouse models. However, previous trials using vandetanib in breast 

cancer have not shown clinical benefit, although their trial design and statistical analysis could be 

questioned (Boér et al. 2012). It is important to remember that although the scientific rationale for 

this project focusses on vandetanib as a RET inhibitor it may also have effects on other receptors 

such as VEGF-2 and VEGF-3. 

1.4 Biomarker discovery in breast cancer clinical trials; introducing the techniques in 

use in this thesis 

Simple biomarkers have been used in breast cancer treatment for many years to predict clinical 

outcome. For example, tumour grade, tumour size and lymph node involvement are all independent 

prognostic variables. More recently increasingly complex predictive tools have been developed to 

help not only prognosticate but also to predict benefit from adjuvant chemotherapy e.g. Oncotype 

Dx, a 21 gene mRNA expression panel (Nicolini et al. 2018). 

Furthermore, some drugs used in modern breast cancer treatment have their own predictive 

biomarkers such as HER2 status and the use of trastuzumab and ER status and the use of anti-

hormonal therapies. More recently alpelisib has become the first PI3K inhibitor to be approved with 

the use of a companion test for PIK3CA variant status (André et al. 2019). 

There are many potential predictive biomarkers in breast cancer; expression of single genes or 

multigene signatures, single or multiple micro-RNAs, circulating tumour cells, circulating tumour 

DNA (ctDNA) detectable genetic variants or signatures comprised of multiple genetic variants, 

tumour mutational burden, tumour infiltrating lymphocytes; this list is by no means exhaustive.  
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With the cost of bringing a new drug to market and the potential for harm if a drug is given to a 

patient who is unlikely to benefit biomarker discovery has become an essential but complex part of 

clinical trial design (Wilhelm-Benartzi et al. 2017). The REMARK guidelines have been developed to 

try and improve biomarker development (McShane et al. 2005; Sauerbrei et al. 2018). 

Perez-Garcia et al have written eloquently regarding the lack of defined clinical trial methodology 

around identifying and then prospectively validating predictive biomarkers in clinical trials (Perez-

Gracia et al. 2017). Their paper details the discovery and subsequent validation of eight key 

biomarkers that are in clinical oncology use today. Three of the eight were identified from a 

retrospective analysis (hormone receptors in breast cancer, EGFR variants in lung cancer and KRAS 

variants in colorectal cancer). While HER2 expression, C-KIT variants, ALK translocations. BRAF 

variants and BRCA1 and 2 variants were identified in prospective studies. Of the eight, two did not 

have preclinical evidence at the time of discovery (EGFR and KRAS). The authors demonstrate that 

there are many approaches to biomarker discovery and many variables that need to be considered. 

They conclude by making several recommendations including: 

¶ retrospective designs for biomarker studies are a useful tool 

¶ single agent studies make for simpler biomarker identification than multi-agent studies 

¶ response rate is a useful endpoint for biomarker studies 

¶ there is a knowledge gap regarding how best to calculate sample size in biomarker studies, 

in particular those performed using genomics  

¶ timing and type of sample acquisition is key 

While there are many potential techniques to look for thousands of different potential biomarkers 

this section will focus on the techniques that are to be used in this thesis with a brief overview of 

other techniques considered but ultimately not used within the scope of this project. This section is 
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intended to provide background to the detailed description of the techniques selected for use in this 

project in the methods chapter (Chapter 2). 

 Immunohistochemistry (IHC) in breast cancer ς investigating protein expression 

IHC is one of the most commonly used techniques in the pathological assessment of breast cancers. 

Testing of tumours for the expression of ER, PR and HER2 is all assessed using IHC. Despite many 

technological advances it is still IHC that is the basis for many clinical treatment decisions. Modern 

IHC techniques involve the application of commercially available primary antibodies to antigens 

present in tissue samples. Using a secondary antibody with attached enzyme and subsequent 

exposure to a detection agent the presence of the target antigen in the tissue can be assessed. IHC 

not only allows a binary assessment of whether the antibody is present or absent but allows 

quantitative measurement of the amount of antigen present and the tissues it is present in. With the 

use of microscopy further detail can be gathered regarding the location of the antigen within the cell 

and the variability of this location between tissues. 

In the clinic IHC is used to determine ER, PR and HER2 status while in the laboratory it is an 

extremely useful technique to evaluate the presence of specific proteins including many that are 

relevant to endocrine resistance such as PTEN, RET and LYN. In this project it will be used to examine 

tissue sections for the presence of both total RET (t-RET) and phosphorylated or active RET (p-RET). 

IHC has great potential as a biomarker technique as it is well established, cheap, quick and can easily 

be performed locally and reviewed centrally if required. However, its success relies on the 

underlying assay being sufficiently well tested and validated, which, in turn, relies on the antibody 

used being well developed. 

 DNA based biomarkers in breast cancer 

 Next generation sequencing (NGS)  

Next generation sequencing in breast cancer has rapidly enhanced our understanding of the key 

drivers in tumour biology. With larger and larger studies being published over the past 10 years and 
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the advent of national genomic medicine programs and direct to consumer testing available it would 

be fair to argue that NGS has revolutionised our knowledge of breast cancer biology and is here to 

stay. There are several issues that have become pressing ethical, logistical and scientific dilemmas as 

we try to manage the volume of data that is being created.  

Genomic sequencing from tissue samples remains the gold standard investigation with cleaner 

genomic data produced from fresh frozen biopsy samples than formalin fixed paraffin embedded 

(FFPE) tissue samples. However, fresh frozen samples are practically challenging and involve invasive 

procedures for a test which, currently, may not significantly change the management of the patient. 

Using FFPE tissue samples is more practical but the quality of the DNA sequenced has often been 

impaired by the fixation process. Furthermore, using historic biopsy samples in order to spare 

patients an additional invasive procedure may not give the most useful and up to date genomic 

makeup of the tumour. Serial biopsies are impractical and thus there has been significant interest in 

the deǾŜƭƻǇƳŜƴǘ ƻŦ ŀ ΨƭƛǉǳƛŘ ōƛƻǇǎȅΩ ǿƘŜǊŜ circulating free DNA (cfDNA) is extracted from blood and 

sequenced. A proportion of cfDNA will be circulating tumour DNA (ctDNA) 

All cells in the body, both malignant and non-malignant will release DNA molecules into the blood. 

These free DNA molecules are detectable from plasma samples extracted from whole blood. cfDNA 

refers to all the DNA detected while ctDNA refers to DNA which is known to come from a malignant 

cell. This is usually determined by the presence of a pathogenic variant {Schwarzenbach, 2011 #270}.  

¢ƘŜ ΨƭƛǉǳƛŘ ōƛƻǇǎȅΩ ƴƻǿ ƻŦŦŜǊǎ ŀ ǾƛŀōƭŜ ŀƭǘŜǊƴŀǘƛǾŜ ǘƻ ǘǊŀŘƛǘƛƻƴŀƭ ǘƛǎǎǳŜ ōƛƻǇǎȅ ōǳǘ ǎǘƛƭƭ Ƙŀǎ ƭƛƳƛǘŀǘƛƻƴǎ 

such as low DNA yield limiting depth of coverage with larger panels (Buono et al. 2019). 

Furthermore, additional work is needing to fully understand the factors influencing the secretion or 

shedding of ctDNA into the blood stream.  

Early series such as those by Nik Zainal et al went from exploring the life history of 21 breast cancers 

(Nik-Zainal et al. 2012) to whole genome sequencing of 560 breast cancer tumours (Nik-Zainal et al. 

2016) in just 4 years. By 2018 we were presented with detailed targeted sequencing data from over 
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1900 patients with endocrine resistant breast cancers (Razavi et al. 2018). The repeated detection of 

the same key variants is good evidence that the genomic landscape of breast cancer from the point 

of single nucleotide variants (SNVs) has been established. What is much more challenging is using 

this information to make informed clinical decisions and target therapy with the overall aim of 

preventing breast cancers and treating them more effectively when they occur. This new knowledge 

has led to an explosion of investigation into key variants and gene targets. 

 Identification of genetic variants in breast cancer samples; single nucleotide variants (SNVs) 

NGS has been used to explore the changes in the genomic landscape between primary and 

metastatic breast cancer samples. One of the largest published datasets managed to compare over 

600 primary ER+ breast cancer tumours with metastatic samples (Razavi et al. 2018). The samples 

were not matched by patient but the numbers are large enough that cohort comparison is 

applicable. Figure 8 summarises the changes between primary and metastatic tumours with the 

largest increase in variants seen in ESR1. Variants in TP53, KMT2C, ERBB2, FAT1 and ATR were also 

statistically significantly increased in metastatic samples compared to primary tumour These 

increases may indicate mechanisms of resistance to therapy driven by these genes or simply the 

overall increase in mutational burden as disease advances. 

 

Figure 8 Comparative variant frequencies between primary and metastatic tumours in the MSK-IMPAKT breast cancer 

dataset accessed through CBioPortal. Graph created using the 'groups' function. *indicates a p value of <0.05 as 

ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ CƛǎƘŜǊΩǎ ŜȄŀct test. 
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Other groups have also explored the changes in genetic variant profile in samples over time e.g. 

(Meric-Bernstam et al. 2014; Schleifman et al. 2014; Wheler et al. 2014). Numbers of patients 

included in these studies are much smaller, generally <100 patients. In the work by Meric-Bernstam 

et al genes that were more commonly altered in metastatic samples compared to primary tissue 

included PIK3CA, MDM2 and CDK4. The changes in MDM2 and CDK4 tended to be copy number 

variations as detected using targeted NGS sequencing. Wheler et al looked specifically at patients 

treated with anastrazole and everolimus and examined the relationship between clinical response 

and the presence of genetic variants. They found that patients were responding to treatment 

despite the presence of genetic alterations in tissue as assessed using targeted NGS. Although only 3 

patients had either a partial or complete response; their tumours contained variants such as PTEN 

loss, CCNE1, IRS2, MCL1, CCND1, FGFR1 and MYC amplifications, rearrangement in PRKDC, variants 

in PIK3CA (H1047R), PIK3R1 (G376R) and TP53 (I195T) suggesting that the presence of variants does 

not equate to resistance to treatment. While Schliefman et al looked specifically at PIK3CA and AKT1 

variants and PTEN loss across paired primary and metastatic tumour samples finding that there was 

minimal change over time (n=75 participants). 

 Identification of genetic variants; copy number variations (CNVs) 

Gene amplification or copy number gain has been associated with prognosis and response to 

treatment in breast cancer since the use of fluorescent in situ hybridisation (FISH) to investigate 

HER2 amplification in breast cancers. With the advent of NGS it is now possible to establish copy 

number variation in tumours using genetic sequencing techniques. Bioinformatically these 

techniques rely on the presence of a reference gene that will always have two copies or large 

enough datasets that expected CNV can be calculated by pooling sample data. Through these 

sequencing projects it has been noted that CNVs change during the disease course. As detailed in 

Figure 9 there are many genes that are more frequently amplified in metastatic samples than in 

primary tumour. The most common amplification is in CCND1, followed by amplifications of FGF19, 4 
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and 3. FGFR1, PAK1 and MYC are also frequently amplified but without a significant change over 

time. This is demonstrated in Figure 9. 

 

Figure 9 Comparative copy number variation frequencies between primary and metastatic tumours in the MSK-IMPAKT 

breast cancer dataset accessed through CBioPortal. Graph created using the 'groups' function. *indicates a p value of <0.05 

ŀǎ ŘŜǘŜǊƳƛƴŜŘ ǳǎƛƴƎ CƛǎƘŜǊΩǎ ŜȄŀŎǘ ǘŜǎǘΦ 

 Droplet digital PCR (ddPCR)  

While next generation sequencing technologies offer the ability to search the genome for variants in 

many genes from a single sample there are drawbacks in terms of cost, complexity and time. For 

genes where hotspot variants have been identified ddPCR can offer a quick and more sensitive way 

to establish whether a variant is present. In ER+ breast cancer this technology has most often been 

applied to the presence of hotspot variants in AKT1, PIK3CA and ESR1. Assays can be designed to 

identify single nucleotide variants or can be multiplexed to allow the identification of up to 4 

different variants in one experiment (Hrebien et al. 2016). Assays can also be developed to identify 

changes in copy number such as in ERBB2 (Gevensleben et al. 2013). 

DdPCR can also be useful when a single variant is identified from next generation sequencing and is 

ǘƘŜƴ ΨǘǊŀŎƪŜŘΩ ƻǾŜǊ ǘƘŜ ŎƻǳǊǎŜ ƻŦ ǘƘŜ ǇŀǘƛŜƴǘǎΩ ŘƛǎŜŀǎŜΦ 5Řt/w Ŏŀƴ ŀƭǎƻ ōŜ ǳǎŜŘ ǘƻ ŎƻƴŦƛǊƳ ǘƘŜ 

presence of variants detected using NGS (Lopez-Knowles et al. 2019). 



Chapter 1: Introduction 
 

48 
 

A good example of the use of ddPCR technology in the field of endocrine resistant breast cancer 

comes from the FERGI study (a randomised phase II study comparing a pan PI3K inhibitor with 

fulvestrant against fulvestrant and placebo in the setting of aromatase inhibitor resistant ABC) 

where samples were evaluated for the presence of PIK3CA and ESR1 variants using BEAMing ddPCR 

technology and standard ddPCR technology using the Biorad CX200 system. Using both tissue and 

plasma samples the authors explored the presence of variants in both genes and were able to track 

these variants during the course of the disease. In several patients they were able to demonstrate 

the variant allele frequency (VAF) falling in response to treatment and then rising as the disease 

escaped control (Spoerke et al. 2016). 

 Other potential biomarker techniques not used in this project 

 Tumour mutational burden (TMB) in breast cancer 

TMB is a measurement of the number of variants in tumour samples (different methodologies exist, 

some including synonymous variants and others counting non-synonymous variants only) and is 

used as a predictive and prognostic biomarker for response to immunotherapies in tumours such as 

melanoma and non-small lung cancer (Marra et al. 2019). Traditionally it was calculated from whole 

exome sequencing but more recently it has also been calculated effectively from smaller panels of 

around 300 genes. TMB is likely to be linked to failure of DNA damage repair and problems with 

accurate DNA replication. There is a strong link between the presence of TP53 variants and high TMB 

(Chalmers et al. 2017). Breast cancer is not traditionally a cancer with high TMB but one could 

hypothesise that if variants occurred in key genes responsible for DNA repair and replication such as 

TP53, MSH2, MLH1 then TMB could be a potential biomarker in ER+ endocrine resistant breast 

cancer. The accurate calculation of TMB relies on a volume of data greater than that which will be 

generated using a small targeted panel in this project and thus will not be calculated. Had 

circumstances and timing been different a larger panel may have been used to allow exploration of 

TMB as a biomarker with the hypothesis that therapy with fulvestrant and vandetanib may not be 
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suitable for patients with high TMB, as these tumours may respond better to immunotherapy or 

direct DNA damaging agents due to the inherently unstable nature of the tumours DNA. 

 Mutational signatures in breast cancer  

Genomics research in breast cancer often focusses on frequently occurring genetic variants in the 

exonic regions of the genome. Genetic signatures are derived from bioinformatic examination of 

data from WES or WGS and use data from both coding and non-coding regions of the genome. 

Signatures are described in a review by Nik-½ŀƛƴŀƭ ŀƴŘ aƻǊƎŀƴŜƭƭŀ ŀǎ άǘƘŜ ǎŎŀǊǎ ƻŦ ōƛƻƭƻƎƛŎŀƭ 

ǇǊƻŎŜǎǎŜǎ ǘƘŀǘ ƘŀǾŜ ƎƻƴŜ ŀǿǊȅ ŘǳǊƛƴƎ ŎŀƴŎŜǊ ŘŜǾŜƭƻǇƳŜƴǘέ (Nik-Zainal and Morganella 2017). Five 

signatures have been frequently identified in breast cancer (Signature 1B, 2, 3,8 and 13) these relate 

to age at diagnosis, APOBEC and BRCA1/2 deficiency; the associations with other signatures have not 

yet been identified (Alexandrov et al. 2013). APOBEC refers to a collection of cytosine deaminases 

that are part of the immune response. BRCA 1/2 signatures correlate with defects in homologous 

recombination (HR), this can either be from genetic variants in the genes themselves or a more 

ŎƻƳǇƭŜȄ ǎƛƎƴŀǘǳǊŜ ǊŜǎǳƭǘƛƴƎ ƛƴ Ψ.w/!ƴŜǎǎΩ ŀ ǘŜǊƳ ƎƛǾŜƴ ǘƻ ǘǳƳƻǳǊǎ ŜȄƘƛōƛǘƛƴƎ ŦŀƛƭǳǊŜ ƛƴ IwΦ Lƴ ŀ ƳƻǊŜ 

detailed study of 560 breast cancer samples an additional 7 signatures were identified (Nik-Zainal et 

al. 2016). 

While there is some overlap between histological subtype, molecular characterisation and signature 

pattern e.g. triple negative, basal like and signatures 3 and 8 (HR deficiency) this relationship is not 

present in a significant minority of cases. For patients with ER+/HER2- or luminal A or B disease 

signatures 1,2 and 5 are more common although around 10% of cases will have evidence of HR 

deficiency linked signatures (statistics extrapolated from Figure 5 (Nik-Zainal et al. 2016)). The fact 

that these cancers are more frequent in older patients correlates with the presence of signature 1 

and 5. Signature 2 relates to the presence of dysfunctional APOBEC enzymes that contribute to the 

immune response.  



Chapter 1: Introduction 
 

50 
 

Mutational signatures offer a fascinating insight into the aetiology of tumours. However, they do not 

have strong independent prognostic value in ER+ breast cancer and thus will not be explored as 

potential biomarkers in this project. 

 RNA based biomarkers in breast cancer 

Gene expression signatures using data generated from extracted RNA were shown to be predictive 

of clinical outcome in the early 2000s (see section 1.1.2). Subsequently RNA analysis has been used 

to explore the role of micro-RNAs (miRNA) as both prognostic and predictive biomarkers. MiRNA are 

non-ŎƻŘƛƴƎ wb! ƳƻƭŜŎǳƭŜǎ ǘƘŀǘ ŀŎǘ ŀǎ ΨǎǿƛǘŎƘŜǎΩ ǘƻ ǊŜƎǳƭŀǘŜ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ŀƴŘ ŎŜƭƭǳƭŀǊ ǇǊƻŎŜǎǎŜǎ 

(Zelli et al. 2020). Many miRNAs have been identified in breast cancer and in individual studies can 

act as both prognostic and predictive biomarkers, however there is a lack of consensus over the best 

candidates to take forward for further study. Studies that have had both discovery and validation 

cohorts have shown that miRNA signatures (made by combining two or more miRNAs) can 

differentiate metastatic from locally advanced luminal breast cancers. For example, miR-331 and 

miR-195 were analysed in 74 patient samples (22 metastatic samples, 31 local samples and 21 

healthy control samples). It was noted by the authors that the two candidate miRNAs targeted HER2 

and E2F1 amongst other genes (McAnena et al. 2019). MiRNAs can be extracted from blood and 

sequenced using NGS and are appealing as a potential biomarker in all stages of disease. In this 

project a decision was made to focus on DNA based biomarkers but in future projects exploration of 

miRNAs during treatment would be of great interest.
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1.5 Thesis overview 

The key question this thesis sets out to answer is: 

Can potential biomarkers of clinical response to treatment with vandetanib and 

fulvestrant be identified from tissue and/or plasma samples from patients with 

ER+ breast cancer who have developed endocrine resistant disease? Which 

biomarkers, if any, are candidates for prospective validation? 

The idea of potential biomarkers is important here as this will be a retrospective analysis and thus 

will be hypothesis generating with any potential biomarkers requiring prospective analysis and 

validation before implementation in the clinic. The identification of biomarkers for any new potential 

new treatment is important because good patient selection spares those that will not benefit from 

unnecessary toxicities and enables those patients, who are likely to respond, to receive treatments 

better suited to their situation. Investigation of predictive biomarkers for clinical response to 

fulvestrant and vandetanib, in combination, have not been previously studied. 

In addition to this the use of circulating biomarkers in breast cancer remains under investigation, 

particularly in the arena of ER+ breast cancer where disease burden and thus circulating tumour 

DNA (ctDNA) levels may be low. The samples that form the basis of this thesis were taken early in 

the disease course after patients developed advanced breast cancer and represent a distinct cohort 

of patients that are often only studied as part of a more heterogeneous group of patients with 

advanced breast cancer. Furthermore, the investigation into assessing copy number variation in 

commonly amplified genes such as MYC and FGFR1 by ddPCR offers new data around the feasibility 

of this technique in ER+ advanced breast cancer. 
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These strategies relate to a key hypothesis and a number of overarching aims of the thesis. 

 

Key Hypothesis 

High expression of RET (t-RET, p-RET or both) will act as a prognostic biomarker and by inhibiting RET 

(and other targets of vandetanib) RET expression will also act as a predictive biomarker for response 

to vandetanib; with high expressers experiencing greater clinical benefit from RET inhibition.  

 

Thesis Aims 

1. To establish protein expression of RET in FFPE primary tumour samples using 

immunohistochemistry and to correlate protein expression with clinical outcomes in 

patients receiving treatment with fulvestrant +/- vandetanib 

2. To examine the presence of genetic variants (SNVs and CNVs) in both FFPE and ctDNA 

tumour samples using NGS and ddPCR. The presence or absence of genetic variants will be 

correlated with clinical outcomes with a focus on variants that could influence response to 

fulvestrant and vandetanib.  

3. Methodology will be developed to examine CNVs by ddPCR in the genes MYC and FGFR1 in 

FFPE and cfDNA. Clinical outcome data will be used to determine whether clinically 

meaningful cut points can be identified to support the use of these tests as prognostic 

biomarkers.  

 

Each chapter will include a clear statement of its individual aims and objectives and conclude with a 

discussion as to whether these have been met. Each key technique will form the basis of the three 

main results chapters (chapters 3,4 and 5). Then in chapter 6 the potential biomarkers will be 

evaluated alongside clinic-pathological outcome data from the FURVA clinical trial. Finally, a general 

discussion will look at the results in context of a clinical and scientific world where our knowledge of 
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the genomic basis and biological underpinnings of ER+ endocrine resistance has increased rapidly 

during the time course of this project.

1.6 Chapter summary 

Despite the relatively good prognosis of ER+ breast cancer between 10 and 40% of patients 

diagnosed with early stage ER+ breast cancer will go on to develop ABC (Pan et al. 2017) meaning 

each year roughly 12,000 people in the UK will be diagnosed with ER+ ABC each year and many will 

die from their disease.  

The mechanisms by which endocrine resistance develops and thus treatments fail is complex and is 

likely to vary between patients and even within metastatic deposits and clonal populations in the 

same patient. Developing new treatments to prolong life for this group of patients is essential as 

even with advances in screening, early diagnosis and treatment there will always be people living 

with ABC. A one size fits all approach will not work here due to the different mechanisms of 

endocrine resistance involved and the FURVA trial seeks to target a group of patients in whom 

endocrine resistance may be driven by RET overexpression.  

The focus of this thesis is to try and determine whether there are biomarkers that can predict 

response to treatment with vandetanib and/or fulvestrant that have potential to be validated in 

prospective studies. To determine this, samples collected as part of the clinical trial will be tested for 

various potential biomarkers, selected based on the best available evidence at the time of 

development of the project, using a variety of techniques. Not only will this strategy try to answer 

the main aim of the thesis but will also contribute to the further understanding of potential 

mechanisms of endocrine resistance and how best to identify these using both well established and 

newer technologies such as liquid biopsy. 
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2 Materials and methods 

 Introduction 

 Chapter Overview 

This chapter documents the techniques used to investigate potential biomarkers within the context 

of the FURVA trial using both targeted and semi-unbiased approaches. The targeted approach 

involved interrogation of the presence and functionality of RET protein in tissue samples using 

immunohistochemistry (IHC) for both total (t-RET) and phosphorylated/activated RET (p-RET) 

respectively. At a DNA level, a targeted next generation sequencing (NGS) panel was selected to 

investigate key variants in a panel of genes of potential interest in the setting of oestrogen resistant 

metastatic breast cancer. Finally, droplet digital PCR (ddPCR) was used to investigate the prevalence 

of ESR1 variants and copy number changes in MYC and FGFR1 in circulating free DNA representative 

of aromatase inhibitor resistant disease.  

This chapter will cover the samples used, the methods employed and the method development of 

the different techniques. 

 Chapter Aim 

To document the techniques used in this thesis and subsequently the development and validation of 

the methods selected to explore potential biomarkers in the FURVA study at both a protein and DNA 

level.  

 Chapter Objectives 

¶ To develop and validate immunohistochemistry assays suitable for the detection of t-

RET and p-RET in freshly cut sections of historic formalin fixed paraffin embedded (FFPE) 
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tumour blocks. The assays will then be used to evaluate t-RET and p-RET in the FURVA 

trial breast cancer sample series. 

¶ To develop a complementary scoring system to allow grouping of the immunostained 

samples into t-RET and p-w9¢ ΨƘƛƎƘΩ ŀƴŘ ΨƭƻǿΩ ǎŀƳǇƭŜǎΦ 

¶ To select an appropriate targeted next generation sequencing panel for exploration of 

variants in genes of interest in advanced aromatase inhibitor resistant breast cancer 

¶ To establish a limit of detection (for both DNA input and variant allele frequency (VAF)) 

for the selected targeted next generation sequencing panel  

¶ To establish limits of detection for ddPCR probes for ESR1 variant detection 

¶ To establish methodology for measuring copy number gain in MYC and FGFR1 using 

ddPCR technology. 

 Materials 

 Ethical approval  

All patient samples were obtained from patients recruited to the FURVA trial (EduraCT Number: 

2014-001208-23, Sponsor: Velindre NHS Trust). Trial participants had specifically consented for their 

samples to be used in translational research. All samples were determined relevant material and 

thus were stored at premises licenced in accordance with the Human Tissue Act 2004. The trial is 

registered with a multi-centre research ethics committee (MREC). The REC reference number is 

14/WA/1219 (Wales REC 3) (Appendix document 1). See Appendix document 2 for Patient 

Information Sheet and Consent Form. 

Historic FFPE tissue samples used for IHC assay development and validation work were clinical breast 

cancer samples collected during diagnosis and treatment in the 1980s-1990s by teams at 

Nottingham City Hospital (University of Nottingham, Prof IO Ellis and Dr A Green) and held under 

material transfer arrangement in the School of Pharmacy, Cardiff University. The use of these long 
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term stored samples for studies in endocrine resistance under the guidance of Dr J Gee in the school 

has been approved based on continuous rolling ethical approval from Nottingham REC2: C2020313 

with generic consent for the research use of the samples.  

 Patient Characteristics 

All participants in the FURVA study were post-menopausal women with histological evidence of ER+, 

HER2- breast cancer alongside clinical confirmation of locally advanced or metastatic disease where 

surgical resection with possibility of cure was not feasible. Participants had experienced disease 

progression or relapse while taking an aromatase inhibitor such as exemestane, letrozole or 

anastrozole. Participants could have received up to three lines of endocrine therapy but no more 

than one line of cytotoxic chemotherapy for ABC prior to participation in the FURVA trial. 

 Samples 

 FURVA FFPE samples 

Centres participating in the FURVA trial were requested to provide a diagnostic tissue block from 

each participant for analysis, it was not specified whether this should be primary tumour or a 

metastatic biopsy. For IHC analysis all available FFPE samples were cut into 3 micron sections and 

placed onto charged glass slides. All slides were cut by the same technician in the same laboratory. 

Slides were then transported in batches to the laboratory where the immunohistochemistry analysis 

took place. The slides were assayed as soon as practically possible for both t-RET and p-RET. Samples 

were either from primary tumour, lymph node or metastatic deposit (lung, liver, skin or bone). Detail 

on the tissue of origin was obtained from the accompanying pathology report and reviewed during 

the scoring of each sample by a consultant pathologist (Dr Fouad Alchami (FA)). All samples were 

assayed, and analysis was performed in groups depending on the tissue of origin. On review by Zoe 

Hudson (ZH) and FA a small number of tissue blocks were found to not contain any cancer cells or 

were from a cytology sample; these samples were excluded from all analyses. More detail on this is 

given in Chapter 3. 
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For analysis of the genomic landscape of tumours prior to treatment with fulvestrant +/- vandetanib 

sections from all FFPE blocks available were cut to a thickness of 5 microns onto non charged slides. 

Tumour samples were macro dissected based on a stained slide identifying the area with maximal 

tumour content by trained NHS staff working in the All Wales Genetics Laboratory (AWGL). DNA was 

extracted from 6 sections per patient by trained NHS staff using the Maxwell 16 FFPE Plus LEV DNA 

purification kit (Promega, Madison, WI, USA) according to the manufacturers protocol. This 

automated process allows DNA extraction in batches of 16 samples using magnetic bead based 

purification of DNA from FFPE samples. The three basic steps comprise; break down of the cell and 

its structures to form a lysate, separation of cell debris and insoluble material from the desired DNA 

end product and elution of purified DNA from the magnetic beads. After extraction the 

concentration of the final elute was determined using the Qubit High Sensitivity Kit (Thermofisher 

Scientific, Waltham, MA, USA). 

115 primary FFPE samples were analysed using immunohistochemistry. NGS sequencing data was 

available from 48 primary FFPE samples. 

 cfDNA samples 

As part of the trial protocol participants were asked to have a blood sample collected at trial entry, 

after 8 weeks of trial treatment and at end of trial treatment. These samples will subsequently be 

ǊŜŦŜǊǊŜŘ ǘƻ ƛƴ ǘƘƛǎ ǘƘŜǎƛǎ ŀǎ Ψ.ŀǎŜƭƛƴŜΩΣ Ψу ǿŜŜƪΩ ŀƴŘ Ψ9h¢Ω ǊŜǎǇŜŎǘƛǾŜƭȅΦ ²ƘŜǊŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ 

as per protocol 10mls of whole blood collected in CellSave tubes was sent to the AWGL. Upon arrival 

(and within 96 hours of collection) the tube was spun at 2000g for 10 minutes at 4°C. Plasma and 

buffy coat were separated from the red blood cells (RBC) and spun again at 2000g for 10 minutes to 

ensure no red or white blood cells remained in the plasma sample. Plasma and buffy coat were 

stored in 1ml aliquots at -80°C until DNA extraction. This initial processing step was performed by 

trained NHS employees in the AWGL. 
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41 patients treated with fulvestrant and vandetanib had cfDNA samples analysed using NGS. 

Between 61 and 67 patients treated with fulvestrant +/- vandetanib had a cfDNA sample analysed by 

ddPCR for the presence of ESR1 variants or copy number variations in MYC or FGFR1. The number of 

patients included varied between assays due to sample availability.  

 Methods 

Each method will be presented in turn. Following this, detail on methodological development and 

validation experiments will be detailed in section 2.4. 

 Immunohistochemistry (IHC) materials and methods 

This section will focus on the techniques used to assess the presence of RET protein in tissue 

samples from participants in the FURVA trial. Assays measuring both t-RET and p-RET are detailed, 

along with background to IHC and reasons for its selection in this project.  

 Background 

IHC is an antibody based semi-quantitative method for determining the presence of biomarkers in 

tissue samples. The procedure has many advantages such as the ability to detect and semi quantify 

protein expression and/or activity and localise the protein within the cell. Furthermore, when tissue 

contains multiple types of cell expression patterns can be compared between cell types. In addition, 

in larger cut sections heterogeneity of expression can be assessed. Finally, it is a relatively simple and 

versatile technique that can be used to study diverse samples including FFPE material. 

Nevertheless, since its inception in the late 1960s (Kawarai and Nakane 1970) 

immunohistochemistry has also had some limitations in terms of its reproducibility and 

standardisation. This became most relevant when clinical treatment decisions were made based on 

the results of the IHC assays. For example, to select for the use of hormone receptor blockade in 

patients whose breast cancers stained positively for the oestrogen receptor protein (ER+ breast 

cancer).  
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Fortunately, over time, technology has improved both the specificity of the antibodies available for 

IHC and the detection methods resulting in assays that can perform well both in reproducibility and 

quality. Use of antigen retrieval during assays has in many instances also improved assay 

performance in FFPE material. Routine clinical assays are now often automated with commercially 

produced controls. There has also been instigation of a national quality control scheme (UK NEQAS) 

for routinely monitored clinical markers such as ER. However, where new assays are being 

developed for research purposes, experimental assays are more likely to be optimised in house for 

the specific tissue and preparation they will be used with and then run manually with internal 

control samples, as was the situation in this project. 

The basic methodology of any IHC assay begins with the removal of tissue from the patient which is 

then processed by fixation (usually using formalin) and embedded into a paraffin block. The FFPE 

tissue is then sectioned into thin (3-5µm) slices and dried onto charged glass slides. This section of 

sample is then analysed using a number of steps optimised for the retrieval of a specific protein of 

interest that include antigen retrieval, blocking of any non-specific sites or endogenous enzymes, 

application of primary antibody specific to the human protein under evaluation, antibody incubation 

(again optimised for the protein of interest), application of a secondary antibody system that 

recognises the primary antibody species and is linked to horseradish peroxidase (HRP) and finally the 

use of a chromogen/substrate (usually DAB/hydrogen-peroxide) detection to visualise the 

antigen/primary antibody/secondary antibody binding on the sample. This is followed by the 

application of counterstain to reveal the tissue morphology of any IHC-negative cells and the 

dehydration and cover slipping of the sample ready for semi-quantitative staining assessment using 

a light microscope, interpretation and long-term storage of the slides. 

Immunohistochemistry was selected as the best method to assess RET protein expression in this 

project for several reasons. Firstly, it ensures staining analysed is in the plasma 

membrane/cytoplasm of breast tumour epithelial cells, a localisation previously reported for the RET 
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protein in this tissue type and in keeping with its potential signalling function (Esseghir et al. 2007). 

Secondly it allows analysis of the range of staining patterns and levels of expression in the tumour 

epithelial cells. This is particularly important if there is any significant heterogeneity of RET 

expression within the cancer cells present in the sample or between samples. It also allows the 

observation of RET expression in other tissues such as normal breast tissue or non-invasive disease 

which may be included in the sample so these can be eliminated from analysis of its tumour 

prevalence. Furthermore, IHC is a common and well understood technique in histopathology 

meaning that should RET expression as determined by IHC demonstrate potential as a biomarker it 

could be a good candidate for further validation for clinical practice.  

Limitations of using IHC to evaluate RET in breast cancer samples include the subjectivity of the 

semi-quantitative sample scoring and the challenges of reproducibility in assays that have been 

performed over the duration of the study, sub optimal staining if there is compromised antigenicity 

in any FFPE samples and non-specific staining may also be encountered. The IHC assay will be 

designed to limit these issues using antigen retrieval and protein or peroxidase blocking respectively. 

Maximal sensitivity will be needed since the studies will be performed in FFPE material, and so for 

this purpose the sensitive Envision immunoperoxidase detection system (Agilent, Santa Clara, CA, 

USA) has been chosen. The basic principles of this system are illustrated in Figure 10. 
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Figure 10 Overview of the EnVision detection system. DAB = оΩŘƛŀƳƛƴƻōŜƴȊƛŘƛƴŜ ǘŜǘǊŀƘȅŘǊƻŎƘƭƻǊƛŘŜ 

Furthermore, commercially produced primary antibodies can vary in concentration between batches 

and for less commonly used antibodies the inter batch variability can potentially be significant. The 

study duration meant that multiple antibody batches were required over a period of 3 years. To 

mitigate for the extended time period over which the assays were performed all slides were stained 

by ZH thus limiting operator variance. Batches all contained an internal control sample to ensure 

minimal inter batch variability. 
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 IHC materials used and final protocols for T-RET and P-RET assays 

Table 3 details the materials used in the IHC experiments.  

Buffers 

0.01M Phosphate buffered saline 

(PBS) 

42.5g Sodium Chloride (Fisher 11984051) 

7.15g di-potassium hydrogen orthophosphate anhydrous 

K2HPO4 (Fisher 10375760) 

1.25g Potassium dihydrogen orthophosphate KH2PO4 (Fisher 

10783611) 

Make up to 5L with distilled water and pH check aiming for a 

pH of 7.2-7.4 

PBS - Tween Add 150µL of Tween 20 (Sigma P2287) to 500mls PBS made 

as above to give a solution of 0.03% Tween solution 

Triphosphate buffered saline 

(TBS) 0.5% 

Add 60.55g Tris Base and 45g sodium chloride to 250mls 

distilled water. Add 5M hydrochloric acid dropwise to achieve 

pH of 7.5 Make up to 500mls with distilled water. 

TBS-Tween 0.5% Add 1.5mls of Tween 20 (Sigma P2287) to TBS 0.5% 

TBS-Tween 0.05% Add 50mls of TBS Tween 0.5%  to 450mls distilled water 

EDTA buffer (pH9) Add 1.21g Tris Base and 0.37g EDTA to 1L of distilled water. 

pH should measure 9 without adjustment.  

Sodium Citrate buffer (pH6) Add 2.94g sodium citrate to 1L distilled water then add 5M 

hydrochloric acid dropwise until pH 7.6 reached. 

Peroxidase blocking 

3% Hydrogen Peroxide Dilute 3ml 30% Hydrogen peroxide (Fisher 10736291) in 

27mls distilled water 
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0.18% Hydrogen Peroxide Add 3ml 6% hydrogen peroxide (Fisher 10502002) solution to 

97mls distilled water 

Protein blocking 

Protein block Dako (X0909) a serum free block with casein 

Antibodies 

Primary antibody (t-RET) Abcam Ab134100 a recombinant anti rabbit IgG monoclonal 

antibody. Aliquotted on arrival and stored at -20°C until use. 

Stock concentration 0.649mg/mL. 

Primary antibody (p-RET) Abcam Ab51103 an anti-rabbit IgG polyclonal antibody to 

phospho site Y1062. Aliquotted on arrival and stored at -20°C 

until use. 

Secondary Antibody Dako Envision+ System HRP labelled polymer Anti Rabbit 

(K4009) 

Detection and counterstain 

DAB detection kit Dako Liquid DAB+ substrate chromogen system (K3468) 

Methyl Green 0.05% counterstain Dissolve 0.05g Methyl Green (Sigma M8884) in 100mls 

distilled water 

Table 3 Materials required for IHC experiments in FFPE breast cancer samples 
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The final optimised assay for FFPE breast cancer samples for t-RET expression is outlined in Table 4.

Step Timings 

Dewaxing and rehydration of FFPE 

sections 

2 x 7 minutes in xylene 

2 x 2 minutes in 100% ethanol 

2 x 2 minutes in 90% ethanol 

2 x 2 minutes in 70% ethanol 

Rest in distilled water for 5 minutes 

Antigen Retrieval 1 minute at microwave on full power (power level 10, 950W) 

9 minutes at microwave power level 6 (560W) in pH 9 EDTA buffer 

Blocking steps 1 drop 0.18% H2O2 for 20 minutes then wash in PBS-Tween buffer 

followed by 2 drops Dako Protein Block for 20 minutes 

Primary antibody application 50-70µL2 Abcam Ab134100 diluted to 1:60-1:100 in TBST 0.05% (see detail 

in 2.1.1.1) applied directly to slides and incubated at 23°C overnight 

Secondary antibody application After washing twice in PBS-Tween buffer in a slide bath 1 or 2 drops Dako 

Envision Rabbit secondary applied for 60 minutes 

DAB detection 50-70µL Dako Envision DAB chromogen/substrate detection system 

applied for 10 minutes 

Counterstain, dry and coverslip After washing in distilled H2O (dH2O) 0.05% methyl green applied for 2 

minutes. Wash with dH2O and dry at 40°C for 1 hour, coverslip using DPX. 

Table 4 Final optimised protocol for T-RET staining assay on breast cancer sections 

 

                                                           
2 50µL for core biopsy samples or sections <1cm2, 70 µL for larger sections. 
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The final optimised assay protocol used to examine p-RET expression in the FURVA samples is shown 

in Table 5. 

Step Timings 

Dewaxing 2 x 7 minutes in xylene 

2 x 2 minutes in 100% ethanol 

2 x 2 minutes in 90% ethanol 

2 x 2 minutes in 70% ethanol 

Rest in distilled water for 5 minutes 

Antigen retrieval 1 minute at microwave on full power (power level 10, 950W) 

9 minutes at microwave power level 6 (560W) in pH 6 sodium citrate buffer 

Blocking steps 3% H2O2 for 5 minutes then wash in PBST 

2 drops of protein block for 20 minutes 

Primary antibody application 50-70µL3 Abcam Ab55103 diluted to 1:50 in TBS 0.05% buffer applied 

directly to slides and incubated at 23°C overnight 

Secondary antibody application After washing twice in PBST Dako Envision Rabbit secondary applied for 

120 minutes incubated at 23°C 

DAB detection Dako Envision DAB chromogen/substrate detection system applied fresh 

for 8 minutes 

Counterstain, dry and coverslip After washing in distilled H2O (dH2O) 0.05% methyl green applied for 2 

minutes. Wash with dH2O and dry at 40°C for 1 hour, coverslip using DPX. 

Table 5 Protocol for p-RET staining assay on breast cancer sections 

 

 

                                                           
3 50µL for core biopsy samples or sections <1cm2, 70 µL for larger sections. 
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 Scoring of t-RET and p-RET immunostaining 

 

Both assays were scored in each sample using an H-scoring method (Fedchenko and Reifenrath 

2014). Scorers (ZH and FA) were blinded to treatment received. Slides were viewed at x10 

magnification with areas of interest viewed at x20, in particular to observe the staining pattern or to 

determine the cell type stained. The whole section was then reviewed at x 10 magnification with 

brown staining in the cytoplasm of invasive tumour epithelial cells scored as positive. Samples were 

scored by ZH initially. Samples were then reviewed by FA who calculated his score. Where there was 

disparity in the scores from the two assessors further review was undertaken, and consensus 

reached on the final score for the sample. Whole samples were scored, these being either primary 

tumour, lymph node or metastatic lesion. All tumour epithelial cells in the sample were allocated to 

a score of either 0 (negative), 1 (low positive staining intensity), 2 (moderate positive staining 

intensity) or 3 (high positive staining intensity). Estimating the percentage of tumour cells staining 

positively for each intensity level permitted the calculation of the final H-score using the following 

formula H=1Xx+ 2y +3z, with a maximum score of 300 (all tumour cells demonstrating strong staining 

intensity). The intensity levels were as follows. 

x = percentage of tumour cells staining at low intensity 

y = percentage of tumour cells staining at moderate intensity 

z = percentage of tumour cells staining at high intensity 

Where there was difficulty in ascertaining tumour from non-tumour component an H&E stained 

slide was reviewed. Normal breast or non-invasive ductal carcinoma in situ (DCIS), if present, was 

not included in the scoring. Total H-score and breakdown by intensity category were tabulated in an 

Excel spreadsheet and subsequently in an SPSS workbook ready for further statistical analysis and 

correlation of the immunoscoring with clinicopathological data. Note was made of the origin of the 

sample; whether primary tumour or metastases and whether the section was from a core biopsy or 
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a tumour section. The size of the section was also noted. Samples that were from cytology 

specimens or had <100 tumour cells were excluded from further analysis. 

A number of methods for determining a cut point between high and low expression were explored 

(discussed in section 2.4.3). Finally, a cut point determined using the maxstat method {Hothorn, 

2008 #191} was selected for use in Chapter 6: Clinical Correlation. T-RET samples were deemed to 

have high expression if the H-score was җ166 and P-RET samples showed high expression if the H-

score was җ85. 

 Next Generation Sequencing (NGS) for detection of genetic variants in DNA 

extracted from FFPE and plasma samples 

 Background 

Next generation sequencing is an umbrella term referring to the sequencing of DNA using 

ǘŜŎƘƴƻƭƻƎƛŜǎ ǘƘŀǘ ƘŀǾŜ ŜǾƻƭǾŜŘ ŦǊƻƳ ƛƴƛǘƛŀƭ ŜŀǊƭȅ ƳŜǘƘƻŘǎ ǎǳŎƘ ŀǎ {ŀƴƎŜǊ ǎŜǉǳŜƴŎƛƴƎΦ ¢ƘŜ ΨƴŜȄǘ 

ƎŜƴŜǊŀǘƛƻƴΩ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀƭƭƻǿ ŦƻǊ ǉǳƛŎƪŜǊΣ ŎƘŜŀǇŜǊ ŀƴŘ ŘŜŜǇŜǊ ǎŜǉǳŜƴŎƛƴƎ ƻŦ ŜƛǘƘŜǊ ǘƘŜ ǿƘƻƭŜ 

genome (WGS), whole exome (WES) or regions of interest (ROI) within the genome using targeted 

gene or hotspot panels.  

Many variables must be considered in choosing how best to incorporate next generation sequencing 

into a project. The aim of the project must align with the technology chosen; for example, 

sequencing the whole genome or exome would be appropriate if looking for novel mutations related 

to a specific pathology where there is a paucity of data currently in the literature. If the aim is to 

identify whether a specific genetic variant is present at a frequency of > 20% or absent to guide a 

treatment decision then this can be achieved with older technologies such as Sanger sequencing, for 

example KRAS mutation status predicting for response to VEGF inhibitors in colorectal cancer. 

Between WGS and simple Sanger sequencing lies a myriad of technologies all with a variety of pros 

and cons. With good use of the existing literature base it is possible to identify ROI specific to a 
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research question, in this situation targeted panels can be used allowing for greater depth of 

sequencing thereby improving the limit of detection. 

Whole exome sequencing falls between WGS and targeted panels and offers a reduction in time and 

cost when compared to WGS but due to the vast number of megabases sequenced the overall 

coverage of the exome will be less than can be achieved with targeted panels. Large datasets, such 

as those generated by WGS or WES or even some of the larger targeted panels can be difficult to 

work with and require significant bioinformatic and manpower to review potential variants and 

assign significance. With any of these approaches long term storage of patient data also has to be 

considered; the storage requirements increasing with the complexity of the technology. 

 Next (or second) generation sequencing First generation 

sequencing 

 WGS WES Targeted Panels Sanger 

Sequencing 

Time sequencing +++ ++ + + 

Time analysing +++ ++ + + 

Bases 

sequenced 

3.3 billion 40-50 million Varies 200bp of region 

of interest 

Average depth 

of coverage 

15-30 reads per 

base 

100-150 reads 

per base 

500-5000 reads 

per base 

NA 

Table 6 Comparison of sequencing technologies. Compiled using data from a review by Horak et al (Horak et al. 2016). 

Based on the assumption that 50 samples of each type will be run. 

When applying the overview in Table 6 to the samples used in this study; both FFPE samples from 

historical tumour blocks and cfDNA extracted from plasma there are a number of specific 

considerations. Firstly, that the amount of DNA that can be extracted from each sample type is 

finite. Secondly, that the aim of the project is to detect somatic variants that indicate the presence 
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of ctDNA. Thirdly, that there are financial restrictions and fourthly, that there is limited bioinformatic 

support and long-term data storage. Taking all this into consideration a targeted panel approach was 

selected for this project.  

A further benefit to using a targeted panel is the lower requirements for amount of input DNA. The 

FURVA trial had pragmatically not required a biopsy of metastatic disease therefore the only DNA 

available to determine genetic variants present in ABC was cfDNA extracted from blood samples. 

The amount of DNA that can be extracted from cfDNA in ER+ breast cancer patients is highly 

variable, even at the upper limits of DNA concentration it may not have been technologically feasible 

to attempt WGS or WES on these samples with the technology available at the time in the 

laboratory.  

Being able to perform WGS or WES on cfDNA was under investigation at the time of technology 

selection; Adalsteinsson et al demonstrated that it was possible using cfDNA samples from patients 

with metastatic breast and prostate cancer. They used a two-step approach designed to identify 

samples with >10% tumour content which then proceeded to WES. In their metastatic breast cancer 

samples >30% of samples and over 40% of patients had sufficient DNA for WES but no comment was 

ƳŀŘŜ ŀōƻǳǘ ǘƘŜ ǘȅǇŜ ƻŦ ōǊŜŀǎǘ ŎŀƴŎŜǊǎ ŀƴŘ ǘƘŜ Ǉƻƛƴǘ ƛƴ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ǘǊŜŀǘƳŜƴǘ ǇŀǘƘǿŀȅ ǘƘŜ ǎŀƳǇƭŜǎ 

had been taken. However, given that this was the first major report and that many patients in the 

study had provided up to 14 samples to ensure an adequate sample was available it was felt that this 

technology was not at a stage where it could be considered for this project (Adalsteinsson et al. 

2017). 

Even at the early stages of the project (and exponentially since) there was a large volume of publicly 

available data describing the genomic landscape of breast cancer. At the beginning of the project 

whole genome data from Nik Zainal et al was available first for the life history of 21 breast cancers 

(Nik-Zainal et al. 2012), followed by WGS from 560 breast cancers (Nik-Zainal et al. 2016). This was 

further supplemented by whole exome data from 103 breast cancer patients (Banerji et al. 2012), 
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817 patients with invasive lobular and ductal breast cancer (Ciriello et al. 2015) and 216 patients 

with metastatic breast cancer (Lefebvre et al. 2016). Ellis et al published details of a combination of 

WGS and WES data for 77 ER+ patients and correlated their findings with response to aromatase 

inhibition (Ellis et al. 2012). Projects using targeted approaches had also published data such as 

Pererira et al who sequenced 173 genes in 2433 primary breast cancers (Pereira et al. 2016). This 

meant that at the time of deciding which technology to use in Summer 2017 there was already a 

large amount of data to help refine which genes and even variants could be of interest in ER+ breast 

cancer. These large studies used a mixture of DNA extracted from fresh frozen and FFPE samples. 

Studies from Lefebvre and Ellis only used fresh frozen samples.  

Subsequent to selection of technology for this project larger and more specific datasets became 

publicly available. For example, 1918 samples from ER+ breast cancer patients, some with multiple 

samples sequenced using a 468 gene targeted panel (Razavi et al. 2018) have been published and 

added to publicly searchable online data repositories such as CBioPortal (Gao et al. 2013). 

By carefully interrogating existing datasets with particular reference to the genomic landscape of 

ER+ breast cancers and if possible those that had showed endocrine resistance it was possible to 

build up a picture of which genes frequently contained pathogenic variants and thus could be of 

interest in determining how different variants may affect clinical outcomes. 

Therefore, the main requirement of the targeted panel was maximum coverage of the genes of 

interest while being suitable to run of a reasonable group of patients without becoming prohibitively 

costly or time consuming for the available samples. 

This meant the two broad options were to either custom design a panel as has been done in a 

ƴǳƳōŜǊ ƻŦ ǘǊƛŀƭǎ ǘƻ ŘŀǘŜ ƻǊ ǘƻ ǳǎŜ ŀƴ ΨƻŦŦ ǘƘŜ ǎƘŜƭŦΩ ǇŀƴŜƭΣ ŜƛǘƘŜǊ ŘŜǎƛƎƴŜŘ ŦƻǊ ƎŜƴŜǊŀƭ ŎŀƴŎŜǊ ǊŜǎŜŀǊŎƘ 

or specifically for breast cancer research.  
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 NGS materials used  

Table 7 details the materials required for the extraction of cfDNA and subsequent library 

preparation, quantification and sequencing. 

cfDNA extraction 

QIAamp circulating nucleic 

acids kit 

Qiagen Cat ID 55114 

Library preparation 

Ion Ampliseq Library Kit 2.0 Thermofisher Cat ID 4475345 

IonExpress Barcode Adaptors Thermofisher Cat ID e.g. 4474521 

Library quantification 

Qubit dsDNA HS kit Thermofisher Cat ID Q32854 

Agilent High Sensitivity DNA kit Agilent Cat ID 5067-4626 

Sequencing reagents 

Ion PI Hi Q Sequencing 200 Kit Thermofisher Cat ID 26772 

Ion PI Hi Q Chef Kit Thermofisher Cat ID A27198 

Ion PI Chip Kit v3 Thermofisher Cat ID A26770 

Bioinformatic software 

Torrent Suite Thermofisher Version: 5.8.0 

Ion Reporter Thermofisher Version: 5.10.5.0 

Table 7 Materials required for NGS experiments 

 NGS methods 

Two targeted hotspot panels were used for the NGS work in this project. The first was the Cancer 

Hotspot Panel V2 (Thermofisher, Waltham, MA, USA). The second panel was a custom panel. 

Online software developed by Thermofisher allows design of custom panels. As determined from the 

current literature variants in ESR1 and GATA3 were common and of interest in ER+ ABC but were not 
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covered in the CHPv2 panel. In addition, the coverage of RET in the CHPv2 panel was limited to 

63/3345 bases covered. Furthermore, although LYN variants had not been prevalent in sequencing 

studies to date it would not have been sequenced in many targeted panels and there was rationale 

for investigating whether LYN variants could be detected in the FURVA trial participant samples. 

Therefore, a customised panel was designed. An initial design was created by ZH and was optimised 

by the in-house development team at Thermofisher and allowed coverage of 158/171 (92%) 

hotspots of interest in RET, LYN, GATA3 and ESR1. Those hotspots which were not covered all lay 

within GATA3.  

All libraries were prepared by ZH. .ƻǘƘ ǇŀƴŜƭǎ ǿŜǊŜ ǳǎŜŘ ŀǎ ǇŜǊ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ .ǊƛŜfly, 

up to 12µL of DNA extracted from either FFPE or plasma samples was added to reagents for library 

preparation. During initial amplification 20 PCR cycles were used for the CHPv2 panela and 24 for the 

CUSTOM panel. Following amplification amplicons underwent partial digestion prior to purification 

and final library analysis. The final library concentration was determined using Qubit High Sensitivity 

Flurometer. Samples were then pooled to create a library of ~100pM concentration. Final 

preparation for sequencing was then performed using the IonChef. Finally, pooled libraries were 

sequenced using the IonTorrent Sequencer. BAM and BAI files were automatically uploaded to Ion 

Reporter for variant analysis.  

Ion Reporter (Thermofisher) offers a graphical user interface allowing the user to design a fully 

customised workflow for analysis of BAM files uploaded directly to the cloud-based storage system 

after each sequencing run. The workflow used for the analysis of FURVA patient samples used the 

following parameters in addition to the default settings recommended by Thermofisher for the 

CHPv2 panel.   

¶ VAF >0.01 and <0.90  

¶ Down sample to 2000 reads 

¶ Located in exonic regions 
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¶ SNVs and INDELs 

¶ aƛƴƛƳǳƳ ŎƻǾŜǊŀƎŜ җ млл ǊŜŀŘǎ 

¶ aƛƴƛƳǳƳ ŎƻǾŜǊŀƎŜ ŀƭǘŜǊƴŀǘŜ ŀƭƭŜƭŜ җмл ǊŜŀŘǎ 

¶ Maximum strand bias 0.9 

¶ tƘǊŜŘ ǉǳŀƭƛǘȅ ǎŎƻǊŜ җнл (Ewing et al. 1998) 

All variants called by IR were manually reviewed in IGV. Each variant was then allocated a Tier as per 

the Joint Consensus Recommendation of the Association of Molecular Pathology, American Society 

of Clinical Oncology and College of American Pathologists (Li et al. 2017a). Databases used to gather 

information to assist with tier allocation included COSMIC (Tate et al. 2019), dbSNP (Sherry et al. 

2001), ClinVar (Landrum et al. 2018) and CBioPortal (Gao et al. 2013). During the analysis phase an 

in-house list of commonly found benign variants was also created. 
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 Droplet digital PCR (ddPCR) for detection of single nucleotide variants (SNVs) 

and MYC and FGFR1 copy number variations (CNVs 

 

 Background 

While NGS allows efficient screening of samples for genetic variants in a wide variety of genes it is 

limited by sensitivity and cost. Using NGS to detect CNVs can also be challenging. Bioinformatic 

methods of detecting CNVs from NGS data may employ one of the following techniques; analyzing 

the number of reads falling in a specific genomic region, analyzing the number of reads a specific 

SNP site, analyzing the amount of genetic material between paired ends or looking more broadly at 

changes in read numbers compared to the reference genome (Liu et al. 2013). Generally, the greater 

the volume of data the more accurately CNVs can be called meaning that WGS or WES are preferred 

for accurate analysis of CNVs.  

GC content can influence CNV calling as regions that are rich in GC can be more challenging to 

sequence and may cause artificial appearances of gain or loss within a region. This is thought to be 

related to the PCR amplification step, in poorer quality FFPE samples e.g. those from historical FFPE 

tissue samples this can be significant (Benjamini and Speed 2012). In addition, some areas of the 

genome are inherently more difficult to sequence than others and this can create artificially low data 

volumes in these regions, these DNA in these already difficult to sequence regions will be 

exacerbated in low quality samples such as those derived from historical FFPE samples.  

There are multiple different bioinformatics approaches and techniques but many still suffer from 

low sensitivity (Zare et al. 2017).  

Subsequent to the selection of a targeted NGS panel for this project commercially available targeted 

panels have incorporated CNV analysis into their bioinformatics pipelines. In this thesis the decision 

was made that CNVs would be investigated using ddPCR instead of using a larger NGS panel that 
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may have allowed the potential for CNV analysis but its size, complexity and cost would have 

significantly limited the number of samples that could be run.  

The ddPCR technology used in this project is the Biorad QX 200 system in which DNA extracted from 

plasma or FFPE samples is added to a mixture of primers and probes targeting the variant of interest. 

The DNA, primers and probes are then encapsulated in oil-based droplets and undergo a PCR 

reaction. Each droplet is then read using fluorescence and droplets containing the variant of interest 

fluoresce more intensely than those that do not. 

DdPCR can be used to detect both single nucleotide variants (SNVs) and copy number variations 

(CNVs), it can also be used to directly quantify DNA concentration or copies per ml amongst other 

uses. In breast cancer it has been used to detect ESR1 variants in patients with advanced lobular 

breast cancer (Desmedt et al. 2019), to screen large trial populations for ESR1 variants (Fribbens et 

al. 2016), to determine copy number variations in ERBB2 (Gevensleben et al. 2013) and to track 

variants over time attempting to predict relapse (Garcia-Murillas et al. 2015) amongst other uses. 

The techniques used to assess CNVs in ERBB2 can also be applied to other genes of interest in ER+ 

ABC (Garcia-Murillas and Turner 2018). 

It is possible to multiplex small numbers of variants into the same reaction by designing primers and 

probes for different genetic changes and then combining them. The challenge with this method is 

that it becomes difficult to identify which variant is present out of those contained in the multiplex 

reaction. Where only two hotspots have been examined it is possible to mix the probes into the final 

reaction at different concentrations however in multiplexes where more than two variants are under 

scrutiny it is not possible to differentiate therefore one can only state that a variant in gene X is 

present or absent. 
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 ddPCR materials used 

Table 8 details the consumables, hardware and software required for the ddPCR SNV and CNV 

experiments. 

DNA extraction 

QIAamp circulating nucleic 

acids kit 

Qiagen Cat ID 55114 

Assays 

ESR1 MPX1 Bio Rad Assay ID: dHsaMDXE91450042 

ESR1 MPX2 Bio Rad Assay ID; dHsaMDXE65719815 

MYC  Bio Rad Assay ID: dHsaCP2500322 

FGFR1 Bio Rad Assay ID: dHsaCP2500319 

AGO1 (also known as EIF2C1) Bio Rad Assay ID: dHsaCP2500349 

Reagents 

ŘŘt/wϰ {ǳǇŜǊƳƛȄ ŦƻǊ ǇǊƻōŜǎ 

(no DUTP) 

Bio Rad Cat #:1863024 

Droplet generation oil for 

probes 

Bio Rad Cat #:1863005 

Hardware and Software 

v·нллϰ 5ǊƻǇƭŜǘ 5ƛƎƛǘŀƭϰ t/w 

system (droplet generator and 

droplet reader) 

Bio Rad Cat #:1864001 

PX1 PCR Plate Sealer Bio Rad Cat #:1814000 

vǳŀƴǘŀ{ƻŦǘϰ !ƴŀƭȅǎƛǎ tǊƻ Bio Rad Version 1.0.596 

Table 8 Materials required for ddPCR experiments 

 ddPCR methods 

For all ddPCR reactions whether for SNV or CNV detection a mixture was made in each well 

containing 12.5µL of Supermix for probes, 1.25 µL FAM labelled probes, 1.25 µL HEX labelled probes 

and then up to 10µL of DNA. The aim was for each reaction to contain 10ng of DNA. If samples had a 

concentration >1ng/µL then the appropriate volume was added, and the total volume made to 10µL 

with nuclease free water. 



Chapter 2: Materials and Methods 

 

77 
 

22µL of the mixture was transferred into a droplet generator cartridge and 70µL of oil added. 

Droplets were generated using the QX200 droplet generator and 45µL of the droplet mixture was 

transferred to a 96 well plate for the PCR reaction. The outline PCR reaction is detailed in Table 9, 

adjustments were made to the temperature (optimised for annealing of probes to DNA target) and 

the number of cycles depending on the assay. To attempt to minimise the presence of ΨrainΩ ƛƴ ǘƘŜ 

FFPE assays the number of PCR cycles was increased to 50 (Lee et al. 2019).  

Step Temperature Time Notes 

1 95°C 10 minutes  

2 95°C 15 seconds 40 cycles for SNV, 50 cycles for CNV. 53.8°C for ESR1 

multiplex, 55°C for SNV and 60°C for CNV XX°C 60 seconds 

3 98°C 10 minutes  

4 10°C Hold  

Table 9 Thermal cycler conditions for ddPCR (Biorad QX100 thermocycler) 

After the PCR reaction droplets were read using the QX200 Droplet Reader and Quantasoft 

Software. Final analysis was performed with the aid of the Quantasoft Analysis Pro software package 

(version 1.0.596). 

Variants that were detected in the first cohort of samples sequenced with NGS underwent 

verification with ddPCR where probes were available to assess concordance between NGS and 

ddPCR as methods of detecting variants. Where additional samples that had not been sequenced 

using NGS were available then variants that had been found in the patients corresponding tissue of 

cfDNA samples that had been sequenced using NGS were tracked over the treatment course. The 

probes, along with the annealing temperatures used are shown in Table 10.
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Probes Annealing 

temperature 

(°C) 

Supplier and catalogue number 

ERRB2 L755S 55 Biorad (assay ID: dHsaMDS2515134) 

PIK3CA multiplex 1 E545K, E542K  57 Sigma (designed in house by NHS staff) 

PIK3CA multiplex 2 H1047R, H1047L  57 Sigma (designed in house by NHS staff) 

AKT1 E17K 55 Biorad (assay ID: dHsaMDV2010031) 

ESR1 D538G 55 Biorad (assay ID: dHsaMDS460485301) 

ESR1 Y537N 55 Biorad (assay ID: dHsaMDS296069817) 

TP53 R273H 55 Biorad (assay ID: dHsaMDV2010109) 

Table 10 List of ddPCR probes used for variant detection and their optimum annealing temperature 

Again, a minimum of 10,000 droplets with at least 300 containing target DNA was required prior to 

final analysis. For SNV assays positive controls identified from samples sequenced using NGS were 

used in each experiment. A no template control was included in each experiment to ensure there 

had been no sample contamination.  

 Identification of positive and negative controls for CNV assays 

A positive control for MYC amplification was identified from in house databases. DNA was extracted 

from an FFPE sample which had tested positive for MYC amplification by FISH. No commercially 

available FGFR1 controls were available and thus samples were tested blind. Once a strongly positive 

sample had been identified this was then used as a control for further assay batches. For FGFR1 four 

FFPE samples were tested, one contained an amplification with 8 copies (ratio 3.56), this was 

confirmed on a repeat run of the four samples and was selected as a control for the cfDNA sample 

batches. The number of copies is calculated by ὧέὴὭὩί ςz , where A=concentration of target 

gene, B = concentration of reference gene and 2 is the expected number of copies in the genome. 
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This data can also be presented as a simple ratio where ὶὥὸὭέ with A and B being the same as 

described for the copies equation. In the subsequent experiments the ratio is used as the copies of 

the genome remains constant.  

 Sample QC: SNV detection 

Samples were run in batches in 96 well plates, a maximum of 6 columns were run to reduce the risk 

of sample contamination. All runs included at least one positive and negative control along with a 

well containing only water to check for any DNA contamination. Data was analysed using Quantasoft 

Analysis Pro. Quadrants were set to identify the four main clusters from the positive control. Each 

sample was then manually inspected using the 2D Amplitude window to check that droplets had 

been assigned to the correct cluster. A CSV file was exported, and the following QC checks were 

performed for each sample: 

¶ Total number of droplets generated >10,000 

¶ Total number of informative droplets (those containing either mutant or WT DNA) > 300 

¶ {ŀƳǇƭŜ ŘŜŜƳŜŘ ǇƻǎƛǘƛǾŜ ƛŦ җр ǇƻǎƛǘƛǾŜ ŘǊƻǇƭŜǘǎ ǇǊŜǎŜƴǘ όŜǉǳƛǾŀƭŜƴǘ ǘƻ ±!C ƻŦ ϤлΦт҈ ǿƛǘƘ ŀ 

DNA input of 116 copies/µL or ~0.4ng/µL) 

¶ bƻ ǘŜƳǇƭŀǘŜ ŎƻƴǘǊƻƭ όΨǎŀƳǇƭŜΩ ǿŀǎ млҡ[ ƻŦ ƴǳŎƭŜŀǎŜ ŦǊŜŜ ŘƛǎǘƛƭƭŜŘ I2O) did not have any 

droplets containing DNA 

Where possible positive results were confirmed using either the same sample or an alternative 

sample from the same patient but at a different time point if the original sample had run out. A 

selection of negative and borderline samples was also run in duplicate to try and assess for the 

occurrence of false negatives.  

 Sample QC: CNV detection 

A minimum of 10,000 droplets was required to pass a sample. Samples where the number of 

droplets fell between 5000 and 10,000 were considered on an individual basis as if the DNA input 
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was satisfactory (>10ng) and sufficient amplification of the region of interest had occurred (defined 

as a minimum of 400 droplets containing the amplification of interest and 400 droplets containing 

the control gene sequence). (Davis Bell et al. 2018). 

Once methodological QC had taken place samples were manually inspected using the 2D amplitude 

graph in Quantasoft Analysis Pro to ascertain that droplets had been assigned to the correct cluster. 

²ƘŜǊŜ ΨǊŀƛƴΩ ǿŀǎ ǇǊŜǎŜƴǘ ǘƘŜƴ ŘǊƻǇƭŜǘǎ ƴƻǘ ƛƴŎƭǳŘŜŘ ƛƴ ŀ ŘŜŦƛƴƛǘƛǾŜ ŎƭǳǎǘŜǊ ǿŜǊŜ ǊŜ-assigned. 

Assignment of positive droplets by either manual droplet identification or application of the 

thresholds applied to the control sample to other samples in the batch were compared; the results 

will be presented in chapter 5.
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 Statistical analysis plan 

The purpose of the clinical analysis in this study is to identify potential biomarkers of interest to be 

studied further in future clinical trials in the setting of ER+ aromatase inhibitor resistant breast 

cancer. With the small numbers of samples and patients involved any significant results will be, at 

best, hypothesis generating. This statistical analysis plan was written prior to any knowledge of 

clinical outcomes and was a pre-requisite to accessing the clinical outcome data from the trial 

sponsor. This plan is used to pair the experimental datasets with the clinical outcome data in chapter 

6. The final statistical analysis of RET expression as a predictive and prognostic biomarker will be 

performed in SPSS (IBM, New York, USA) and R Studio usinƎ ǘƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ǇŀŎƪŀƎŜ Ψ{ǳǊǾƳƛƴŜǊΩ 

(Kassambara 2019) by ZH. 

 Hypotheses relating to RET protein expression as measured by immunohistochemistry 

Hypothesis 1: High expression of t-RET or p-RET will predict shorter progression free 

survival (PFS) 

¶ PFS will be calculated from time of trial entry to disease progression or censoring 

¶ t-RET and p-RET scores will be deemed RET high or RET low after exploration of four 

different cut points (see chapter 3) and after using clinical outcome data (chapter 6) 

¶ Kaplan Meier plots will be produced to illustrate this, and the log rank test will be 

applied to assess for any statistically significant difference between the two groups 

¶ Cox regression modelling will be used to calculate the hazard ratio between the two 

groups (RET high and RET low) 

Hypothesis 2:  Response to vandetanib will be enhanced in patients with high t-RET and/or 

p-RET expression  

¶ Subgroup analysis will explore the relationship between RET status and treatment with 

fulvestrant +/- vandetanib 
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 Hypotheses relating to the detection of genetic variants by next generation 

sequencing 

Only samples from patients who had received treatment with fulvestrant and vandetanib were used 

for the next generation sequencing part of the project. This means there is no placebo group for 

comparison. All analysis in this section was carried out by ZH.  

Hypothesis 3: More variants detected in tumours either in FFPE or ctDNA will result in 

shorter durations of response 

In this section patients who have had early progression (<62 days PFS) and patients whose PFS 

exceeded that expected by a clinically meaningful number of months (PFS >312 days) will be 

examined. The frequency of tier II variants as determined by NGS will be compared amongst the two 

groups. All patients who had at least one sample analysed by NGS (either FFPE or cfDNA) will be 

included. This initial analysis will be descriptive only due to the small number of patients with 

variants.  

 Hypotheses relating to the detection of genetic variants by ddPCR 

Data will be produced regarding the prevalence of SNVs in ESR1 along with CNV data for MYC and 

FGFR1 from plasma samples representative of metastatic disease. Within this set of samples there 

will be patients from both arms of the trial. This will enable exploration of whether response to 

vandetanib is dependent on the presence or absence of ESR1 variants and/or amplification of MYC 

or FGFR1. 

Hypothesis 4: Patients with variants in ESR1 will have longer PFS than those without due 

to a superior response to fulvestrant as per the analysis in the SoFEA trial. The presence of 

a variant will have no bearing on response to vandetanib. 
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Hypothesis 5: Patients with copy number amplification in MYC will have a shorter PFS than 

those that do not, the presence of amplification will have no bearing on response to 

vandetanib. 

Hypothesis 6: Patients with an FGFR1 amplification are likely to have a shorter PFS than 

those that do not (Drago et al. 2019) 

¶ PFS will be calculated from time of trial entry to disease progression or censoring 

¶ Methodology to determine the presence or absence of a variant or amplification will 

be detailed in chapter 5 (in addition to that described briefly in section 0). 

¶ Kaplan Meier plots will be produced to illustrate the relationship between the 

presence of amplification and PFS, and the log rank test will be applied to assess for 

any statistically significant difference between the two groups 

¶ Cox regression modelling will be used to calculate the hazard ratio between the two 

groups (variant/amplification present vs variant/amplification absent) 
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 Method development 

 IHC: Development of t-RET assay 

An optimised t-RET immunohistochemical assay that had been successfully used on FFPE lung cancer 

samples was available as a starting point in this project for assay development (as provided by 

AstraZeneca, P.Elvin personal communication, and subsequently published (Platt et al. 2015)). Review 

of the literature revealed that the majority of the limited t-RET assays reported in breast cancer had 

involved an assay step involving heat mediated antigen retrieval of FFPE sections to maximise 

antigenicity and the use of RET primary antibody concentrations ranging from 1/100 to 1/25 (Plaza-

Menacho et al. 2010; Nguyen et al. 2015) alongside a sensitive immunoperoxidase-based secondary 

detection system. 

 t-RET Assay optimisation 

!ŦǘŜǊ ƭŀōƻǊŀǘƻǊȅ ǘǊŀƛƴƛƴƎ ǿƛǘƘ 5Ǌ DŜŜΩǎ ǘŜŀƳΣ ǘƘŜ tƭŀǘǘ ŀǎǎŀȅ ŦƻǊ ǘ-RET was evaluated by ZH using heat 

mediated antigen retrieval of FFPE breast cancer sections in a microwave pressure cooker using a pH9 

EDTA buffer. This was followed by a step to block any endogenous peroxidases. Next the primary 

antibody was applied. The original antibody Epitomics 3454-1, used in the Platt assay was no longer 

available and was replaced with Abcam Ab134100 an IgG monoclonal anti rabbit antibody, initially at 

1/1000 concentration for 2 hours and the use of a Dako DAB chromogen/substrate detection and 

counterstaining. All antibody incubations were performed at 23°C incubation chambers. A small panel 

of in house FFPE primary clinical breast cancer samples known to be positive for activity of p-RET (Gee 

et al. 2014) (and thus RET expressing) were used for further assay optimisation (Nottingham REC2: 

C202031).  

Table 11 shows the various comparison assays run to determine the best overall protocol for breast 

cancer samples. No staining was seen with low antibody concentrations such as 1:1000 dilution; 
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detectable staining began to appear in the tumour epithelial cells with a primary antibody dilution of 

1:250 but better clarity of staining was achieved with a 1:100 dilution. If the primary antibody was 

more concentrated than this e.g. 1:50 some of the stronger staining samples became oversaturated 

thus masking any heterogeneity or any negative cells. There was also some non-specific background 

staining throughout the section that in total made accurate tumour cell assessment for t-RET difficult.  

Clarity of the staining was then further optimised using a serum free protein block and a hydrogen 

peroxide block to eliminate non-specific background and any endogenous peroxidase derived staining 

in FFPE breast cancer material respectively. Further assays were run to compare methodologies and 

also buffers of different pHs, with or without the detergent Tween 20 for the heat mediated antigen 

retrieval step in order to maximise RET tumour epithelial staining signal. A further assay compared 

two different antibody diluents with TBST 0.05% favoured as the carrier. 
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Protocol step Variables tested 

Antigen retrieval Heat mediated using microwave, microwave pressure cooker, non-microwave pressure 

cooker and no retrieval 

Antigen retrieval 

buffer 

pH6 (sodium citrate buffer), pH9 (EDTA buffer) and pH6 with and without Tween-20 

Hydrogen peroxide 

block 

0.18% for 20minutes or 

3% for 5 minutes 

Dako protein block Presence or absence of this blocking step (20-minute application) 

t-RET primary 

antibody 

concentration 

1:1000, 1:250, 1:100, 1:50 all made in TBST 0.05% 

t-RET primary 

antibody 

incubation time 

1 hour, 2 hours, 3.5 hours, overnight at 23°C 

Primary antibody 

diluent 

TBST 0.05% or Dako S0809 ready to use antibody diluent. This comparison was 

performed once optimum antibody dilution had been determined at 1:100. 

Table 11 Variables tested for each protocol step of T-RET assay development 

These optimisation steps showed superiority for (i) antigen retrieval using a pH 9 buffer, (ii) use of an 

0.18% H2O2 endogenous peroxidase block and a protein block step and (iii) t-RET antibody at 1:100 

in TBST 0.05% with overnight incubation. This gave a clear assessable heterogeneous 

cytoplasmic/plasma membrane signal in the tumour epithelial cells with little background. 

t-RET Assay Validation 

The optimised assay was then tested on a series of 10 FFPE breast cancer tumour samples from the 

Nottingham University cohort (Nottingham REC2: C202031). The series contained both ER+ and ER- 

tumours. The expectation was that a range of t-RET staining would be seen within the samples from 

negative through weak to strongly positive. The assay included samples that had been identified by 

previous work in the Gee lab to be positive for p-RET (Gee et al. 2014).  (panels B and C) shows two 
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examples of positive immunostaining achieved with the final, optimised assay (see ), found in the 

cytoplasm of tumour epithelial cells comprising positive breast cancers.  

Further evaluation of the assay was undertaken in the form of an IgG isotype antibody control 

diluted to the same concentration as the primary antibody (Abcam Ab172730, rabbit monoclonal, 

concentration 1.670mg/mL). As illustrated in  Panel B the application of an IgG isotype antibody 

solution in place of the tested primary antibody does not show any staining inferring specificity of 

the tested primary antibody for t-RET. The assay was also tested on FFPE sections of cell line pellets 

from HeLa (known to be t-RET low/negative (Platt et al. 2015)) and T47D (known to be RET positive 

(Gattelli et al. 2013)) cells ( Panel A), with weak staining in the former and moderate-strong staining 

achieved in the latter cell line in accordance with the literature. Furthermore, a no primary negative 

control was performed ( Panel C) which showed no staining indicating that there was no background 

staining as a result of the secondary detection system.
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Figure 11 Use of controls to validate the t-RET IHC assay. Panel A shows two FFPE cell lines stained for t-RET; one staining 

strongly (T47D), the other with much weaker staining (HeLa). Panel B shows the lack of signal with IgG control antibody 

applied. Panel C shows that no staining is present if the primary antibody is omitted, compared to with positive staining for 

t-RET in breast cancer samples 108 when the standard assay is applied. All images were taken at x20 magnification. Scale 

bar represents 50µm. 

In addition to the above work the optimised T-RET assay was also evaluated on a fuller historical 

series (n=93) of breast cancer sections, in this instance that had been pre-cut >10 years ago from the 
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primary breast cancer samples from Nottingham University as part of an MPharm student research 

project (co-supervised by ZH and JG8) (Hudson et al. 2019). The technical aspects of the project were 

performed by the student under supervision. Due to the considerable age of these long term stored 

sections the primary antibody was used at a slightly higher concentration to try and mitigate any 

potential compromised antigenicity in the sections (1:70 dilution; although this remained 

comparable to the optimal concentration range for different batches of t-RET antibodies). The 

EnVision secondary antibody application increased to 2hrs and DAB and methyl green application 

times were extended to 20 minutes. However, the key components and all other conditions of the 

assay remained the same.  

As part of the MPharm project some repeat validation work was carried out confirming that the t-

RET assay performed best with antigen retrieval using a microwave and ph9 buffer when compared 

to using a microwave pressure cooker or changing the pH of the buffer to pH6. Repeat validation 

also compared the use of TBST and S0809 as a diluent for the primary antibody, again showing that 

TBST produced a clearer overall signal for interpretation (Marks et al. 2018). Importantly, the t-RET 

assay was capable of generating biologically meaningful data even in sections that had been cut and 

stored for many years, showing positive correlations with one of its co-receptors (GFRh1), with 

increased tumour size and higher grade in its historical series (Marks et al. 2018; Hudson et al. 2019) 

adding further support for its application as a sensitive, potentially informative assay to assess 

FURVA trial samples in this thesis. 

 Assay re-optimisation  

Due to the collection timeframe of specimens during the FURVA clinical trial over a year passed 

between receiving the first collection (115 samples) and second collection (18 samples) from the 

trial. During this time the original batch of Abcam Ab134100 t-RET primary antibody became no 

longer available. On receipt of the new t-RET antibody batch the staining pattern of the selected 

                                                           
8 JG = Dr Julia Gee 
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positive control breast cancer slide was too weak when the new primary antibody was used at a 

dilution of 1:100. Thus, the primary antibody concentration was re-optimized on Nottingham 

positive primary breast cancer material and after testing a 1:50 and 1:75 dilution range it was 

determined that a dilution of approximately 1:60 for the new antibody batch resulted in a staining 

pattern of the positive control material comparable with that seen for the original batch of antibody 

at a concentration of 1:100. In this way, optimal assays were always used in FURVA samples to 

ensure consistent IHC results during the trial despite antibody batch changes.  

 IHC: Development of the p-RET assay 

A p-RET IHC assay protocol had previously been developed and validated in-house which had shown 

a relationship between increased p-RET, shortened disease free interval and poorer survival on 

tamoxifen in an ER+ breast cancer series presented at an AACR conference (Gee et al. 2014). However, 

the antibody that was used in this study was no longer commercially produced for use in this thesis. 

An alternative p-RET antibody (anti-human, polyclonal rabbit) was thus sourced which bound to the 

same phosphorylation site (Ab55103 Anti RET (phospho Y1062)). There is no published literature on 

the use of p-RET assays in clinical breast cancer thus the final assay (see Table 5) optimised in this 

thesis remains entirely experimental.  

The previous in-house p-RET assay had been optimised to be sensitive in FFPE material (by including 

heat-mediated antigen retrieval and using a 2 hour EnVision secondary detection incubation time) 

with low background staining (by including blocking steps) and had been used successfully on breast 

cancer sections, so little was changed from the original p-RET IHC protocol apart from the primary 

antibody. Due to the new antibody producing no detectable staining at the same dilution as the 

original assay (1:700) the concentration was reduced to 1:50. The duration of the primary and 

secondary incubation also had to be increased to ensure sensitivity. The antigen retrieval method and 

peroxidase/protein blocking steps remained identical. 

P-RET validation 
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Due to the polyclonal nature of the primary antibody used no IgG isotype control was available, but 

an omission of primary antibody negative control was evaluated and the assay was also run on T47D 

(RET+) and HeLa (RET +/-) FFPE pelleted cells as per t-RET validation (section 2.1.1.1) although with 

no prior literature based hypothesis as to whether either would be positive for RET signalling 

activation. The finalised p-RET assay (Table 5) was used on the same 10 breast cancer samples as the 

t-RET assay had been validated with. Again, the expectation was that a variety of positive tumour 

epithelial staining would be seen, as had been observed with the original p-RET antibody as used by 

Gee et al, although at lower levels than for total RET as it is likely that not all RET in samples is 

activated 

However, challenges were encountered when the final p-RET assay with the new primary antibody 

was used on patient samples with significant staining variability between assays where positive 

signals were not always reproducible. Detection of phosphor-specific epitopes can be problematic in 

such material, due to antigenicity being compromised by fixation and further sample processing. At 

this point therefore, the assay was further optimised by changing the diluent for the primary 

antibody from PBS to TBS  to try and increase the robustness of positive signals, and this resulted in 

an improved p-RET assay with less inter-run variability. All FURVA samples that had been assayed 

with PBS as the primary antibody diluent were thus repeated with TBS diluent and this was retained 

routinely we subsequently assaying the remainder of the samples. 

 IHC: Evaluation of FURVA series samples and quality control for the t-RET and p-RET 

assays 

Assays for the FURVA series of FFPE breast cancer samples were run manually using the optimised t-

RET and p-RET IHC procedures by ZH alone in order to avoid inter-operator variability. Batches of 

between 4 and 14 samples cut on the same date were run alongside the same positive control taken 

from the in-house tissue breast cancer panel of Nottingham FFPE samples.  
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What could not be fully controlled for was how samples had been originally fixed at the point of 

surgery or biopsy at the source treating hospital. While all samples were FFPE, samples in the series 

were diverse as many were diagnostic and thus often several years old. Historical changes in fixation 

protocols may have occurred at the different hospitals. Furthermore, there are many steps during 

the fixation process that can cause variation in the final fixation and hence assay performance such 

as fixation delay, conditions of dehydration and fixative type (Engel and Moore 2011). In this project 

these variables had to be accepted as part of the sample collection process.  

To allow correlation between t-w9¢ ŜȄǇǊŜǎǎƛƻƴ ōȅ LI/ ŀƴŘ ŎƭƛƴƛŎŀƭ ƻǳǘŎƻƳŜ ŀ Ŏǳǘ Ǉƻƛƴǘ ŦƻǊ Ψǘ-RET 

ƘƛƎƘΩ ŀƴŘ Ψǘ-w9¢ ƭƻǿΩ ƴŜŜŘŜŘ ǘƻ ōŜ ŘŜǘŜǊƳƛƴŜŘΦ Lƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ǘǿƻ ƳŜǘƘƻŘǎ ƻŦ ŘŜǘŜǊƳƛƴƛƴƎ ŀ Ψǘ-

w9¢ ƘƛƎƘΩ ǊŜǎǳƭǘ ƛƴ ōǊŜŀǎǘ ŎŀƴŎŜǊ ǎŀƳǇƭŜǎ ǿŜǊŜ ƛŘŜƴǘƛŦƛŜŘΦ DŀǘǘŜƭƭƛ Ŝǘ ŀƭ όнлмоύ ŜǾŀƭǳŀǘŜŘ нлл ǘǳƳƻǳǊ 

cells per core biopsy in a tissue microarray (TMA) of 108 breast cancer patients with each patient 

represented by three cores and assigned a percentage of cells to each of three intensity scores; 0 no 

staining, 1, weak or moderate staining and 2, strong staining. The percentage was multiplied by the 

score for each intensity category and an overall score calculated. Only 89 of the samples were 

evaluable in the publication after the assay had been performed. It was then stated that a score of 

Ҕсл ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ΨƘƛƎƘ w9¢ ŜȄǇǊŜǎǎƛƻƴΩ ŀƴŘ ŀ ǎŎƻǊŜ Җ сл Ψƭƻǿ w9¢ ŜȄǇǊŜǎǎƛƻƴΩ (Gattelli et al. 2013).  

A simplified method was used by Nguyen et al (2015) where a TMA of over 4000 fresh frozen breast 

cancer samples was tested. For the 2800 cores that remained evaluable after the assay an overall 

score was assigned to the sample of either 0, negative, 1, weak staining and 2, strong staining. With 

a score of 1 or 2 counting as positive (Nguyen et al. 2015). 

¢ƘŜ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ǇŀǘƛŜƴǘ ǎŀƳǇƭŜǎ ŘŜŜƳŜŘ Ψw9¢ ƘƛƎƘΩ ǾŀǊƛŜŘ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ǇŀǇŜǊǎΤ ƛƴ DŀǘǘŜƭƭƛ Ŝǘ 

ŀƭ ссκуф όтп҈ύ ǎŀƳǇƭŜǎ ǎƘƻǿŜŘ ΨIƛƎƘ w9¢ΩΣ while in Nguyen et al 1596/2800 (57%) of patients were 

ΨǇƻǎƛǘƛǾŜΩΦ ¢ƘŜǎŜ ǾŀǊƛŀǘƛƻƴǎ ŎƻǳƭŘ ōŜ ŘǳŜΣ ŦƻǊ ŜȄŀƳǇƭŜΣ ǘƻ ŀǎǎŀȅ ǇŜǊŦƻǊƳŀƴŎŜ όŀƴŘ ǘƘǳǎ ǎƛƎƴŀƭ 

intensity) to sample size or fixation method impacting on antigenicity. Nguyen et al used a polyclonal 

goat anti human antibody, while Gattelli et al used a polyclonal rabbit anti human. It is not stated by 
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Gattelli et al if their TMA was made with FFPE samples or with fresh frozen samples. Both TMAs 

featured all histological subtypes of breast cancer.  

Other assays have shown significantly lower levels of RET expression. For example, Plaza-Menacho 

et al evaluated two TMAs of invasive breast cancer (all subtypes); the first showed RET expression in 

41/161 (26%) of cases while the second, featuring primary breast cancer cases that had developed 

recurrent disease after tamoxifen treatment showed RET expression in 37/66 (56%) of cases. No 

detail is given in the paper or supplementary methods about how RET expression was determined 

although an H-score is mentioned (Plaza-Menacho et al. 2010). 

Taking on board the range of positivity data from these studies and allowing for significant variability 

in the samples used and numbers of patients, it is estimated that >50% of patient samples will show 

some degree of RET expression. However, there is no consensus with regards to the best scoring 

method and where the cut-ƻŦŦ ǎƘƻǳƭŘ ōŜ ŘǊŀǿƴ ǘƻ ƛŘŜƴǘƛŦȅ ΨǇƻǎƛǘƛǾŜΩ ǎŀƳǇƭŜǎ ŀǎ ŜŀŎƘ ŀǎǎŀȅ ŘŜǘŀƛƭŜŘ 

here used different antibodies, sample types and scoring methods. 

Thus, both methods detailed will be applied to the FURVA dataset. In addition, three cut points 

based on the methodology used to score HER2 positivity will be explored (Table 12). When scoring 

HER2 status in breast cancer samples original recommendations were that samples containing >30% 

cells showing intense membrane staining were considered positive. However, updated guidance in 

2013 suggested that samples where >10% of cells showed intense membrane staining should be 

considered positive (Nitta et al. 2016). When scoring the FURVA dataset both cut-points were 

explored (Method A and B, Table 12)and a combination cut point was included in addition (Method 

C, Table 12) where allowances were made for less intense staining to be counted as positive but only 

if >30% of cells showed moderate staining intensity.  
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Method A: >10% of cells 

showing 3+ staining 

Method B: >30% of cells 

showing 3+ staining 

Method C: >10% of cells 

showing 3+ staining or >30% of 

cells showing 2+ staining  

Table 12 Methods for calling a 'positive' or 'high' scoring sample. Based on American Society of Clinical Oncology 

(ASCO)/College of American Pathologists (CAP) guidelines.  

Furthermore, survival data will be used to statistically determined a cut point using the maxstat 

method (Hothorn and Zeileis 2008). In brief the maxstat method uses maximally selected rank 

statistics. This means that in this example the RET score is used as a continuous variable. RET scores 

are paired with clinical outcome data, in this case progression free survival and the cut point which 

demonstrates the strongest ability to demonstrate a difference in survival between two groups is 

selected.  

In the original p-RET assay from Gee et al a cut off H-score of җнр ǿŀǎ ŘŜŜƳŜŘ ΨǇƻǎƛǘƛǾŜΩΦ IƻǿŜǾŜǊΣ 

only staining that was evident in the plasma membrane was counted. The score of 25 was 

determined from the median H-score for the dataset and a score җ25 correlated with disease free 

interval and overall survival (Gee et al. 2014). In this assay the staining was predominately 

cytoplasmic; likely due to the different antibody that was used. Therefore, a cut off value of 25 is 

unlikely to be of use. Instead, pre-specified cut offs will be applied as per t-RET; firstly, methods 

related to the scoring of HER2 positivity and secondly using a retrospective cut point analysis; 

maxstat (Hothorn and Zeileis 2008). 

The results of the IHC work including reproducibility between batches and applying different scoring 

cut-ƻŦŦǎ ǘƻ ŘŜǘŜǊƳƛƴŜ ΨǇƻǎƛǘƛǾŜΩ ŀƴŘ ΨƴŜƎŀǘƛǾŜΩ ǎŀƳǇƭŜǎ will be presented in Chapter  3.

 NGS: Identification of genes of interest in ER+ primary breast cancer samples 

Multiple methods of identifying frequent genetic variants were used to generate a list of genes of 

interest, this list was then compared with commercially available panels. The decision regarding the 

choice of sequencing technology needed to be made early in the project. The final decision was 
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made in June 2017 based on the best available data at the time. In general, the panels available at 

the time did not allow for the evaluation of copy number variations from single DNA samples as 

there were too few reference genes included in the panel to allow for bioinformatic identification of 

amplified genes. Therefore, at this stage of the project gene amplification by copy number gain was 

not included in the decision-making regarding panel selection. 

Genes related to the development of endocrine resistance have been discussed in Chapter 1 and 

variants in these genes are key potential biomarkers to predict response to fulvestrant and 

vandetanib e.g. PIK3CA, AKT1, ESR1, TP53, PTEN, CDKN2A, MYC and those genes in the MAPK 

pathway such as the EGFR family. These genes frequently harbour pathogenic genetic variants in 

large datasets such as the METABRIC dataset (targeted sequencing of 173 genes in 1398 primary ER+ 

breast tumours) (Pereira et al. 2016) and TCGA (WES from 348 primary ER+ breast tumours) (TCGA 

2012). See  for more detail. 

Interestingly these datasets also highlighted frequent variants in genes that were not immediately 

associated with endocrine resistance such as GATA3, CDH1 and MAP3K1. Further genes that 

occurred at a frequency of >5% included CBFB, KMT2C, RUNX1 and TBX3. 

 NGS: Metastatic datasets in CBioPortal 

At the time of panel selection there was much less information available on the changes in variants 

found in patients specifically with endocrine resistant breast cancer as many datasets were a 

mixture of breast cancer subtypes. The closest dataset available was that from Lefebvre et al, this 

included the WES data from over 200 metastatic breast cancer patients. However, the majority had 

heavily pre-treated disease thus potentially not making them a reasonable comparator group to the 

patients from the FURVA trial who had received a maximum of one prior line of chemotherapy for 

advanced disease. In the paper by Lefebvre et al comparison was made with the mutational 

frequencies from the TCGA dataset to try and ascertain the changes in genomic landscape from 

primary to metastatic tumour. The authors identified 8 genes that contained genetic variants more 
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frequently in metastatic samples than in those from primary tumour; ESR1, FSIP2, FRAS1, OSBPL3, 

EDC4, PALB2, IGFN1 and AGRN. Of these ESR1 was the only variant to act as a potential driver 

mutation. The authors also noted an increase in the frequency of TP53 variants in the metastatic 

setting (Lefebvre et al. 2016). From this it would seem prudent to include analysis of ESR1 variants in 

any metastatic samples. 

In addition to searching large datasets a second literature review focussed on smaller but more 

specific studies in the area of endocrine resistant breast cancer (Jansen et al. 2016; Giltnane et al. 

2017). No additional genes of interest were identified.
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 NGS: Final list of genes and regions of interest in ER+ endocrine resistant breast 

cancer 

From literature review of mechanisms of endocrine resistance and exploration of large published 

datasets a list of genes of interest was created. In addition, although variants in RET occurred 

infrequently in breast cancer it was felt important to be able to sequence the hotspot regions where 

variants had been known to occur in case treatment with vandetanib precipitated genetic changes in 

RET as a possible mechanism of resistance.  The genes of interest are summarised in Table 13.
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Gene Size in 
amino 
acids 

Hotspot 
variants in 
breast cancer? 

Summary of role of protein 
encoded 

Predicted 
variant 
frequency in 
breast cancer 

References 

Key genes of interest in endocrine resistant ER+ breast cancer 

PIK3CA 1069 Yes, E545X, 
E543X and 
H1047X 

Codes for PI3K, key enzyme in 
PI3K/AKT signalling pathway 

44% See Chapter 1 
Introduction 
section 1.2 

TP53 394 No, but 
R175H, R248X 
and R273X 
most 
common. 

Encodes p53; key regulator of 
DNA damage repair 

19% 

PTEN 404 No Key regulator of AKT 6% 

AKT1 480 Yes, E17K Encodes key protein in PI3K/AKT 
pathway 

5% 

ERBB2 1256 No, L755S 
most frequent 

Increased signalling via HER2 
receptor possible mechanism of 
endocrine resistance. 

2% in primary 
tumour 

RB1 929 No Encodes key protein in cell cycle 
regulation.  

5% in 
metastatic 
samples (heavily 
pre-treated) 

MAP2K4 400 No, S184L 
most frequent 

Involved in MAPK signalling 5% 

MAP3K1 1350 No Involved in MAPK signalling 11% 

CDH1 883 No Encodes E-cadherin, variants 
may increase proliferation and 
metastases.  

13% (Lopez-
Knowles et al. 
2019) 

Genes commonly containing genetic variants in ER+ breast cancer but without obvious link to endocrine 
resistance 

GATA3 445 No, M294K 
most common 
but still 
infrequent 

Regulator of T cell development 16% Variant 
frequencies 
from TCGA 
and 
METABRIC 
datasets in 
CBioPortal 
(Gao et al. 
2013) 

KMT2C 4912 No Transcriptional co-activator 9% 

CBFB 183 No, but X55 
splice most 
frequent 

Protein involved in 
haematopoiesis and osteopoesis 

5% 

RUNX1 481 No Transcription factor, contributes 
to haematopoiesis 

5% 

TBX3 744 No Transcriptional repressor 5% 

Genes that could be linked to response or resistance to fulvestrant and vandetanib. ESR1 and EGFR also key 
genes in endocrine resistance 

ESR1 596 Yes, Y537X 
and D538X 

Encodes ER, key driver of growth 
and proliferation. 

14% in 
metastatic 
samples (heavily 
pre-treated) 

(Lefebvre et 
al. 2016) 

RET 1115 No variants in 
METABRIC 
dataset 

Target of vandetanib Unknown (Morandi et 
al. 2011) 
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VEGFR2 
(KDR) 

1357 No variants in 
METABRIC 
dataset 

Target of vandetanib Unknown 

VEGFR3 
(FLT4) 

1299 No variants in 
METABRIC 
dataset 

Target of vandetanib Unknown 

EGFR 1211 No Target of vandetanib ~1% (Network 
2012) 

Other genes of potential interest in endocrine resistance 

LYN 513 No variants in 
METABRIC 
dataset but is 
amplified in 
12% of cases. 

Potential regulator of PI3K and 
AKT1 activity 

Unknown (Schwarz et al. 
2014) 

Table 13 Genes of interest for investigation. X indicates that there are several alternative amino acids that can occur at this 

location all with potentially pathogenic consequences. Size in amino acids taken from COSMIC database 

https://cancer.sanger.ac.uk/cosmic. Where little is known about the gene and its role in endocrine resistance the brief 

description comes from the gene specific entry in https://www.genecards.org/ 

 NGS: Selection of sequencing panel 

Targeted sequencing panels that were commercially available at the time of panel selection (June 

2017) and could be run using the technology available in the laboratory were identified. Gene 

coverage of panels was then compared to the list of genes and regions of interest (Table 13). At this 

point in the project it was estimated that 30 sets of patient samples would be available. A set would 

comprise a tissue sample and three plasma samples taken before entry into the clinical trial, after 8 

weeks on trial and on stopping trial treatment (either due to toxicity, disease progression or patient 

choice). 

In the investigation of potential predictive biomarkers for response to treatment with fulvestrant 

and vandetanib emphasis was placed on generating data from the baseline tissue sample and from 

the final plasma sample. This meant that approximately 60 samples would need to be sequenced in 

addition to validation work. On this basis panels and their associated sequencing costs also had to be 

considered when making a final decision. 

Two panels from Qiagen were considered (GeneRead DNASeq Targeted Panels V2 Breast Cancer 

Panel and QiaSeq targeted DNA panels human breast cancer panel) alongside the Ion Ampliseq 

https://cancer.sanger.ac.uk/cosmic
https://www.genecards.org/
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panel from Thermofisher which could be customised. Ultimately the Qiagen QiaSeq panel did not 

work despite repeated attempts at optimisation including by company experts. The Qiagen 

GeneRead panel offered greater coverage of the genes of interest but at a higher sequencing cost. 

The final decision was to select a combination of the Thermofisher Ampliseq Cancer Hotspot Panel 

v2 (CHPv2) and an additional small customised Ampliseq panel (hereafter referred to as CUSTOM) to 

improve coverage of RET and to include hotspots in ESR1, GATA3 and LYN. A fully customised 

Ampliseq panel was designed to cover all genes of interest but the amplicon coverage was 

ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭŜǎǎ ǘƘŀƴ ǘƘŀǘ ŀŎƘƛŜǾŜŘ ǿƛǘƘ ǘƘŜ ΨƻŦŦ ǘƘŜ ǎƘŜƭŦΩ /ItǾн ǎƻ ǘƘƛǎ ǿŀǎ ƴƻǘ ǘŀƪŜƴ ŦƻǊǿŀǊŘΦ 

The Ampliseq technology also had the advantage of being well used in the literature offering some 

insight into the potential limits of detection; furthermore, despite it being designed for use with 

FFPE samples there were several studies where it had been successfully used with cfDNA. 

Additionally, there was local expertise and easily accessible equipment to support the use of Ion 

Ampliseq (Thermofisher) panels using the Ion Chef (Thermofisher) for template preparation and the 

Ion Proton (Thermofisher) for sequencing. Furthermore, a fully customisable bioinformatic pipeline 

was available through Ion Reporter meaning that in house bioinformatic pipeline development was 

not required.
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 NGS: Use of Ampliseq Cancer Hotspot Panel V2 (CHPv2) in the literature and 

validation of CHPv2 and CUSTOM Ampliseq NGS panels 

Table 14 summarises references to the use of Ampliseq technology with FFPE and cfDNA samples in 

the literature. 

Title Reference DNA source Input 

DNA 

Mean depth of 

coverage 

Additional information 

Serial next-

generation 

sequencing of 

circulating cell-free 

DNA evaluating 

tumour clone 

response to 

molecularly 

targeted drug 

administration 

(Frenel et 

al. 2015) 

cfDNA from 

early phase 

trial 

patients  

3ng Aim: 500 

Actual: 1685 

Ion Ampliseq V2 Hotspot 

panel on Ion PGM 

sequencer. 10pM loading 

conc. LOD of 5% for de 

novo variants and 1% for 

previously identified 

variants. No description 

of how values were 

selected. 

Mutation Analysis of 

Cell-Free DNA and 

Single Circulating 

Tumor Cells in 

Metastatic Breast 

Cancer Patients with 

High Circulating 

Tumor Cell Counts 

(Shaw et 

al. 2017) 

cfDNA from 

patients 

with ABC 

Average 

8ng 

(extracted 

from 

3mls) 

4537 In house designed 30 

amplicon panel using 

Ampliseq Designer. 

Sequenced on Ion PGM. 

Downsampled to 6000 

and omitted all calls with 

Phred quality score <25. 

Cell-free DNA 

mutations as 

biomarkers in breast 

(Jansen et 

al. 2016) 

cfDNA from 

patients 

with ABC 

165-

573pg 

Aim: 5000 Custom panel (3000 

amplicons over 45 genes) 
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cancer patients 

receiving tamoxifen. 

progressing 

on 

tamoxifen 

on Ion PGM. Claimed 1% 

LOD for de novo variants.  

Plasma circulating 

tumor DNA as an 

alternative to 

metastatic biopsies 

for mutational 

analysis in breast 

cancer 

(Rothé et 

al. 2014) 

cfDNA/FFPE 

from 

patients 

with ABC 

150ng  Aim: 25000 

Achieved:18000 

1000 for FFPE 

Ion Torrent Ampliseq 

hotspot. 

Detected down to 

frequency of 0.5% (not 

de novo) 

Circulating tumor 

DNA as a non-

invasive substitute 

to metastasis biopsy 

for tumor 

genotyping and 

personalized 

medicine in a 

prospective trial 

across all tumor 

types 

(Lebofsky 

et al. 

2015) 

cfDNA from 

patients 

with 

metastatic 

tumours 

(all tumour 

types)  

5ng Aim for 95% 

covered by 

>100 reads. 

Ion Ampliseq V1 and V2. 

/ŀƭƭŜŘ ǾŀǊƛŀƴǘǎ ŀǘ җм҈ 

VAF. 

Targeted next-

generation 

sequencing detects 

a high frequency of 

potentially 

actionable 

mutations in 

(Muller et 

al. 2016) 

FFPE from 

patients 

with ABC 

10ng 2800 Cancer Hotspot V2 Panel. 

No detail on LOD or 

bioinformatics. 
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metastatic breast 

cancers 

Comparative 

genomic analysis of 

primary tumors and 

metastases in breast 

cancer 

(Bertucci 

et al. 

2016) 

Fresh 

frozen 

tissue. 365 

gene panel. 

Not 

stated 

300 min tumour content 50% 

PIK3CA and TP53 

gene mutations in 

human breast 

cancer tumors 

frequently detected 

by ion torrent DNA 

sequencing 

(Bai et al. 

2014)  

FFPE from 

primary 

breast 

cancer 

50ng Average 1639 

(28-4732) 

Ion Ampliseq cancer 

Hotspot panel V1 

sequenced on Ion PGM 

 

Rapid detection of 

genetic mutations in 

individual breast 

cancer patients by 

next-generation 

DNA sequencing 

(Liu et al. 

2015) 

FFPE from 

primary 

breast 

cancer 

50ng Mean 1639 (22-

6020) 

Ion Ampliseq cancer 

hotspot panel V1 

 

Next Generation 

Sequencing of 

Circulating Cell-Free 

DNA for Evaluating 

Mutations and Gene 

Amplification in 

Metastatic Breast 

Cancer 

(Page et 

al. 2017) 

cfDNA from 

patients 

with ABC 

3ng 

minimum 

extracted 

from 3mls 

plasma 

Average 

coverage of 

500x per 

amplicon 

Custom 158 amplicon Ion 

AmpliSeq panel. Down 

sample to 2000, VAF of 

>1%. 
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Table 14 Summary of references where Ion Ampliseq technology has been used to analyse genetic variants in cfDNA and 

FFPE breast cancer samples. This is not comprehensive list but has selected high quality studies that offer some realm of 

comparison for the FURVA samples and the approach taken in this project. VAF = Variant allele frequency

Table 14 allows exploration of the potential limits of detection of the CHPv2 panel along with aims 

for amplicon coverage for both FFPE and cfDNA samples.  For cfDNA samples quality sequencing 

data could be obtained with as little as 3ng of input DNA (Frenel et al. 2015; Page et al. 2017) this 

allowed detection of variants at ~1% VAF based on the aim of a minimum depth of coverage of 500 

per amplicon. Only one paper has detected variants below 1%, in this paper variants were called at 

0.5% as long as they had already been identified in paired samples at higher frequencies. This was 

based on very high DNA input ς up to 150ng which will not be possible with the FURVA cfDNA 

samples (Rothé et al. 2014). 

Validation of the Ion Ampliseq panels involved a stepwise approach; initially testing the panel with 

reference standards designed to mimic cfDNA and then with patient samples containing known 

variants. This strategy enabled testing of the library preparation, sequencing and bioinformatic 

pipeline. Although it was not possible to use cfDNA from breast cancer patients prior to the first 

sequencing run using FURVA patient samples it was felt that this approach was pragmatic given 

restrictions imposed by the cost of each sequencing run and availability of patient samples for 

validation work.  

 Experiment 1: Limit of detection of CHPv2 panel 

! ƭƛōǊŀǊȅ ǿŀǎ ǇǊŜǇŀǊŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘions using cfDNA from reference 

standard HD780 (Horizon Discovery, Cambridge, UK). 9 samples were prepared at varying DNA 

concentrations with varying mutational frequencies. The experiment aimed to assess the minimum 

DNA input requirements and the lowest variant frequency detectable. The reference standard 

included variants in EGFR, KRAS, NRAS and PIK3CA. Based on the limits of detection used in the 
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literature as detailed in Table 15 samples with variants at a variant allele frequency (VAF) of between 

5% and 0.5% were tested with DNA input down to 5ng. 
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Sample DNA input (ng) Approximate VAF (%) 

1 20 5 

2 10 5 

3 5 5 

4 20 1 

5 10 1 

6 5 1 

7 20 0.5 

8 10 0.5 

9 5 0.5 

Table 15 Samples run in first limit of detection experiment CHPv2 

All final libraries were quantified using a Qubit Flurometer (Life Technologies, Carlsbad, CA, USA) and 

selected samples were evaluated using the Agilent Bioanalyzer (Agilent Technologies, Santa Clara, 

CA, USA). Qubit concentrations were expected to be between 300ng and 1400ng/mL; the range for 

the nine samples was 242-848ng. With only sample 8 and 9 falling below the 300ng value. 

 

Figure 12 Annotated Bioanalyzer trace for sample 6 showing peaks in the expected range of amplicon size 
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3 samples were selected for analysis using a Bioanalyzer. This allows visualisation of final fragment 

size of the library (see example in ). For all three samples tested, traces showed in the range 

expected in the protocol (120-400bp). The Bioanalyzer also allows calculation of the final 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ǘƘŜ ǎŀƳǇƭŜǎΦ ¢ƘŜ ǇǊŜŘƛŎǘŜŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ 

were 200-10,000pM and the concentrations of the samples fell within this range. Samples were 

pooled to give equal coverage at a concentration of 1000pM, this pool was then further diluted to 

100pM and finally 75pM for template preparation using Ion PI sequencing chips on the Ion Chef 

(Thermofisher, Waltham, MA, USA). Following template preparation chips were sequenced using the 

Ion Torrent Proton Sequencer (Thermofisher, Waltham, MA, USA). Torrent Suite software Version 

5.8.0 (Thermofisher, Waltham, MA, USA) created FASTQ, BAM and BAI files for each barcoded 

sample which could then be downloaded and reviewed. 

Each BAM file was manually reviewed using Integrative Genomics Viewer (IGV) to ascertain whether 

the variants present in the reference standard had been sequenced correctly. Subsequently, each 

sample was analysed using Ion Reporter (Thermofisher, Waltham, MA, USA) using a customised 

workflow to the appropriate expected VAF If variants were not detected by the automated 

bioinformatic pipeline but were present in the BAM file on IGV then the sample was re-analysed 

with a lower VAF cut off e.g. where the expected allele frequency was 5% all variants above 1% were 

reviewed. If the VAF was 1% then all calls above 0.5% were reviewed. The customised workflow 

allows for downsampling to a depth of 2000 reads. This means that for samples where coverage is 

very high downsampling can mean variants appear at lower frequencies than expected. Increasing 

the downsampling significantly would reduce the risk of this but at the expense of a much longer 

analysis time and for many samples may not increase the quality of variant calls. 
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Sample 1 
20ng 5% 

Sample 2 
10ng 5% 

Sample 3 
5ng 5% 

Sample 4 
20ng 1% 

Sample 5 
10ng 1% 

Sample 6 
5ng 1% 

Sample 7 
20ng 0.5% 

Sample 8 
10ng 0.5% 

Sample 9 
5ng 0.5% 

Gene AA change Base change 
IGV 

IR 
(1%) IGV 

IR 
(1%) IGV 

IR 
(1%) IGV 

IR 
(0.5
%) IGV 

IR 
(0.5
%) IGV 

IR 
(0.5
%) IGV 

IR 
(0.5
%) IGV 

IR 
(0.1
%) IGV 

IR 
(0.1
%) 

EGFR 
L858R 

missense 
c.2573T>G Y Y Y Y Y Y Y N Y Y  Y Y  Y Y N* N N* N 

EGFR E746 DEL 
c.2235_2249del

15 
Y Y Y Y Y Y Y Y Y Y  Y Y  Y Y Y Y Y Y 

EGFR 
T790M 

missense 
c.2369C>T Y Y Y Y Y Y Y Y  Y Y  Y Y  Y Y N N Y Y  

EGFR 
V769 in 

frame INS 
c.2308_2309ins

CCAGCGTGG 
Y Y Y Y Y Y Y Y Y Y  Y Y  Y Y**  N Y N N 

KRAS 
G12D 

missense 
c.35G>A Y Y Y Y Y Y Y Y Y Y  Y Y  Y Y Y Y Y Y 

NRAS 
Q61K 

missense 
c.181C>A Y Y Y Y Y Y Y N Y Y  Y Y  Y Y Y Y Y Y 

NRAS 
A59T 

missense 
c.175G>A Y Y Y Y Y Y Y Y Y Y  Y Y  Y Y Y Y N* N 

PIK3CA 
E545K 

missense 
c.1633G>A Y Y Y Y Y Y Y Y Y Y  Y Y  Y Y Y Y Y Y 

Table 16 Comparing variants identified manually or via semi-automated bioinformatic pipelines for samples of varying VAF and DNA input. BAM files from each sample were reviewed 

manually in Integrated Genome Viewer (IGV) to ascertain whether variant was manually detectable. BAM files were then run through customised workflows in Ion Reporter V5.10 (IR). The cut 

off VAF frequency was adjusted in each workflow in order to allow calls within the expected range of VAF in the sample e.g. a sample with an expected VAF of 0.5% was run on a workflow that 

allowed review of all variants at a VAF >0.1%. The cut off is indicated in brackets at the top of each IR column. *denotes variants that were present on manual review but with less than 10 

reads for the alternate allele. **denotes a variant that required the VAF filter level to be lowered to 0.1%. 
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Table 16 shows the nine samples run using the CHPv2 panel. The BAM file for each sample was 

reviewed manually in IGV to ascertain whether the expected variants could be detected. The BAM 

file was then run through a customised workflow designed using Ion Reporter V5.10 (IR). The 

workflow could be further customised by applying filters to adjust the cut off VAF for calls. Table 16 

shows that variants present at ~5% can be detected with DNA input as low as 5ng. Variants with a 

VAF of ~1% can also be detected as long as the VAF cut off is adjusted to 0.5%. Two variants in 

sample 4 were not detected this was due the failure in the sample preparation; in both locations the 

Phred Quality score was <6 indicating poor sequencing. Below a VAF of 1% it is still possible to detect 

variants, particularly if the original DNA input was high (e.g. Sample 7) however, pragmatically this is 

not useful for de novo variant detection as it would require the manual review of 2646 variants in 

this example.  

This data is limited by the lack of duplicate experiments and the lack of samples with VAF between 

1% and 5% however it allows a confident limit of detection of a VAF of 5% and suggests that a 

workflow using a cut off of 1% allows balance between number of variants called while minimising 

the risk of missing variants with a VAF of between 1% and 5%. An additional factor to consider is that 

these samples were reference standards. Although attempts have been made to create standards 

representative of cfDNA e.g. short fragments of DNA it is likely that patient samples will be less pure 

and therefore the actual limit of detection may vary sample to sample. Practically the limit of 

detection for the CHPv2 panel probably lies around 2% VAF if at least 5ng of DNA is used as a 

starting material. Below 5ng the sensitivity of the panel to detect low level somatic variants will be 

reduced.  

Furthermore, no samples with a total DNA input less than 5ng were tested. At this point it was not 

known that a significant number of the FURVA patient samples would have a total DNA input of 

<5ng. 
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 Experiment 2: second validation run testing both CHPv2 and CUSTOM panel using a range of 

reference standards and patient samples 

Before using either panel on the samples from participants in the FURVA trial it was important to 

test the panels using DNA from patient samples and reference standards including genes of 

significant interest in breast cancer. In this second experiment 10 samples were prepared for 

sequencing using the Ion Ampliseq Library Kit 2.0 (Thermofisher, Waltham, MA, USA) as per 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎ όǎŜŜ Table 17) using both the CHPv2 panel and the CUSTOM panel. The 

10 samples comprised 4 reference standard samples (3 at 10ng DNA input and one at 5ng, all 

representing cfDNA), 4 patient samples (all at 10ng DNA, all representing FFPE extracted DNA) and 

two further reference standards known wild type for certain mutations (one from cell line DNA and 

one representing cfDNA). No patient derived cfDNA samples with known variants were available for 

validation. The lower VAF frequencies of AKT1 and PIK3CA were made by mixing DNA that was 

known to be WT for AKT1 with the reference standard containing known variants at known VAF. No 

VAF frequency was available for the FFPE patient samples (sample 1-4) as the variants had been 

identified using Sanger sequencing
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This second validation experiment demonstrated that the library preparation, sequencing and 

bioinformatic workflow allowed detection of variants in patient derived FFPE samples and gave 

examples of variants from reference standards representative of cfDNA showing that it is possible to 

detect variants between 1% and 5% VAF (sample 6 and 7). In sample 6 both variants were detected 

by the standard bioinformatic pipeline in Ion Reporter whereas for sample 7 only the variant with a 

VAF >1% was detected using IR. 

 Experiment 3: Validation of the CUSTOM Ion Ampliseq panel 

The CUSTOM Ampliseq panel covers variants in ESR1, GATA3, RET and LYN. At the time of the 

validation no reference standards were commercially available for variants in these genes. Search of 

in-house databases for samples containing variants in these genes did not identify any suitable 

Sample Details DNA source 
Input 
DNA 

Expected mutation 
and VAF (if 
available) 

Results 

1 Patient 1 FFPE 10ng TP53 C135Y Detected by IR 56% 

2 Patient 2 FFPE 10ng TP53 K132N Detected by IR 18% 

3 Patient 3 FFPE 10ng TP53 S127Y Detected by IR 49% 

4 Patient 4 FFPE 10ng TP53 Q103* Detected by IR 21% 

5 

HD786 
multiplex 

RS 
fragmented 

cell line  10ng 
AKT1 E17K 5%, 

PIK3CA E545K 5.6% 
Detected by IR at 6.3% and 

5.1% respectively 

6 

HD786 
multiplex 

RS 
fragmented 

cell line  10ng 
AKT1 E17K 2.5%, 

PIK3CA E545K 2.8% 
Detected by IR at 4.1% and 

3.5% respectively 

7 

HD786 
multiplex 

RS 
fragmented 

cell line  10ng 
AKT1 E17K 1.25%, 
PIK3CA E545K 1.4% 

PIK3CA variant detected by 
IR at 2.75%, AKT1 at 0.35% 
only detected by manual 

review of filtered out 
variants 

8 

HD786 
multiplex 

RS 
fragmented 

cell line  5ng 
AKT1 E17K 5%, 

PIK3CA E545K 5.6% 
Detected by IR at 5.4% and 

5.6% respectively 

9 

HD 659 
AKT1 WT 

RS cell line 10ng NIL in AKT1 
No variants called in AKT1 in 

IR 

10 
HD 776 
WT RS 

fragmented 
cell line  10ng 

NIL in variant list 
for HD776 

No variants detailed in 
HD776 called 

Table 17 Comparing different DNA sources and variants analysed using IR. All reference standards are identified by the 
prefix HD (Horizon Diagnostics) followed by their catalogue number. RS = reference standard. * = termination (STOP codon). 
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samples. Therefore, it was not possible to validate that the panel could correctly identify variants, 

but it was possible to check that the chemistry of the panel design covered the ROI.  

Libraries were prepared using a variety of DNA sources (see Table 17). After sequencing, the 

CoverageAnalysis plugin in Torrent Suite version 5.8.0 (Thermofisher) was used to calculate coverage 

per amplicon. A minimum coverage of 1000 reads was set for each amplicon with the hope of being 

able to detect low frequency (<5% VAF) in low DNA input samples. Table 18 shows that in 7/10 

samples depth of coverage was >1000 for all amplicons. The three samples where coverage is less 

than 100% had very low coverage overall compared to other samples. This could either be due to 

poor quality DNA input, technical issues in library preparation or uneven pooling of final libraries. As 

all samples that had good overall coverage had full coverage of the amplicons of interest it would be 

likely that the problem was with the samples rather than the panel.
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Sample information tŜǊŎŜƴǘŀƎŜ ƻŦ ŀƳǇƭƛŎƻƴǎ ǿƛǘƘ җмллл ŎƻǾŜǊŀƎŜ 

Sample Detail Source DNA input 
ESR1 

n=2 

RET 

n=20 

GATA3 

n=11 
LYN n=8 

All amplicons 

n=41 

S1 Patient 1 FFPE 10ng 100% 100% 100% 100% 100% 

S2 Patient 2 FFPE 10ng 100% 100% 100% 100% 100% 

S3 Patient 3 FFPE 10ng 100% 100% 100% 100% 100% 

S4 Patient 4 FFPE 10ng 100% 80% 73% 75% 85% 

S5 Patient 5 FFPE 10ng 100% 100% 100% 100% 100% 

S6 HD786 multiplex RS fragmented cell line 10ng 100% 55% 75% 63% 68% 

S7 HD786 multiplex RS fragmented cell line 10ng 0% 50% 27% 50% 41% 

S8 HD786 multiplex RS fragmented cell line 10ng 100% 100% 100% 100% 100% 

S9 HD786 multiplex RS fragmented cell line 5ng 100% 100% 100% 100% 100% 

S10 HD 659 AKT1 WT RS cell line 10ng 100% 100% 100% 100% 100% 

Table 18 Ten samples run using the CUSTOM Ampliseq Panel. Samples were then analysed using the CoverageAnalysis plugin in Torrent Suite version 5.8.0 to assess coverage of the ROI in each 

gene. 
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 NGS: Summary of limit of detection (LOD) experiments and final bioinformatic 

pipeline for use with FURVA patient samples 

The three validation experiments performed showed that variants could be detected from FFPE 

patient samples and cfDNA reference standards. Variants could be detected manually using IGV as 

low as 0.5% VAF, however automated variant detection at these low levels relied on 20ng of DNA 

input and would not be suitable for de novo variant detection as over 2000 variants would need to 

be manually reviewed. More realistically the LOD lies between 1 and 5% depending on the quality 

and quantity of the DNA used for library preparation. For samples with low DNA input (Җ5ng) the 

confident LOD is 5%. It is possible to detect variants between 1 and 5% even in low DNA input 

samples but as these samples were reference standards it may be that variants at <5% need to be 

interpreted with caution, particularly in low quality samples or those where there is no additional 

sample present to cross reference. 
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 DdPCR: Assay specifics and validation 

A limitation of the NGS work in this project was that the NGS panel selected was unable to analyse 

copy number changes in samples. Copy number changes are reported frequently in ER+ breast 

cancer with the most common as per the Razavi et al dataset in CBioPortal limited to ER+/HER2- 

metastatic samples (n=687) detailed in Table 19. 

Gene % of patients with CNA Gene role Reference 

CCND1 25.5 Encodes Cyclin D1 

which in turn regulates 

CDKs 

(VanArsdale et al. 

2015) 

FGF19 23.7 Hormone like growth 

factor 

(Perez-Garcia et al. 

2018) 

 FGF4 23.0 Paracrine or autocrine 

like growth factor 

FGF3 22.6 Paracrine or autocrine 

like growth factor 

FGFR1 15.0 Growth factor receptor 

PAK1 13.5 Kinase involved in cell 

motility. Potentially 

acts within the PI3K 

pathway. 

(Thillai et al. 2017) 

MYC 9.3 Oncogene involved in 

cell cycle progression 

(Green et al. 2016) 

Table 19 Genes commonly showing copy number alteration (CNA) in ER+/HER2- metastatic breast cancer as determined by 

Razavi et al (2018) using FFPE tissue and next generation sequencing 
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Two of the commonly amplified genes were selected for investigation. Firstly, MYC and secondly 

FGFR1. MYC was selected due to its key role in the cell cycle and its documented role in endocrine 

resistance; if MYC was significantly amplified in a tumour it would be likely that it was the key driving 

variant of that tumour. One could hypothesise that a CNA in MYC in the primary tumour may result 

in primary endocrine resistance and amplification in the metastatic setting could be a potential 

mechanism of resistance to endocrine therapies. FGFR1 was selected over the associated growth 

factor encoding genes as it is targetable with emerging therapies in the clinic, it also has a stronger 

evidence base of pathogenesis in endocrine resistant breast cancer. Analysing PAK1 and/or CCND1 

would also be interesting but more than two targets were beyond the sample availability and scope 

of this section of the project. One could argue that investigation of CCND1 amplification is of more 

interest where CDK4/6 inhibitors are in use while PAK1 is of interest but lacks concrete evidence of 

association with endocrine resistance.  

Using cfDNA to examine copy number is a technique that has potential for many clinical applications 

and in this respect analysing copy number by ddPCR rather than NGS has advantages such as speed 

and cost. CNV analysis by ddPCR is commonly investigated using HER2 as a target due to its clinical 

significance and the range of targeted therapies available for patients whose tumours are HER2 

amplified.  

MYC CNA has, to my knowledge, been looked at only in colorectal cancer using ddPCR (Lee et al. 

2019). It has been studied in breast cancer using FISH in a number of settings including neo-adjuvant 

where use of the Shannon Index showed that patients with high MYC has a worse disease free 

survival particularly in ER+ patients (Chung et al. 2018). In a 2017 meta-analysis of MYC expression in 

breast cancer FISH was the most commonly used detection method (48%) while other methods 

included qPCR and IHC; no distinction was made between protein and gene expression. The meta-

analysis showed that MYC expression was associated with worse RFS/DFS and OS, more so in 

patients with ER negative disease (Qu et al. 2017).  



Chapter 2: Materials and Methods 

 

117 
 

 ESR1 multiplex assays 

Pre-designed multiplexed probes were purchased from Biorad (Cat no: 12003910 and 12004118 ς 

see Table 20 for list of variants). ESR1 variants that had been identified using NGS were used to 

validate the assays for the detection of D538G and Y537N variants. Validation was repeated using 

gBlock synthetic double stranded DNA fragments (Integrated DNA technologies, Coralville, IO, USA) 

for the same variants. Samples that did not contain ESR1 variants as determined by NGS were used 

as negative controls and to assess whether false positive droplets occurred. 

Multiplex 1 (MPX1) Multiplex 2 (MPX2) 

E380Q S463P 

Y537C Y537S 

D538G Y537N 

L536R  

Table 20 Variants covered by each multiplex 

 shows four ddPCR reactions demonstrating a positive control (g-block) and a negative control 

(patient FFPE sample) for each multiplex assay. In panel A and B blue dots indicate the presence of 

the variant and the green dots represent wild type DNA. While in panel C and D the green dots 

indicate wild type DNA present for the regions of interest. 
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Figure 13 ESR1 multiplex controls. In both A and B blue dots in the top left of the graph illustrate droplets containing the variant DNA sequence. Orange dots illustrate droplets containing both 

WT and variant DNA. Grey dots illustrate droplets that contain neither WT nor variant droplets while the green dots represent droplets containing WT DNA. Both multiplex assays contain 

probes for three or four variants and thus there are multiple groups of WT droplets noted. In A the positive droplets number 89 which relates to a VAF of 7%. In B the positive droplets number 

55 relating to a VAF of 4%. WT = wild type 
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Previous studies have explored the frequency of ESR1 variants in patients with ER+ ABC. The limit of 

detections in these studies ranged from 0.1% (no details given on how LOD was established) (Najim 

et al. 2019) ǘƻ Ψн ǇƻǎƛǘƛǾŜ ŘǊƻǇƭŜǘǎΩ (Fribbens et al. 2016). The two positive droplet cut off was 

extrapolated from the methodology detailed in (Garcia-Murillas et al. 2015; Schiavon et al. 2015) 

which the authors suggest is equivalent to 3 copies or 0.00024%. This limit of detection was 

calculated by extracting gDNA totalling 15,000 copies from a cell line and spiking it with 3 copies of 

DNA containing a D538G variant. hǘƘŜǊǎ ŜǾŜƴ ŀŎŎŜǇǘŜŘ ŀ ǎƛƴƎƭŜ ǇƻǎƛǘƛǾŜ ŘǊƻǇƭŜǘ ŀǎ ŀ ΨǇƻǎƛǘƛǾŜΩ 

sample (Chandarlapaty et al. 2016). In another study the limit of detection was around 0.02% with 

20ng DNA input, no detail is given on how the authors arrived at this figure (Spoerke et al. 2016). 

The probes used here were the same as those used by Fribbens et al. In their study low DNA input 

samples (not quantified) a minimum of 300 WT droplets were required; this equated to a 95.1% 

probability of detecting variants at a VAF of 1% (Fribbens et al. 2016). This cut off has been applied 

to the FURVA samples when the estimated DNA input was <10ng as per Qubit concentration. 

For many cfDNA samples from the FURVA study the total DNA input into the reaction was <5ng. 

Experiments were designed to explore the limits of detection of the assay both in terms of VAF and 

input DNA. Input DNA was calculated as per copies/µL as per the absolute quantification by ddPCR. 

In the experiments detailed in Table 21 synthetic DNA fragments containing the variant of interest 

(gBlock) were mixed with wild type synthetic DNA fragments to create samples with varying DNA 

inputs and variant allele frequencies (VAF). The aim of the experiment was to create samples with 

decreasing DNA concentration but similar VAF (experiment A) and with decreasing VAF but similar 

DNA concentration (experiment B). However, as seen in  this was difficult to achieve with the gBlock 

DNA fragments. Even when sample concentration had been quantified using ddPCR in prior 

experiments attempts to mix DNA containing the variant of interest with wild type DNA did not 

manage to produce consistent VAF or DNA depending on the variable that was supposed to be 

constant.  
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gBlock gene fragments are artificially made double stranded DNA fragments usually measuring 

between 125 and 3000bp. They allow creation of DNA sequences containing specific variants and in 

this thesis are used as controls where patient samples were not available. The serial dilutions 

required are challenging to create low DNA concentration reference samples such as those needed 

in this thesis. While all efforts were made to quantify DNA at each dilution and ensure thorough 

vortexing of samples it was not always possible to create a final solution of the desired 

concentration.  

Furthermore, when exploring very low level concentrations it was not possible to check 

concentrations with Qubit analysis prior to use of samples in the ddPCR assay. 

 DNA 

concentration 

(D538G/WT) 

(copies/µL) 

VAF with upper 

and lower CI 

from Poisson 

distribution 

D538G 

droplets 

WT droplets Equivalent 

DNA input 

 A: Exploring minimum DNA input, VAF should be around 8% for all samples 

S1 17/193 8.12 (9.22-7.01) 193 2030 ~0.7ng/µL 

S2 0.637/7.88 7.48 (12.3-2.68) 9 111 ~0.03ng/µL 

S3 0.24/1.53 13.8 (26.9-9.694) 4 25 ~0.006ng/µL 

S4 0.194/0.84 18.7 (39.1-0) 3 13 ~0.004ng/µL 

 B: Exploring VAF detectable with varying low DNA concentration samples 

S5 1.19/36.7 3.13 (1.65-4.61) 17 519 ~0.13ng/µL 

S6 0.255/55.2 0.459 (1.01-0) 3 635 ~0.2ng/µL 

S7 0.717/6.47 9.98 (3.27-16.7) 8 72 ~0.025ng/µL 

S8 0.1/110 0.09 (0.305-0) 1 1053 ~0.4ng/µL 

Table 21 Experiments run using G-block DNA fragments for ESR1 D58G and ESR1 WT to attempt to establish limits of 

detection for low DNA input samples 
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The data in Table 21 shows that in experiment A samples with a VAF of ~8% can be detected with a 

DNA input as low as 0.006ng/µL albeit with large confidence intervals. In experiment B the best 

conclusion that can be drawn is that low DNA input samples e.g. 0.13ng/µL can detected variants at 

3%. For variants around 0.5% VAF, more DNA is needed than 0.2ng/µL. This means that some of the 

FURVA samples will not contain enough DNA to detect variants with a VAF of <1%. In experiment B it 

has also been demonstrated that even with reasonable DNA input very low-level variants e.g. 0.09 

VAF cannot be confidently detected.  

Using G-block containing the variant Y537N similar experiments were performed using the MPX2 

probes to try and establish the frequency of variant that could be detected from low DNA input 

samples.
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 DNA concentration 

(Y537N/WT) 

(copies/µL) 

VAF (fractional 

abundance %) 

Y537N 

droplets 

WT droplets Equivalent DNA 

input 

 A: DNA input higher 

S1 0.406/11.5 3.41 (6.46-

0.361) 

5 141 0.045ng/µL 

S2 0.234/23.2 0.997 (2.19-0) 3 295 0.08ng/µL 

S3 0.155/24 0.641 (1.64-0) 2 307 0.085ng/µL 

S4 0.132/19.2 0.684 (1.72-0) 2 288 0.075ng/µL 

 B: DNA input lower 

S5 0.383/4.53 7.8 (14.6-

0.994) 

5 59 0.015ng/µL 

S6 0.268/13.8 1.9 (3.84-0) 4 205 0.05ng/µL 

S7 0.143/10.3 1.37 (3.45-0) 2 143 0.035ng/µL 

S8 0.07/11.1 0.064(2.17-0) 1 153 0.04ng/µL 

Table 22 Samples containing G-block DNA at similar variant frequencies with low and very low total samples DNA 

concentrations. The VAF shows the estimate VAF and the 95% confidence interval in brackets. The equivalent DNA input 

was calculated using the online calculator available at https://www.thermofisher.com/uk/en/home/brands/thermo-

scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-

tools/dna-copy-number-calculator.html to convert copies/µL to ng/µL.

https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/dna-copy-number-calculator.html
https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/dna-copy-number-calculator.html
https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/dna-copy-number-calculator.html
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gain, working with g-block was challenging. The aim of the experiment detailed in Table 22 had been 

to create samples with decreasing variant frequency and then test those variant frequencies at low 

and very low overall sample concentrations with the aim of being representative of those samples 

which were either very low in cfDNA concentration at the point of extraction or were diluted to 

allow testing as insufficient material remained. Despite using dilutions that had been directly 

quantified by ddPCR as the starting sample the samples used in Table 22 had lower overall DNA 

concentrations than I would have liked.  

The conclusion that can be drawn from this experiment is that only variants above 3% can 

confidently be identified from samples with very low DNA concentrations, the concentrations can be 

as low as 0.015ng/µL (S5 in Table 22). This expands on the findings from Table 21 where it has now 

been shown that samples with a VAF ~3% can be detected with low DNA input (S1 in Table 22). 

In summarȅΣ ǾŜǊȅ ƭƻǿ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǎŀƳǇƭŜǎ όŎŦ5b! ŎƻƴŎŜƴǘǊŀǘƛƻƴ җ лΦлмрƴƎκҡ[ύ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ 

detect ESR1 variants using the multiplex probes if the VAF is >3%. These experiments do not answer 

the question of the lowest VAF detectable using samples with good DNA concentrations. This will be 

retrospectively interrogated with the results from the patient samples (see Chapter 6). 

 MYC and FGFR1 copy number variation (CNV) assays 

DdPCR can be used to evaluate copy number by designing probes that contain a sequence unique to 

the gene of interest and pairing them with a DNA sequence in a reference gene that is not known to 

amplify. The number of copies of the sequence of interest can act as a surrogate marker for the 

number of copies of that gene contained in the sample. This has successfully been used to evaluate a 

number of targets, for example HER2 in breast cancer (Gevensleben et al. 2013). The use of ddPCR in 

this project has allowed data on CNV in two key genes in ER+ breast cancer to be collected from 

patients in both arms of the trial.  
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 Defining amplified samples 

2.5.4.2.3.2 FFPE 

Much of the published work to date has focussed on using ddPCR to assess ERBB2 CNV. This is an 

obvious target as there are established gold standard methods to identify amplified samples (IHC 

and FISH). In FFPE samples where the percentage of DNA representing tumour is known one can 

make a good estimate of the ratio of copies of gene of interest, that will suggest that amplification is 

present. An example is shown, taken from Otsuji et al in  (Otsuji et al. 2017). From this one can 

confidently call any ratio >2 as amplified in an FFPE sample. Additionally, for samples with lower 

tumour content the ratio threshold for a positive sample can lie between 1 and 2. The threshold for 

an individual sample can be calculated using the question R = x+1 where R is the ratio above which a 

sample is amplified and x is the tumour percentage expressed as a decimal. 
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Figure 14 This graph taken from Otsuji et al shows the broad relationship between percentage of tumour present in FFPE 

samples and the ratio of gene of interest : reference gene required to call an amplified result. Assessment of tumour 

percentage (TCR) is usually by circling the area of highest tumour percentage on an H&E stained slide and always has a 

degree of subjectivity.  

In interpretation of the results from the copy number experiments using DNA derived from FFPE 

ǎŀƳǇƭŜǎ ōƻǘƘ ŀ ǎǘǊƛŎǘ Ŏǳǘ ƻŦŦ ƻŦ ŀ Ǌŀǘƛƻ җн ŀƴŘ ǘƘŜ ƳƻǊŜ ƭŜƴƛŜƴǘ Ŏǳǘ ƻŦŦ ŀǎ ǇŜr the methodology in  

were explored. However, we must bear in mind that a sample that is mathematically amplified may 

not be clinically significant The results of these are presented in Chapter 5 and again in Chapter 6 

when clinical outcome data allows more nuanced thresholds to be explored.  

2.5.4.2.3.2 cfDNA 

Defining the cut off for an amplified cfDNA samples is more challenging as the percentage of the 

DNA going into the test is a mixture of tumour and non-tumour DNA (as shown in ), thus the tumour 

DNA is likely to be at a much lower percentage than in FFPE samples and is unknown.  
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Figure 15 Infographic showing ctDNA as a proportion of cfDNA. DNA from both normal (blue) and tumour cells (green and 

orange) is shed into the blood stream via apoptosis, necrosis and potentially by direct secretion(Wan et al. 2017). This 

mixed collection of DNA forms cfDNA, of which a percentage will be DNA from tumour cells (ctDNA).  

The amount of tumour DNA will also vary between samples and in a significant minority will be zero. 

This makes it very difficult to apply a single cut off value to a set of samples. The best worked 

example of this challenge I have identified is the work by Gevensleben et al. Here, upper and lower 

limits were defined where any values above the upper limit were highly likely to be amplified and 

those below the lower limit were not. The thresholds were determined by a 95% CI of a threshold of 

1.25 which was the optimum cut point as determined by ROC curve analysis of 44 cfDNA breast 

cancer samples where the HER2 status was known from paired FFPE samples tested with IHC and 

FISH if necessary (Gevensleben et al. 2013).  

However, in this thesis no prior knowledge of MYC or FGFR1 copy numbers was available making the 

methodology used by Gevensleben inappropriate due to too many unknown factors. Instead the 

ratios of the gene of interest to reference gene will be paired with clinical outcome data and 

retrospective statistical analysis will be used to determine whether an optimum cut-point can be 

determined to identify prognostic groups using the maxstat method (Hothorn and Zeileis 2008) 
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which incorporates the ratio of the gene of interest to the reference gene and a survival variable (in 

this thesis progression free survival (PFS)) to identify the cut point most able to identify a meaningful 

difference between two groups. 

In samples that were identified as amplified, where possible, another sample from the same patient, 

either cfDNA or FFPE was tested to compare the amplification status between time points.  

 Chapter discussion 

The materials available for this project in terms of tissue blocks and plasma samples have been 

limited. Both in terms of the number of patients with complete sets of tissue and plasma samples 

representing trial entry, 8 weeks and end of treatment and physically limited in the number of slides 

available from each block and the volume of plasma available for DNA extraction. 

Within the treatment arm of the trial only seven patients out of a possible 80 had a full set of 

samples available. As the focus of the project was biomarkers of response to vandetanib it would 

have not been logical to seek an alternate source of samples. However, the lack of sets of samples 

meant that the final data is not as uniform as I would have liked. For example, much of the cfDNA 

work has been performed on a heterogeneous mix of cfDNA samples with some coming from trial 

entry and others having been exposed to vandetanib or fulvestrant at either 8 weeks or end of trial 

treatment, particularly the latter ddPCR work (MYC and FGFR1 copy number) where the lack of 

uniformity in drug exposure could introduce bias and act as a confounding factor.  

The potential risks of using cfDNA samples from a mixture of time points are twofold: if a baseline 

sample has been used then any variants that may have either appeared as a result of treatment or 

become detectable due to sub-clonal proliferation will not have been detected; where the 8-week 

sample has been used there is a risk that if a resistance variant has developed it may have not yet 

become detectable. If the patient is responding well to treatment even clonal variants may not be 

detectable. With all cfDNA samples there is a risk that while there are variants in the tumour tissue, 
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DNA containing these variants is not being shed into the blood. This is particularly true for patients 

with luminal A and B breast cancers where the rate of detectable variants has been shown to be 

significantly lower than for HER2+ or TNBC (Zhou et al. 2019). This study predominately used primary 

breast cancer samples but it is likely that the same trend would be seen in metastatic samples. There 

are many pre-analytical variables prior to the use of cfDNA to detect cancer variants in ctDNA such 

as sample collection, sample storage and DNA extraction all of which can have significant influence 

on the final quality and quantity of DNA going into the final test (Markus et al. 2018). Thus, the 

absence of ctDNA can be due to either clinical factors, pre-analytical factors or a combination of 

both. 

Where possible the EOT sample has been used as it was hypothesised that these samples would 

contain the highest quantity of ctDNA due to the progression and later stage of the disease. In 

addition, a further hypothesis was that patients may develop variants that conferred resistance to 

treatment during the course of treatment and these would only be detectable in the EOT sample. 

However, the EOT samples were a finite resource and thus, where necessary, were replaced by 

either 8W or BASE plasma samples.  

 Immunohistochemistry 

Immunohistochemistry is a well-established, if partially subjective, technique for examining protein 

expression in FFPE tissue. Its advantages over other antibody-based techniques such as western 

blotting or enzyme linked immunosorbent assay (ELISA) include the ability to quantify and 

investigate the staining pattern of the protein of interest, for example where the staining occurs in 

the cell ς membrane, cytoplasm or nucleus. By using whole sections rather than creating a TMA 

further detail can be gained about the expression of RET in any normal structures contained in the 

sample, it also allows visualisation of any heterogeneity of staining in different regions of the 

sample.  
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115 of the samples available for IHC were primary tumour sample. As it has been shown that RET 

expression increases as endocrine resistance develops it would have been interesting and potentially 

more accurate to use tissue taken from a biopsy at the point of endocrine resistance to try and 

ascertain whether RET protein expression could be a predictive biomarker for response to 

vandetanib and fulvestrant. However, this was not mandated in the study protocol and is often 

impractical in a clinical setting.  

Furthermore, the p-RET antibody selected resulted in significant background staining despite 

optimisation. This is likely due its polyclonal nature. Had a monoclonal antibody been available this 

would have been selected. In addition to this it would have been ideal if the antibody used had 

already been used in other studies in breast cancer. However, the antibodies used in the 

publications available at the time of antibody selection were no longer in production.  

 Next generation sequencing 

Next generation sequencing has been used extensively in breast cancer research to identify genes 

containing variants that could act as potential biomarkers. Common variants have been identified 

and characterised but aside from TP53 variants are often not prognostic biomarkers in isolation. The 

purpose of the next generation sequencing element of this project was to search for variants at 

multiple time points during treatment with vandetanib and fulvestrant. It was hypothesised that 

new variants might emerge after treatment with vandetanib and fulvestrant. Thus, the technology 

selected for NGS needed to cover a good variety of genes of interest in ER+ breast cancer, along with 

detailed coverage of RET as it was thought that cells resistant to RET inhibition may contain variants 

in RET. The technology also needed to be compatible with DNA from FFPE samples and cfDNA 

extracted from plasma. At the time of selection (June 2017) the Ampliseq CHPv2 panel and an 

additional custom designed panel covering hotspots in RET, LYN, GATA3 and ESR1 offered a 

reasonable compromise between size and design of panel, DNA input required, DNA input type and 

expected coverage using the technology available (Ion Proton, Thermofisher, Waltham, MA, USA). 
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Subsequent to panel selection, technology has continued to improve, and panels are now often 

significantly larger. With the advent of unique molecular barcoding the limits of detection have also 

been improved. However, the absolute quantity of cfDNA that it is possible to extract from 2mls of 

plasma from patients with ER+ breast cancer has not increased, and this continues to be a limiting 

factor in the use of large sequencing panels with low concentration cfDNA samples.  

It was challenging to design experiments to accurately assess the limit of detection of the selected 

NGS panel. It is not possible to validate every possible variant in the panel therefore validation is 

limited to common variants. Validating with commercially produced reference standards allows the 

most accurate estimation of input DNA and expected VAF but is also the purest form of DNA it is 

possible use and is not representative of patient samples. Validating with patient samples relies on 

availability of samples with a specific variant and then contains many variables that it is not possible 

to keep the same across all samples such as the way the sample was collected and stored or the way 

the DNA was extracted. The validation performed here used reference standards specifically 

designed to mimic cfDNA and patient samples for FFPE. 

Ultimately each clinical sample has variables that cannot be fully controlled for such as DNA quantity 

and quality which can both be affected by the processing and storage of that sample. The most 

accurate conclusion from  is that with DNA from a commercially produced reference standard and 

adapted bioinformatic pipeline the technology could detect variants as low as 0.5% VAF providing at 

least 5ng of DNA had been used. However, when analysing clinical samples where variants are 

unknown this level is impractical as the number of variants that would have needed manual review 

would be in the thousands for each sample. With clinical samples the practical limit of detection is 

around 5% VAF. For samples with good DNA quality and >5ng DNA input it is likely to be lower 

therefore all variants called with a VAF of >1% were manually reviewed.  

There are ways in which DNA can be more accurately quantified such as using ddPCR for direct 

quantification. In addition, there are also methods available to assess the quality of DNA such as 
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using an electrophoresis-based method like the Agilent Bioanalyzer. In this project, the number of 

samples was small and finite and, even if armed with more information, poor quality and low DNA 

concentration samples would still be run in the hope that usable data could be generated. Thus, 

these additional methods of interrogating samples prior to library preparation and sequencing were 

not used. The use of vigorous post sequencing QC thresholds for individual variant calls aimed to 

ensure that false calls were not made.  

 Droplet digital PCR 

DdPCR is complementary to the use of NGS in this project allowing data to be generated about 

specific variants in larger groups of patients and has been the only way copy number variation has 

been explored. An alternative to ddPCR to explore CNV in cfDNA would have been to use qPCR but 

the increased sensitivity of ddPCR for samples with low DNA input meant that ddPCR was selected as 

the preferred method. The gold standard test for CNV is fluorescence in situ hybridisation (FISH) but 

this can only be used on FFPE sections. Alternatively, techniques such as array comparative genomic 

hybridisation (aCGH) can be used, these can be used with DNA extracted from plasma but are only 

suitable for detecting large region wide CNVs e.g. loss or gain of segments of DNA measuring >1Mb.  

The hypothesis that amplification of certain genes may increase over time and contribute to 

resistance to endocrine therapies meant that cfDNA samples were the primary source of DNA for the 

CNV evaluation. This came with significant challenges for interpretation of the resulting data as it 

was not possible to know whether the thresholds set (based on HER2 validation by Gevensleben et 

al) to determine whether a sample was amplified or not were applicable to the genes of interest. 

Effort has been made to explore ways to accurately identify amplified samples, but the methodology 

has limitations and if a signal was identified would need further validation before use on large 

groups of clinical samples, ideally by identifying a cohort of paired tissue and plasma samples.  

A major limitation to using cfDNA to assess CNV is that the percentage of cfDNA that is ctDNA is 

unknown.  
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When it comes to assessing SNVs ddPCR is a much more established method and the use of cfDNA as 

ŀƴ ƛƴǇǳǘ ƳŀǘŜǊƛŀƭ ŎƻǳƭŘ ōŜ ŀǊƎǳŜŘ ǘƻ ōŜ ǇǊŜŦŜǊǊŜŘ ǘƻ CCt9 ŀǎ ƛǘ ƻŦŦŜǊǎ ŀ ƳƻǊŜ ǳǇ ǘƻ ŘŀǘŜ ΨǎƴŀǇǎƘƻǘΩ ƻŦ 

the disease and the improved DNA quality can lead to more easily interpretable results. Here 

variants in ESR1 were looked for across both arms of the trial using multiplexed reactions. 

Arguments could also have been made for looking for variants in PIK3CA and AKT1, however, due to 

the limited number of samples available the decision was made to only look at one of the three. As 

ESR1 had been the only gene where variants had shown potential as a predictive biomarker to one 

of the two active drugs being investigated it was decided to prioritise this over PIK3CA or AKT1. If 

samples had been unlimited then all three targets could have been evaluated. If funds had been 

unlimited then all samples could have been assessed by NGS and ddPCR only used for CNV analysis. 

Using multiplex probes for ESR1 meant that more variants could be tested for in 10µL of sample than 

if single probes had been used. The disadvantage of multiplexed probes is that no definite 

conclusions can be drawn regarding which variants are present and at what VAF.  

 Methods not used in this project 

When considering methods of biomarker discovery in patients treated with vandetanib and 

fulvestrant it must be stated that the methods selected here are just a small number of those 

available. There has been no attempt to investigate gene expression by mRNA analysis, insufficient 

sequencing data has been generated to look at genetic signatures or tumour mutational burden 

(TMB) and evaluation of the regulatory mechanisms of gene expression such as methylation changes 

has not been possible. This is partly due to attempting to match the methods to the samples 

available; for example, mRNA analysis would be best used with tissue samples from metastatic 

lesions ideally comparing time points before and after treatment. Analysis of gene signatures and 

TMB require significantly larger amounts of sequencing data than that generated from the CHPv2 

panel.  
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 Chapter summary 

This chapter outlines the three key methods used to investigate potential biomarkers within the 

FURVA study participants. Immunohistochemical analysis of protein expression, next generation 

sequencing of DNA using a targeted Ampliseq panel and ddPCR for both variant detection and copy 

number variation using cfDNA samples are considered in turn.  

Selection of techniques was based on the samples that would be available and the in-house 

expertise and experience that could be drawn from. Particular attention was paid to the choice of 

technology for next generation sequencing and the final panel design. Compromise was needed in 

some areas to ensure that after consideration of time, cost and expertise available the technique 

most suited to the samples available was selected. This is particularly true of the use of NGS where 

with an unlimited budget and sample access different decisions would have been made.  

Validation of techniques using samples as close to those from the FURVA trial participants; both 

FFPE and cfDNA extracted from plasma has been performed.  
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3 Analysis of total RET (t-RET) and phosphorylated RET (p-RET) 

expression in FFPE samples from participants in the FURVA clinical 

trial using immunohistochemistry (IHC) 

3.1 Chapter Overview 

This chapter presents the results of IHC analysis of t-RET and p-RET protein expression using assays 

developed specifically for clinical breast cancer samples used in this project. The development and 

validation of the assays was discussed in Chapter 2. The analysis of the t-RET assay and p-RET assay 

are presented in turn along with discussion about the reproducibility of the assays and the 

challenges of working with archived clinical samples. 

3.1.1 Chapter Aim 

This chapter aims to determine the level of t-RET and p-RET protein expression in FFPE clinical breast 

cancer samples from participants in the FURVA trial using immunohistochemistry. 

3.1.2 Chapter Objectives 

¶ To determine the range of protein expression using IHC assays for both t-RET and p-RET in 

FFPE primary tumour samples from patients who have gone on to develop endocrine 

resistant breast cancer 

¶ To assess reproducibility of the assays over large clinical series 

¶ To explore different staining cut points to determine whether samples overexpress t-RET or 

p-RET 

¶ To discuss limitations and challenges of working with archival FFPE specimens in the context 

of the FURVA clinical trial 

3.1.3 Materials 

165 patients participated in the FURVA trial, FFPE tissue blocks were provided from 136 participants. 

In total 128 samples were eligible for analysis; 115 primary tumour samples and 13 metastatic 
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samples. 8 sample blocks were not eligible as they either did not contain any tissue (n=3), did not 

Ŏƻƴǘŀƛƴ ŀƴȅ ǘǳƳƻǳǊ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎ όƴҐмύΣ ŘƛŘ ƴƻǘ Ŏƻƴǘŀƛƴ җмлл ǘǳƳƻǳǊ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎ όƴҐнύ ƻǊ ŎŀƳŜ 

from a cytology sample (n=2). This is summarised in Figure 16. 

Of the 13 metastatic samples 6 were from lymph nodes, 4 were from bone and single samples each 

from lung, liver and skin were also identified. 

Of the samples suitable for the main analysis (untreated primary tumour) 38 were core biopsy FFPE 

samples, 69 were full FFPE sections >1cm2Σ ǘǿƻ ǿŜǊŜ ŦǊƻƳ ΨƳŜƎŀ ōƭƻŎƪǎΩ ǿƘŜǊŜ ŜŀŎƘ ǎŜŎǘƛƻƴ ǿŀǎ 

>5cm2 and 6 were from full sections <1cm2.  

 

 

Figure 16 Flow diagram of available clinical samples for analysis in the FURVA study. Blue shading indicates flow path for 

primary breast cancer samples included in main IHC analysis. Red shading indicates samples excluded from main analysis. 

Orange shading indicates metastatic samples included in a secondary analysis. 
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3.2 Total (t-RET) main analysis ς primary tumour samples only n=115 

3.2.1 Assay characteristics 

The assay used to assess t-RET expression in this project used a primary antibody that had not 

previously been used on breast cancer patient samples. The monoclonal antibody selected; 

Ab134100 (Abcam) produced immunostaining that showed largely cytoplasmic staining where RET 

was present in the clinical primary breast cancer samples tumour epithelial cells. Staining intensity 

varied between samples and on occasion varied between epithelial cells in individual sections. All 

samples showed some degree of RET staining (H-score >0). Examples of 1+ (weak), 2+ (moderate) 

and 3+ (strong) staining are shown in Figure 17. Only tumour epithelial cells were scored. For more 

detail on the methodology please refer to Chapter 2. Figure 17 demonstrate examples of staining 

representing weak, moderate and strong expression of t-RET. 
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Figure 17 Examples of t-RET staining patterns in FURVA primary breast cancer sections. A = sample 242008 showing 1+ 

staining. Overall H-score 85. B= sample 86012 showing 2+ staining. Overall H-score 170. C= sample 86003 showing 3+ 

staining. Overall H score 285. Original magnification x 10, scale bar = 100µm. 

3.2.2 Assay performance 

Samples were assayed in fifteen separate batches for the trial due to sample availability, each 

including a positive control breast cancer slide. Control slides were scored for t-RET, and scores 

compared across batches. The median H-score for the control sample in the t-RET assay was 100 

(range 50-140). Figure 18 shows mean H-score per batch alongside that of the control sample run 
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concurrently. Batch 11 (n=8 patient samples) had a lower than normal control H-score but an 

average sample H-score. On manual review it was felt that this control score was low due to 

technical variation but that the patient samples showed the expected heterogeneity of staining 

between samples and an appropriate range of overall scores, thus the results from this batch were 

included in the final analysis. The variation could have been due to a poor quality section cut for the 

control or a change in thickness of the section. Batches 12-15 were run more than a year after 

batches 1-11 due to sample availability. By this time the original antibody batch used was no longer 

available and the assay was performed with the same antibody but at a re-titrated concentration for 

the new batch to achieve similar control sample scores. Batch 12 (n= 3 patient samples) and batch 

13 (n=5 patient samples) had slightly higher control sample h-scores (125 and 140 respectively), 

however the average score for samples included in these batches was not higher than expected so it 

was not felt that the assay had resulted in artificially high sample H-scores. Ideally samples would 

have been run over a short time frame with an equal number of samples per batch, however, within 

the timeframe of this project this was not logistically possible.  
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Figure 18 Chart showing mean t-RET H-score per FURVA sample assay (blue line) and for the positive control breast cancer 

sample H-score (orange line) for each of the 15 separate sample batches. 

3.2.3 Scoring  

Each assay was scored first by Zoe Hudson (ZH) (PhD candidate) and then by Dr Fouad Alchami (FA) 

(Consultant Pathologist). C! ǎŎƻǊŜŘ ǘƘŜ ǎŀƳǇƭŜǎ ΨƭƛǾŜΩ ǿƘŜǊŜŀǎ ½I had reviewed each slide prior to 

the scoring session. Where discrepancies in scoring occurred consensus was reached while both ZH 

and FA reviewed the stained sample resulting in an agreed score (shown as ZH/FA in Figure 19 graph 

A).  

Prior to this project ZH had not received advanced training in histopathology. Basic training in 

identifying tumour epithelial cells in FFPE clinical breast cancer samples and H-scoring such samples 

was delivered by skilled technical staff from the Gee lab so that ZH was able to initially assess 

virtually all samples. Where there were technical challenges in scoring, for example ZH was unable to 

identify any tumour epithelial cells within the sample, no initial attempt at scoring was made by ZH 
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(n=3). Assessment of the trial samples by consensus with the pathologist was thus important to 

ensure the H-score data for the trial were as robust and comprehensive as possible. Overall, 

correlation between the two methods of scoring was achieved with a correlation coefficient of 0.72 

(95% CI 0.62-0.80) (Figure 19 Graph A). 
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Figure 19 A) Scatterplot showing correlation between ZH H-score and ZH/FA consensus H-score for the FURVA clinical 

samples stained for t-w9¢Φ ǊҐ{ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΦ Ǉ ǾŀƭǳŜ ƛǎ ǘǿƻ ǎƛŘŜŘ ǿƛǘƘ ŀƴ ŀƭǇƘŀ ǎƛƎƴƛŦƛŎŀƴŎŜ ǾŀƭǳŜ ƻŦ 

0.05. Dotted lines represent upper and lower 95% confidence intervals B) Histogram and Gaussian distribution of the final 

H-scores across the series of primary tumour (PT) samples stained for t-RET. C) Box and whisker plot comparing range of 

scores by sample type; CB = core biopsy, SSD = standard section >1cm2, SSM = small section <1cm2 and SL = large section 

>5cm2. P-values from one-way ANOVA test. ns = >0.05, * = 0.01 to 0.05, ** = <0.01 
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All samples showed staining for t-RET (H-score >0). The pattern of scores showed a normal 

distribution (Figure 19 Graph B). Figure 19 Graph C explores whether scores altered based on the 

sample type. Most samples were either core biopsies, 38/115 (30%) or standard sections measuring 

>1cm2, 69/115 (60%). The median H-score for standard sections was higher than that for core 

biopsies as was the interquartile range reaching statistical significance, however the overall range 

was similar.  

In previously published t-RET assays the assays have been performed on tissue microarrays (TMAs) 

(Gattelli et al. 2013; Mechera et al. 2019). These are created by taking a 1-2mm core from each 

tumour block, ideally from an area with high tumour content and then embedding these cores into 

another paraffin wax block. Sections of this block containing multiple (typically up to 100) samples 

are then stained. This technique allows many more samples to be tested at the same time thus 

mitigating for natural variability between batched runs. However, unless multiple sampling across a 

tumour has been performed it does not allow investigation of the assay staining across larger 

tumour sections. Heterogeneity of staining was noted in some of the FURVA samples tested in this  

project and this would not have been detectable had a TMA been created.  

3.2.4 5ŜǘŜǊƳƛƴƛƴƎ Ŏǳǘ ƻŦŦ ǾŀƭǳŜǎ ŦƻǊ Ψw9¢ ƻǾŜǊŜȄǇǊŜǎǎƛƻƴΩ ǳǎƛƴƎ ǘƘŜ ǘ-RET scoring system 

Two published methods to define cut-offs using t-RET assays on breast cancer FFPE samples were 

identified from literature review and applied to the data generated from the FURVA samples; one 

using H-scoring and the other simply defining the staining on a 0-2 scale. The two methods are 

detailed in chapter 2.  The two methods were applied to the t-RET data and the results shown in 

Table 23 and Table 24.
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 FURVA n=115 Gattelli n=89 

Ψw9¢ ƘƛƎƘΩ ǘƻǘŀƭ I-score >60 102/115 (89%) 66/89 (74%) 

Ψw9¢ ƭƻǿΩ ǘƻǘŀƭ I-ǎŎƻǊŜ Җсл 13/115 (11%) 23/89 (26%) 

Table 23 Applying the Gattelli et al scoring method to the FURVA data using an >60 H-score as a cut-off for positivity 

 

 FURVA n=115 Ngyuen n=2800 

Ψw9¢ tƻǎƛǘƛǾŜΩ  96/115 (83%) 1596/2800 (57%) 

Ψw9¢ ƴŜƎŀǘƛǾŜΩ 19/115 (17%) 1204/2800 (43%) 

Table 24 Applying the Nguyen et al method to the FURVA dataset, where an overall score was assigned to the sample of 

either 0, negative, 1, weak staining or 2, strong staining with a score of 1 or 2 counting as positive.  

Both published methods used tissue microarrays for their analysis and both papers used different 

primary antibodies to the particular t-RET primary antibody used in the FURVA assay. This means 

their scoring systems are not directly comparable to the current study, but they offer a reasonable 

starting point to explore possible definitions of t-w9¢ ΨǇƻǎƛǘƛǾŜΩ ŀƴŘ ΨƴŜƎŀǘƛǾŜΩ ǎŀƳǇƭŜǎΦ IƻǿŜǾŜǊΣ 

overall, when both these scoring systems were applied to the t-RET assay used to evaluate the 

FURVA sample series a much larger proportion of samples (>80%) scored positive which precluded a 

meaningful subgroup analysis. 

A further receptor tyrosine kinase IHC assay in use in breast cancer clinical histopathology is the 

HER2 assay. Here a sample is considered positive for HER2 protein overexpression if >10% of tumour 

cells in the sample show 3+ staining. When this was applied to the FURVA dataset then 46/115 (40%) 

of samples are t-w9¢ ΨǇƻǎƛǘƛǾŜΩ όǿƛǘƘ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ǎŀƳǇƭŜǎ ǎƘƻǿƛƴƎ мҌ ƻǊ нҌ ǎǘŀƛƴƛƴƎύΦ 5ǳǊƛƴƎ ǘƘŜ 

development of standardised guidelines for HER2 scoring a cut off >30% of cells showing high 

intensity staining was also applied for protein overexpression. If the 30% cut off is applied 26/115 

όно҈ύ ƻŦ ǎŀƳǇƭŜǎ ŀǊŜ ΨǇƻǎƛǘƛǾŜΩΦ ¢ƘŜǎŜ ƳŜǘƘƻŘǎ ŀǊŜ ŜȄǇƭƻǊŜŘ ƛƴ Table 25. 
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Using 3+ scoring alone excludes many samples which exhibit significant areas of 2+ staining in their 

ǘǳƳƻǳǊ ŦǊƻƳ ōŜƛƴƎ ΨǇƻǎƛǘƛǾŜΩΦ By allowing positive samples to include samples where >10% of cells 

ŜȄƘƛōƛǘ оҌ ǎǘŀƛƴƛƴƎ ƻǊ Ҕол҈ ƻŦ ŎŜƭƭǎ ŜȄƘƛōƛǘ нҌ ǎǘŀƛƴƛƴƎ ǘŀƪŜǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ΨǇƻǎƛǘƛǾŜΩ ǎŀƳǇƭŜǎ ǘƻ 

руκммр όрл҈ύΦ ¢Ƙƛǎ ǘƘƛǊŘ ŎŀǘŜƎƻǊȅ όΨ/Ω ƛƴ Table 25) is more pragmatic as it allows for significant 2+ 

ǎǘŀƛƴƛƴƎ ǘƻ Ŏƻǳƴǘ ŀǎ ΨǇƻǎƛǘƛǾŜΩΦ ¢Ƙƛǎ ǿƻǳƭŘ ŀƭǎƻ ŀƭƭƻǿ ǎƻƳŜ ŦƭŜȄƛōƛƭƛǘȅ ƛƴ ŘŜŦƛƴƛƴƎ ŀ ΨǇƻǎƛǘƛǾŜΩ ǎŀƳǇƭŜ ƛŦ 

any batches had resulted in lower than average staining intensity. All three categories (summarised 

for FURVA in Table 25) will thus be explored with clinical outcome data for FURVA to see if a 

subgroup who respond better to RET inhibition can be identified based on t-RET staining.  

 A: >10% of cells 

showing 3+ staining 

B: >30% of cells 

showing 3+ staining 

C: >10% of cells 

showing 3+ staining or 

>30% of cells showing 

2+ staining  

t-w9¢ ΨǇƻǎƛǘƛǾŜΩ 46/115 (40%) 26/115 (23%) 58/115 (50%) 

t-w9¢ ΨƴŜƎŀǘƛǾŜΩ 69/115 (60%) 89/115 (77%) 57/115 (50%) 

Table 25 Three proposed systems for defining t-w9¢ ΨǇƻǎƛǘƛǾŜΩ ŀƴŘ ΨƴŜƎŀǘƛǾŜΩ ǎŀƳǇƭŜǎΦ !ƭƭ ǘƘǊŜŜ ǿƛƭƭ ōŜ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ C¦w±! 

dataset in this project. The cut off that best identifies a clinical subgroup will be recommended for further studies. The 

clinical correlation will be presented in Chapter 6.  

3.3 Phosphorylated (p-RET) main analysis ς primary tumour only n=115 

3.3.1 Assay characteristics 

P-RET has not been previously investigated in published breast cancer series (apart from briefly in 

occasional conference proceedings). The assay developed for this project uses a polyclonal antibody 

against a RET phosphorylation site Y1062. No monoclonal antibodies to p-RET were available at the 

time of the assay optimisation.  
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Figure 20 shows example of 1+ (weak), 2+ (moderate) and 3+ (strong) p-RET staining in primary 

breast tumour tissue samples from participants in the FURVA trial. Image A illustrates one of the 

major challenges in scoring the samples; at first glance the sample appears to contain strong staining 

but on closer inspection the strong staining is in the connective tissue whereas the tumour cells 

(nuclei stained blue/green) do not exhibit significant staining in their cytoplasm. Heterogeneous 

tumour epithelial staining can be seen in image B where some cells show 2+ staining while others 

are showing 1+ staining, while much stronger, more homogenous cytoplasmic staining is apparent in 

image C (again along with a connective tissue background signal).  

It should be noted that despite significant optimisation there was a degree of cross reactivity leading 

to some background staining of connective tissue within samples (Figure 21 image 1). Staining was 

seen in the cytoplasm of tumour cells alongside staining in lymphocytes (Figure 21 image 2), axons 

(Figure 21 image 3) and keratinocytes (Figure 21 image 4) where these normal structures were 

included in the tissue sample. Where staining was present in tumour epithelial cells it showed a 

granular appearance, which did not stain in the nucleus. Both image 2 and 4 (Figure 21) show cells 

exhibiting 3+ staining. Although the staining is stronger in some cells in image 2 rather than add a 

fourth scoring category all cells exhibiting staining in keeping with the intensity shown in image 4 or 

greater would be scored as maximum of 3+. 
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Figure 20 Examples of p-RET scoring in FURVA clinical breast cancer samples. A = sample 184002 showing low intensity 

tumour epithelial staining (1+). Overall H-score 25. B = sample 86012 showing moderate intensity tumour epithelial staining 

(2+). Overall H-score 125. C = sample 86003 showing high intensity tumour epithelial staining (3+). Overall H-score 280. 

Original magnification x 10. Scale bar = 100µm. 
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Figure 21 Images showing staining of non-cancerous structures by p-RET assay. In image 1 glycogen bundles indicated by arrow are showing high staining intensity. In image 2 lymphocytes are 

showing 3+ staining. In image 3 a nerve was identified in the sample and the axons (A) stain with moderate intensity, in addition image 3 shows cancer cells infiltrating the nerve (B). In image 

4 the sample included skin tissue and keratinocytes, indicated with the arrow showing 3+ staining. Original magnification x 10 for panel 1 and 4 with scale bar = 100µm and x20 for panel 2 and 

3, where scale bar = 50µm. Images were produced from scanned slides at x10 magnification with additional digital zoom applied to illustrate the area of interest. 
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3.3.2 Assay performance 

For p-RET IHC samples were, again, assayed in 15 batches of varying slide numbers depending on 

sample availability. Each assay included a positive control breast cancer slide. Control slides were 

scored along with each assay batch and also evaluated against each other. Mean H-score per batch 

of FURVA sample was also calculated. The control and batch sample means are plotted for each 

batch of samples run in Figure 22. The control sample selected for the p-RET assay was a large 

sample which may account for the inter-run variability seen in some of the batches which was barely 

present in the t-RET assay. Most obviously, the control score was lower for batch 5 (n=6) but the 

overall mean score of the FURVA samples in this batch was within the standard range and so as 

deemed acceptable. It is notable that the later FURVA sample batches have lower overall average H-

scores, but the control sample maintains good reproducibility. In explanation, batch 11 (n=3) and 13 

(n=4) were both small batches and it is possible that it was chance alone that accounted for lower 

scoring FURVA samples. Batches 12 and 14 both contained 10 samples. While the average H-score of 

both runs was lower than expected, the control slide scored comparably to other batch runs. On the 

basis of the control sample working these runs will also be included in the final analysis. 
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Figure 22 Chart showing mean p-RET H-score per FURVA sample assay run (blue line) and for the positive control breast 

cancer sample H-score (orange line) for each of 15 separate sample batches.  

3.3.3 Scoring of the sample immunostaining 

The p-RET assay was scored in the same manner as for t-RET (see section 3.2.3) by using the H-score 

method (which was also used by Gee et al in a previous meeting presentation). Correlation between 

ZH and ZH/FA assessment scores for p-RET were  improved compared to the t-RET assay (Graph A 

Figure 23). The p-RET assay gave a clearer distinction between no staining and staining present in 

the tumour cell potentially making it easier to come to a consensus. For example; it is easier to agree 

whether a cell exhibits staining or not than whether the staining present constitutes 1+, 2+ or 3+, 

staining.  
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Figure 23 A) Scatterplot showing correlation between ZH H-score and ZH/FA consensus H-score for the FURVA clinical 

samples stained for p-RETΦ ǊҐ{ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΦ Ǉ ǾŀƭǳŜ ƛǎ ǘǿƻ ǎƛŘŜŘ ǿƛǘƘ ŀƴ ŀƭǇƘŀ significance value 

of 0.05. B) Histogram and Gaussian distribution showing the final H-scores across the series of primary tumour (PT) samples 

stained for p-RET. C) Box and whisker plot comparing range of scores by sample type; CB = core biopsy, SSD = standard 

ǎŜŎǘƛƻƴ җмŎƳ2 ŀƴŘ ҖрŎƳ2, SSM = small section <1cm2 and SL = large section >5cm2. P value from overall one-way ANOVA 

analysis. No significant difference detected in h-score between different sample types.  
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The pattern of scoring through the cohort did not follow a normal distribution, with the median H-

score being 115 (range 0-280). In the p-RET cohort 47/115 (41%) of samples had a H-scƻǊŜ ƻŦ Җмлл 

ŀƴŘ умκммр όтл҈ύ ǎŎƻǊŜŘ ҖмрлΦ ¢ǿƻ ǎŀƳǇƭŜǎ ŘƛŘ ƴƻǘ ǎƘƻǿ ŀƴȅ ǎǘŀƛƴƛƴƎ ŀƴŘ ǘƘǳǎ ǘƘŜƛǊ I-score was 0. 

In the p-RET immunostaining the median H-score was slightly higher in core biopsy samples than in 

standard sections but the range was almost identical. The difference did not reach statistical 

significance (Figure 23 graph C).  

3.3.4 5ŜǘŜǊƳƛƴƛƴƎ Ŏǳǘ ƻŦŦ ǾŀƭǳŜǎ ŦƻǊ Ψw9¢ ƻǾŜǊŜȄǇǊŜǎǎƛƻƴΩ ǳǎƛƴƎ Ǉ-RET assay 

There are no published works referring to the use of a p-RET assay in breast cancer samples thus no 

available scoring systems for comparison. Gee et al (meeting abstract) used an H-score cut point of 

җ25, but the study did not use the present antibody. The methods used to score explore cut off 

values for t-w9¢ ΨǇƻǎƛǘƛǾŜΩ ŀƴŘ ΨƴŜƎŀǘƛǾŜΩ ǎŀƳǇƭŜǎ ǿŀǎ ŜȄŀƳƛƴŜŘ ƛƴ ǘƘŜ Ǉ-RET dataset (Table 26). With 

a 10% cut off for positivity this ǊŜǎǳƭǘŜŘ ƛƴ рмκммр όпп҈ύ ƻŦ ǎŀƳǇƭŜǎ ōŜƛƴƎ ŎŀǘŜƎƻǊƛǎŜŘ ŀǎ ΨǇƻǎƛǘƛǾŜΩΦ LŦ 

the 30% cut off was applied, then 20/115 (17%) of samples are positive. If the scoring expanded to 

ƛƴŎƭǳŘŜ ǎŀƳǇƭŜǎ ǿƘŜǊŜ Ҕол҈ нҌ ǎǘŀƛƴƛƴƎ ŀƭǎƻ Ŏƻǳƴǘǎ ŀǎ ΨǇƻǎƛǘƛǾŜΩ ǘƘŜƴ ǘƘŜ ǘƻǘŀƭ ƴǳƳōŜr of p-RET 

ΨǇƻǎƛǘƛǾŜΩ ǎŀƳǇƭŜǎ ǊƻǎŜ ǘƻ унκммр όтм҈ύΦ 

 A: >10% of cells 

showing 3+ staining  

B: >30% of cells 

showing 3+ staining  

C: >10% of cells 

showing 3+ or >30% of 

cells showing 2+ 

staining 

w9¢ άǇƻǎƛǘƛǾŜέ 51/115 (44%) 20/115 (17%) 82/115 (71%) 

w9¢ άƴŜƎŀǘƛǾŜέ 64/115 (56%) 95/115 (83%) 33/115 (29%) 

Table 26 Three proposed systems for defining p-RET positive and negative samples. All three will be applied to the dataset 

for the FURVA clinical analysis and the cut off that best identifies a clinical subgroup will be recommended for further 

studies. 
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3.4 Comparing t-RET and p-RET scores in primary tumour samples 

When the H-scores of t-RET and p-RET were compared for each sample; there was no significant 

correlation, although a weak trend was apparent suggesting a weak association (p=0.11) (Figure 24). 

²ƘŜƴ ǎŎƻǊŜǎ ǿŜǊŜ ŎŀǘŜƎƻǊƛǎŜŘ ƛƴǘƻ w9¢ ΨǇƻǎƛǘƛǾŜΩ ŀƴŘ w9¢ ΨƴŜƎŀǘƛǾŜΩ ǳǎƛƴƎ ŀ Ŏǳǘ ƻŦŦ ƻŦ Ҕмл҈ ƻŦ 

tumour epithelial cells showing 3+ staining 52% of samples were either both positive or both 

negative for t-RET and p-RET i.e. were concordant. When the cut off was determined by >30% of 

cells showing 3+ staining the concordance increased to 65%. It is feasible that not all samples that 

show high expression of t-RET should also have high expression of p-RET as not all RET present in the 

cell will be activated/phosphorylated so a strong correlation would not be expected. Phospho-

specific epitopes can also be more sensitive to damage during fixation and processing influencing 

antibody performance (Pinhel et al. 2010).  

Of the 27 samples where neither strategy resulted in concordance between t-RET and p-RET status, 

15 samples were positive for t-RET but not p-RET and 12 vice versa. The lack of p-RET expression in t-

w9¢ ΨǇƻǎƛǘƛǾŜΩ ǎŀƳǇƭŜǎ ƛǎ ŜȄǇƭŀƛƴŀōƭŜ ōȅ ƴƻǘ ŀƭƭ ǘ-RET protein being activated. However, this does not 

ŜȄǇƭŀƛƴ ǿƘȅ ǎŀƳǇƭŜǎ ǿƻǳƭŘ ōŜ ΨǇƻǎƛǘƛǾŜΩ ŦƻǊ Ǉ-RET but not for t-RET. In this instance, this may simply 

reflect the different affinities of each primary antibody for detecting their respective epitopes in the 

antigen retrieved FFPE samples, or even damage of the t-RET epitope in some material. However, in 

the 12 samples where p-w9¢ ǿŀǎ ΨǇƻǎƛǘƛǾŜΩ ōǳǘ ǘ-RET was not, all samples had >50% 3+ staining 

present in the p-RET assay. In the corresponding t-RET assays three showed very low staining, total 

H-score <100 while the others scored mainly 2+. The staining in the t-RET assay was thus overall 

subtler and it may thus be that in some cases a 2+ t-RET stained cell in the t-RET assay is similar to a 

3+ stained cell in the p-RET assay but the 2+ staining did not reach the level required to be called 

ΨǇƻǎƛǘƛǾŜΩΦ ¢ƘŜ ƴƻƴ-concordant samples came from a variety of different batches, so it is unlikely that 

the disparity can be explained by any technical problems with either assay. 
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Conversely the samples where the t-RET assay was positive and the p-RET was negative there was a 

clearer split; the T-RET samples were positive while the majority of the p-RET samples showed very 

low staining (total H-score <100), this is likely to be representative of true biological discordance 

where t-RET is present, but not activated or at best only minimally active. 

 

Figure 24 Correlation between t-RET and p-RET H-ǎŎƻǊŜΦ ǊҐ{ǇŜŀǊƳŀƴΩǎ Ǌŀƴƪ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΦ Ǉ ǾŀƭǳŜ ƛǎ ǘǿƻ ǎƛŘŜŘ ǿƛǘƘ 

an alpha significance value of 0.05. Dotted lines represent 95% confidence interval. 

3.5 t-RET and p-RET expression in metastatic samples 

For 13 patients in the FURVA clinical trial the tissue block received represented metastatic disease. 6 

were from lymph node samples, 4 from bone and one each from skin, lung and liver metastases. The 

analysis of these samples was performed separately from the primary tumour sample as the assay 

had not been optimised for use in these tissues and thus all results should be interpreted with 

caution. 
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Figure 25 Box and whisker plot showing H-score for both t-RET and p-RET assays in metastatic FFPE samples 

Overall, median t-RET scores were lower in metastatic samples than in primary tumours but the 

inverse was true for p-RET with the median scores being 140 for t-RET (155 in primary tumour) and 

156 for p-RET (120 in primary tumour) (Figure 25). This may reflect prominence of such signalling in 

an adverse, AI resistant metastatic cohort. However, due to the very small number of samples it is 

difficult to conclude that such metastatic samples conclusively express more t-RET or p-RET than 

primary tumour samples. Moreover, there were no matched samples from the same patients 

available for direct staining comparisons because the specimen collection was not designed to assess 

change in RET expression over time. Feasibly, the change in median scores may also be due to the 

assay performing differently on non-primary breast tumour FFPE materials. Due to the very small 

numbers of samples from metastatic lesions the assay was not optimised for the different types of 

tissue in which the metastatic deposits were found. In future experiments it would be interesting to 

ŎƻƳǇŀǊŜ w9¢ ŜȄǇǊŜǎǎƛƻƴ ŀǘ ŘƛŦŦŜǊŜƴǘ Ǉƻƛƴǘǎ ŘǳǊƛƴƎ ǇŀǘƛŜƴǘΩǎ ŘƛǎŜŀǎŜ ŎƻǳǊǎŜΦ  
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3.6 Chapter Discussion 

This chapter has described the characteristics and performance of two immunohistochemical assays 

in FURVA clinical trial samples that had been developed and validated by ZH for this thesis; one to 

assess t-RET protein expression and one to detect p-RET. Both have been applied to a series of 115 

breast primary tumour samples and 13 metastatic samples from participants in the FURVA clinical 

trial. While the FFPE blocks that sections have been cut from may be up to 20 years old and so 

storage may feasibly influence the integrity of the epitopes for the antibodies, the sections were cut 

and assayed within a month to minimise the ageing of the cut sections which adversely affect the 

staining intensity (Mirlacher et al. 2004). 

Both IHC assays allowed assessment of t-RET and p-RET protein expression levels in FFPE samples. 

The staining intensity varied between the patient samples and intratumoural heterogeneity was 

noticed too. It was noted that in both the t-RET and the p-RET assay the predominant location of 

staining was in the cytoplasm. For the two previously published t-RET assays in breast cancer tissue 

where images were included in the publication the staining exhibited was also cytoplasmic (Gattelli 

et al. 2013; Nguyen et al. 2015). RET is a transmembrane protein with a large intracellular domain 

(Morandi et al. 2011) however, it has been noted that during an IHC assay the target epitope can 

move location within the cell due to the breakdown of some cellular components either during initial 

fixation or during the assay itself. 

Two published scoring systems for the detection of t-RET using immunohistochemistry were applied 

to the data generated from the FURVA clinical trial breast cancer samples. When either system was 

ŀǇǇƭƛŜŘ ƻǾŜǊ ул҈ ƻŦ ǎŀƳǇƭŜǎ ǿŜǊŜ ΨǇƻǎƛǘƛǾŜΩ ōȅ ǘƘŜ DŀǘǘŜƭƭƛ ƳŜǘƘƻŘ (Gattelli et al. 2013) and over 

50% by the Nguyen method (Nguyen et al. 2015). Both datasets in the published literature used 

samples taken from unselected primary breast cancers. All samples from the FURVA dataset were 

from patients who had ER+ disease and had gone on to developed endocrine resistance hence they 
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were a group who were likely to have more aggressive disease and thus perhaps higher levels of t-

RET expression detectable by IHC. 

Three approaches for categorisiƴƎ ǎŀƳǇƭŜǎ ƛƴǘƻ w9¢ ΨǇƻǎƛǘƛǾŜΩ ŀƴŘ w9¢ ΨƴŜƎŀǘƛǾŜΩ ŦƻǊ ŜŀŎƘ ŀǎǎŀȅ ǿŜǊŜ 

examined. These categories, along with retrospective cut point analysis using the t-RET and p-RET 

scores as a continuous variable will be correlated with clinical outcome in Chapter 6. The cut offs for 

the groups were selected to try and identify patients that may respond better to treatment with the 

RET inhibitor vandetanib; i.e. those who are the strongest expressers of t-RET or with more 

substantial p-RET signalling activity. One might hypothesise that p-RET positivity will be a better 

predictor of response to RET inhibition than t-RET (although ultimately this is dependent on the 

assay performance which can be more difficult for phosphor-specific epitopes in FFPE material 

(Pinhel et al. 2010). This will be examined in Chapter 6. 

The prolonged timeframe needed so all of the trial samples collected during the course of the clinical 

trial meant that creating a TMA or running all samples with the same batch of primary antibody was 

not possible for this thesis work. Two techniques were used to try to assess and minimise batch 

variability. 

Firstly, a positive control breast cancer slide was run with each assay. In both the t-RET and the p-

RET assays the control slide was then scored alongside the FURVA samples in each batch and the 

scores compared. The positive control slide for the t-RET assay showed greater reproducibility than 

that for the p-RET assay. This is likely due to the size of the control slide sample (~1cm2) and the fact 

that it stained homogeneously. The positive control sample selected for the p-RET assay was much 

larger (~4cm2) and included a variety of different cells including areas of ductal carcinoma in situ 

(DCIS) which tended to stain very strongly, this meant that scoring it was more difficult due to the 

heterogeneity of both tissue types and staining patterns. However, despite the challenges the p-RET 

positive control sample posed the mean score for the control slides over 15 batches was 205 and 

only one control slide scored more than 50 points lower than this.  



Chapter 3: Analysis of t-RET and p-RET expression using IHC 
 

157 
 

Secondly, mean H-score per FURVA sample batch was calculated. This was a cruder method as the 

batch sizes were not equal due to sample availability but did act as a useful second comparator if the 

positive control score was a little higher or lower than expected, as occurred in one batch of both 

the t-RET and p-RET assays. On balance, the assay performance was adequate for both the t-RET and 

p-RET assays, considering both the control and sample batch performance. With the benefit of 

hindsight, I would have selected a smaller, more homogeneously staining positive control breast 

cancer sample for the p-RET assay. 

Both assays were developed and tested on freshly cut but historical FFPE breast cancer samples 

collected as part of the FURVA clinical trial. The process of tissue fixation is known to cause 

challenges requiring stringent unmasking of the antigen of interest from historical samples. Multiple 

factors during the initial collection, fixation and long term storage of samples can adversely affect 

the ability to detect the antigen of interest (Xie et al. 2011). The samples collected as part of the 

FURVA trial were also collected in a variety of centres and at different time points over the last 20 

years. It is thus likely that beyond the variability of each assay, that attempts have been made to 

control here, there are many more variables that occurred prior to the receipt of the samples that 

may be a caveat when interpreting these IHC assay results. However, there was no major difference 

in core biopsy versus standard sections for p-RET and t-RET staining so this is unlikely to confound 

the findings. This is important to note as discrepancies in immunostaining have been noted 

previously in different sample types for example HER2 status in core biopsies and resection tissue 

specimens (Wojnar et al. 2013). 

Like all immunohistochemistry assays there is subjectivity in the scoring of samples. By having two 

clinicians review the samples separately and then come to a consensus agreement attempts have 

been made to minimise this. An alternative approach would have been for both scorers to have 

formally scored the samples blindly and then met to review cases. This was not practical given the 

time that was donated by FA was not funded as part of the FURVA trial. Correlation between the 
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scores generated by ZH and those finally agreed by ZH and FA was significant, slightly more so for p-

RET than t-RET (r=0.88 and r=0.72 respectively) suggesting the assessment strategy employed was 

appropriate to the size and scope of the project. Assessment by consensus should ensure that the 

immunostaining data for the two markers is as robust as possible for the FURVA series.  

3.7 Chapter Summary 

Both the t-RET and p-RET assays detected staining of their target antigen in the majority of the 

FURVA clinical samples and staining was heterogeneous between and within patients, suggesting 

RET signalling is present (to a greater or lesser extent) in the primary tumours of many of those 

patients who developed endocrine resistance after treatment with an aromatase inhibitor. There 

was variation in staining patterns and H-scores between FURVA sample batches but by categorising 

scores into t-RET and p-w9¢ ΨǇƻǎƛǘƛǾŜΩ ŀƴŘ ΨƴŜƎŀǘƛǾŜΩ ŎƻƘƻǊǘǎ ǎƻƳŜ ƻŦ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ŦƻǊ ŦŀƭǎŜ ǇƻǎƛǘƛǾŜǎ 

or negatives will be mitigated. These broader categories should allow for pragmatic investigation of 

whether strong RET expression (either t-RET or p-RET) could act as a predictive biomarker for clinical 

response which will be investigated in Chapter 6.
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4 Genetic variants in patients with ER+ breast cancers treated with 

fulvestrant and vandetanib within the FURVA clinical trial 

 

4.1 Overview 

This chapter focusses on the detection of genetic variants using next generation sequencing (NGS) 

with the Ion Ampliseq Cancer Hotspot Panel V2 (Thermofisher, Waltham, MA, USA) which uses 207 

amplicons to cover hotspots in 50 cancer related genes and a custom designed hotspot panel 

focussing on common variants in ESR1, GATA3, RET and LYN. These panels will hereafter be referred 

to as CHPv2 and CUSTOM. 

Both FFPE and cfDNA samples were sequenced with the CHPv2 while only cfDNA samples were 

sequenced with both the CHPv2 and the CUSTOM panel. 

4.1.1 Materials 

The samples used were collected as part of the FURVA trial. DNA was extracted from 1) FFPE tissue 

samples and 2) plasma samples taken after the development of endocrine resistant metastatic 

disease. While there is significant overlap between the datasets with the majority of patients having 

both a FFPE tissue block and at least one plasma samples suitable for cfDNA extraction not all 

patients have both samples available. 

Figure 26 shows the time course of disease and the maximum of four possible samples that were 

collected as part of the FURVA clinical trial. While Figure 27 shows a flow chart of the samples used 

in this chapter. The samples available and variants detected are also detailed in Appendix 3.  
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Figure 26 Infographic depicting the timeline of disease in patients recruited to the FURVA trial. There are four possible 
samples from each patient; one from their tissue block and three blood samples taken before, during and after treatment 
with fulvestrant and vandetanib. 
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Figure 27 Flow chart showing samples used in this chapter. FFPE samples were run and then corresponding cfDNA samples 
were run if available. The aim had been to sequence cfDNA samples from the same time point but this was not possible due 
to sample availability. 

4.1.2 Key methodology 

Variants have been categorised according to the American consensus recommendation guidelines. 

Variants are assigned a tier depending on their potential pathogenicity (Li et al. 2017a): The 

summary table is shown in Figure 28. 

patients recruited into trial n=165

patients treated with fulvestrant 
and vandetanib

n=80

FFPE sample suitable for 
analysis?

NO

n = 32

YES n = 48

cfDNA sample 
available for 

analysis?

No paired cfDNA 
sample suitable for 

analysis

N = 7

BASELINE cfDNA 
sample analysed

N = 15

8 WEEK sample 
analysed

N = 9

EOT sample 
analysed

N = 17
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Figure 28 Classification of variants. Reproduced from Li et al, Standards and guidelines for the interpretation and reporting 

of sequence variants in cancer; A joint consensus recommendation of the Association for Molecular Pathology, American 

Society of Clinical Oncology, and College of American Pathologists (Li et al. 2017a) 

Data will be presented on all tier I-III variants for both FFPE and cfDNA samples. 

Key resources used and frequently referred to in this chapter include: 

Catalogue of somatic mutations in cancer (COSMIC) http://cancer.sanger.ac.uk (Tate et al. 2019)  

Over 4 million coding mutations curated from over 1 million tumour samples. Focus on 

somatic variants but also includes data on common SNPs 

dbSNP http://www.ncbi.nih.gov/SNP (Sherry et al. 2001)  

International collection of single nucleotide polymorphisms. For many SNPs the 

database contains population frequencies taken from large databases such as GnomAD. 

ClinVar https://www.ncbi.nih.gov/clinvar (Landrum et al. 2018)  

Publicly available database of human genetic variants containing curated clinical 

significance information. 

http://www.ncbi.nih.gov/SNP
https://www.ncbi.nih.gov/clinvar
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CBioPortal http://cbioportal.org (Gao et al. 2013) 

Open access resource allowing exploration of human cancer datasets offering access to 

a wealth of data from breast cancer specific studies including variant frequencies and 

clinicopathological variables including survival data. The main dataset used for reference 

ƛƴ ǘƘƛǎ ŎƘŀǇǘŜǊ ƛǎ ǘƘŜ Ψ.ǊŜŀǎǘ /ŀƴŎŜǊ όa{YΣ /ŀƴŎŜǊ /Ŝƭƭ нлмуύΩ (Razavi et al. 2018). Other 

datasets used include the METABRIC breast cancer dataset (Pereira et al. 2016) and the 

TCGA dataset (TCGA 2012) 

Mutation mapper, part of the CBioPortal toolkit, enables visualisation of variants within 

genes along with computational predictions of pathogenicity from SIFT and Polyphen-2. 

This has been particularly helpful when investigating potential pathogenicity of tier III 

variants. The protein locations come from Pfams latest database entries 

(http://pfam.xfam.org/ (El-Gebali et al. 2019)). 

 

Two large genomic datasets have been used to draw comparisons to the data generated in this 

study. Both were accessed using CBioPortal. The first is the MSK-IMPAKT breast cancer dataset 

(Razavi et al. 2018) which consists mainly of patients with ER+/HER2- disease. Where subgroups of 

the dataset have been used this is clearly stated. Often it has been limited to patients documented 

to have ER+/HER2- disease. The other dataset used less frequently is the TCGA dataset as this 

contains predominately data from primary tumours and as such may not offer a robust comparison 

with the data from the cohort of patients in this project where all patients had developed endocrine 

resistant metastatic disease (Network 2012). 

At the time of the analysis presented in this chapter there were no true tier I variants in breast 

cancer. Subsequent to the analysis presented here the results of the SOLAR-1 trial using the PIK3CA 

inhibitor alpelisib showed a benefit for patients specifically with ER+/HER2 negative PIK3CA variant 

http://cbioportal.org/
http://pfam.xfam.org/
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positive breast cancer making PIK3CA variants true tier I variants (André et al. 2019). The role of 

HER2 overexpression as assessed by immunohistochemistry or FISH has long been shown to predict 

benefit from HER2 directed therapies. However, the role of variants in ERBB2 in patients whose 

tumours are HER2 negative by traditional methods remains under investigation. It may be that some 

variants result in resistance to certain HER2 directed therapies but sensitivity to others depending on 

the downstream effect of the variant (Gaibar et al. 2020); throughout this chapter ERBB2 variants 

will be deemed tier II variants.  

4.1.3 Chapter Aim 

To establish the genetic variant profile of FFPE primary tumour samples and cfDNA samples 

representing metastatic endocrine resistant disease of breast cancers treated with fulvestrant and 

vandetanib using next generation sequencing. 

4.1.4 Chapter Objectives 

To establish the genetic variant profile of primary breast cancer tumours from patients who have 

gone on to develop metastatic endocrine resistant disease using NGS analysis of DNA extracted 

from FFPE tumour samples using the CHPv2.  

To determine the genetic variant profile of breast cancers in patients who have developed 

endocrine resistant metastatic disease by NGS analysis of cfDNA extracted from plasma samples 

using the CHPv2 and CUSTOM panels.  

Within the limits of sample type and availability, to compare the genetic variants present in 

primary and metastatic tumour. 

To investigate the potential pathogenicity of tier III variants discovered using the techniques 

above and to establish if any tier III variants are of potential interest for further investigation in 

the context of the FURVA clinical trial 
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4.2 Investigating the genetic variant profile of primary breast cancer tumours in 

patients who have gone on to develop endocrine resistance; analysis of primary 

tumour FFPE samples 

 

4.2.1 Samples and DNA extraction 

FFPE samples were collected as part of the FURVA clinical trial. Thus, this was a group of patients 

who had developed metastatic disease that had become resistant to endocrine therapy. Some FFPE 

blocks contained tumour resection samples while others contained core biopsies. Blocks may have 

been collected up to 20 years previously.  

The samples used in this chapter all came from patients who had received treatment with 

fulvestrant and vandetanib during the FURVA clinical trial. These samples were prioritised over 

samples from the fulvestrant and placebo arm as they would give greater insight into biomarkers of 

response to vandetanib should the trial return a positive result. The results of the trial were not 

known at the time of the analysis reported in this chapter. 

51 primary tumour FFPE samples were identified for DNA extraction. Review by a pathologist 

allowed an estimate of tumour percentage (TP) and the area of the section with highest tumour 

content was macro-dissected. Two samples had tumour content <20%. Due to the small number of 

samples available no cut off for tumour percentage was set and all samples proceeded to DNA 

extraction. A single sample failed extraction with an extracted DNA concentration of 0.09ng/µL. All 

other samples proceeded to library preparation (n=50). Two samples failed library preparation due 

to undetectable final library concentration; both had low extracted DNA concentrations (0.13 and 

0.15 ng/µL). This left 48 samples suitable for next generation sequencing. Of the 48 sequenced 

samples median tumour content was 60% (range 8%-90%). The median concentration of DNA 

extracted was 6.2ng/µL (range 0.25-60ng/µL). Figure 29 shows this data in graphical form along with 

data regarding final library concentration and number of variants detected per sample.  
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Figure 29 Four box and whisker plots demonstrating data regarding sequenced FFPE primary tumour samples n=48. The box 

shows the interquartile range and is bisected by a line representing the median value. The whiskers demonstrate the upper 

and lower limits of the variable shown. Plot A shows tumour percentage. Plot B shows extracted DNA concentration. Plot C 

shows final library concentration. Plot D shows number of variants per sample (all tiers I-IV). All graphs created using 

GraphPad Prism 8 v.8.1.1. 
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Figure 30 Three graphs exploring correlations between tumour percentage, extracted DNA concentration, final library 

concentration and number of variants detected per sample. Graph A shows a positive correlation between tumour 

percentage and extracted DNA concentration. Graph B shows no correlation between extracted DNA concentration and 

final library preparation. Graph C shows a negative correlation between final library concentration and total number of all 

tier non-ǎȅƴƻƴȅƳƻǳǎ ǾŀǊƛŀƴǘǎ ŘŜǘŜŎǘŜŘ ǇŜǊ ǎŀƳǇƭŜΦ Ǌ Ґ {ǇŜŀǊƳŀƴΩǎ /ƻǊǊelation coefficient. P values are given based on two-

ǘŀƛƭŜŘ ŀƴŀƭȅǎƛǎ ǿƛǘƘ ŀƴ ʰ ǾŀƭǳŜ ƻŦ лΦлрΦ All graphs produced using Graphpad Prism 8 v.8.1.1. 
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Figure 30 explores the relationships between the original FFPE sample and the final number of all 

tier non-synonymous variants detected. Graph A shows a positive correlation between tumour 

percentage and extracted DNA concentration. Higher tumour percentage samples generally result in 

higher extracted DNA concentrations. This would seem intuitive although there is always a margin of 

error when determining tumour percentage and it can be subjective. Graph B however shows no 

correlation between the extracted DNA concentration and the final library concentration. The library 

preparation process is designed to ensure only high-quality DNA covering the regions of interest 

remains for sequencing. The lack of correlation between extracted DNA concentration and final 

library preparation would suggest that extracted DNA concentration is not a surrogate for the quality 

of DNA available in the sample. Furthermore, there may have been technical variation between 

library preparations such as residual ethanol inhibiting PCR processes or over drying of beads 

resulting in difficulties returning selected DNA fragments to solution. This is further explored in 

graph C where there is a negative correlation between final library concentration and number of 

variants called. The lower the final library concentration the higher the number of variants called. 

This is explored further in section 4.2.2. 

4.2.2 Sequencing, bioinformatic analysis and overview of variant detection in primary 

tumour FFPE samples 

Sequencing data was generated from 48 samples using the Ampliseq CHPv2 NGS panel. 

Bioinformatic analysis was automated using predefined and validated workflows allowing the 

manual interpretation of variants to begin at the point of generation of annotated variant call files 

which were viewed in Ion Reporter version 5.10 (Life Technologies), a cloud based graphical user 

interface. Limits incorporated into the bioinformatic pathway included down sampling of 2000 

ǊŜŀŘǎΣ ǾŀǊƛŀƴǘ ŀƭƭŜƭŜ ŦǊŜǉǳŜƴŎȅ ό±!Cύ ƻŦ җм҈ ŀƴŘ ғфр҈ ŦƻǊ CCt9 ǎŀƳǇƭŜǎ tƘǊŜŘ vǳŀƭƛǘȅ ǎŎƻǊŜ җнл 

(Ewing et al. 1998). All non-synonymous (i.e. those that result in a change of amino acid) variants 

were manually reviewed using Integrated Genome Viewer (IGV), a genome browser (Robinson et al. 

2017). All analysis was performed using GRCh37 (hg19) as the reference genome. 
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Figure 31 Flow chart showing breakdown of variants detected in FFPE primary tissue samples n=48. 

Figure 31 shows the breakdown of variants detected by the automated bioinformatic pipeline in IR. 

Of the 640 variants called by the pipeline 153 (24%) were deemed to be artefact on manual review. 

Of those remaining there were 234 synonymous variants (i.e. variants not resulting in an amino acid 

change) and 253 non-synonymous variants. The non-synonymous variants were further categorised 

into tiers of clinical relevance as detailed in Figure 28. The mean number of all tier variants per 

sample was 10 (range 1-73, median 6) as shown in plot D Figure 29. Two outlier samples contained 

73 and 53 all tier non-synonymous variants, both had low final library concentrations; 53ng/mL and 

128ng/mL respectively. For these samples most variants were tier III variants with a variant allele 

frequency of <5%. 

Overall, samples with lower final library concentrations had higher all tier non-synonymous variants. 

For example, the median number of variants called in samples with a final library concentration of 

<300ng/mL (n=21) was 5 compared to only 2 in samples with a coƴŎŜƴǘǊŀǘƛƻƴ җоллƴƎκƳ[ όƴҐнтύΦ 

However, of the 13 samples with a final library concentration of <300ng/mL where a tier II variant 

640 variants 
called in Ion 
Reporter (IR)

234 synonymous variants 253 non-synonymous variants

40 Tier II variants

143 Tier III variants

70 Tier IV variants

153 deemed artefact 
on manual review
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was detected the median VAF was 27% suggesting that despite suboptimal libraries and potentially 

poor-quality DNA input, significant variants can still be identified when present. Based on these 

findings it is reasonable to sequence low concentration libraries and interpret their results using the 

same bioinformatic pipeline as other samples albeit having to manually review more low-quality 

variant calls. 
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4.2.3 Primary tumour FFPE samples tier II variants detected 

Tier II variants are defined as those that are variants of potential clinical significance. This means that 

there is level C (FDA-approved therapies for different tumour types or investigational therapies or 

multiple small published studies with some consensus) or level D (pre-clinical trials or a few case 

reports without consensus agreement) evidence of their pathogenicity. In breast cancer ERBB2 

amplification is the closest to a tier I variant although this is usually determined by FISH or IHC rather 

than using NGS based copy number variation analysis. All other common variants are tier II. There is 

current discussion that PIK3CA variant status may become a tier I variant with regards to response to 

Alpelisib on the basis of the results of the SOLAR-1 trial (André et al. 2019).  

Tier II variants that are common in breast cancer were discussed in Chapter 1 and will be re-referred 

to here. 

31/48 (65%) of samples contained at least one tier II variant. 7/48 (15%) samples contained more 

than one tier II variant (detailed in Table 27). Of those 4/48 (8.5%) samples contained two variants 

while 3/48 (6.5%) contained three. 

 Variant 1 
VAF 
(%) Variant 2 

VAF 
(%) Variant 3 

VAF 
(%)    

Patient 45 PIK3CA 39 PIK3CA 36 PIK3CA 37    TP53 

Patient 19 PIK3CA 14 ERBB2 15 GNAS 4    PIK3CA 

Patient 80 PIK3CA 18 AKT1 8      AKT1 

Patient 61 TP53 22 PIK3CA 22     other 

Patient 34 TP53 62 APC 3      

Patient 51 TP53 50 AKT1 37      

Patient 55 RET 3 PTPN11 3 CDKN2A 4    

   
Table 27 Samples containing multiple tier II variants. With potential driver variants listed as variant 1. Note low VAF for all 

variants in the sample from Patient 55 meaning it is unlikely that any of these represent a driver variant. 

The gene most frequently containing a tier II variant was PIK3CA (35% of samples), followed by TP53 

(17%), AKT1 (15%), and CDKN2A, RET, PTPN11, GNAS, ERBB2 and APC (all 2% of samples). Where 

ƳǳƭǘƛǇƭŜ ǾŀǊƛŀƴǘǎ ǿŜǊŜ ǇǊŜǎŜƴǘ ƛƴ ŀ ǎŀƳǇƭŜ ǘƘŜ ΨŘǊƛǾŜǊΩ Ƴǳǘŀǘƛƻƴ όƘŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ǾŀǊƛŀƴǘ 

with the highest frequency) was PIK3CA in 3/7 samples and TP53 in 3/7 samples. In one sample 
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(Patient 55) three low VAF variants were present (RET, PTPN11 and CDKN2A) making it unlikely that 

any were driver variants, and raising the possibility that all were artefact as the confident limit of 

detection for the panel was around 5%. This is summarised in Figure 32.
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Figure 32 Primary tumour FFPE patient sample sequenced (n=48) along with tier II variants detected. Percentage by gene refers to the overall frequency of variants in that gene in this dataset. 

Sample ID's denoted with * are those with >1 variant detected n=8. A single sample had multiple variants in one gene (Patient 45 in PIK3CA). For variant details please see Table 28. 



Chapter 4: Genetic variants in ER+ breast cancers treated with fulvestrant and vandetanib  

174 
 

4.2.4 Focus on specific variants 

The targeted sequencing panel used in this project focuses on hotspot variants i.e. variants that have 

been noted to occur frequently in samples from cancer tissues. Generally, tier II variants are likely to 

be hotspot variants as they are well described and investigated. This can be seen in Table 28 and 

Figure 33 where all variants detected in AKT1 were the commonly identified E17K variant resulting in 

an amino acid change from glutamic acid to lysine. Of the 19 variants detected in PIK3CA 15 were in 

the classic Ψ9Ȅƻƴ фΩ ŀƴŘ Ψ9Ȅƻƴ нлΩ ƘƻǘǎǇƻǘǎΦ Lƴ ǘƘƛǎ ǎŜǊƛŜǎ ƻƴƭȅ ƻƴŜ ǇŀǘƛŜƴǘ ƘŀŘ ŀ ǾŀǊƛŀƴǘ ƛƴ ōƻǘƘ AKT1 

(E17K) and PIK3CA (H1047R) (Patient 80), this is in keeping with other ER+ breast cancer datasets 

where variants in AKT1 and PIK3CA are often mutually exclusive10. In TP53 variants are less likely to 

cluster so variants tend to spread over the large DNA (193 amino acid) binding domain as well as 

throughout the rest of the gene. This can be visualised using lollipop plots (see Figure 33)

                                                           
10 When the MSK-IMPAKT breast cancer dataset was limited to patients with ER+/HER2- disease in CBioPortal 
and an analysis for mutual exclusivity between PIK3CA and AKT1 was performed 276/621 patient samples 
contained a PIK3CA variant while 43/621 contained an AKT1 variant. Only 7 contained both (Log2 Odds ratio -
2.102 p<0.001). 
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Gene Variant 
Detected 

in n 
samples 

PIK3CA 

E542K 2 

N345K 1 

D1029H 1 

C420R 1 

E453Q 1 

E545K 4 

H1047R 8 

H419delR 1 

TP53 

R248Q 1 

P278L 1 

R158L 1 

C182* 1 

R337C 1 

L194R 1 

E285L 1 

C238Y 1 

AKT1 E17K 7 

APC G1120E 1 

CDKN2A H83Y 1 

ERBB2 L755S 1 

GNAS R201C 1 

PTPN11 S502L 1 

RET A883T 1 
Table 28 List of specific variants organised by gene alongside their frequency of occurrence. Bold indicates variants that 

ǿŜǊŜ ŘŜǘŜŎǘŜŘ ŀǘ Җо҈Φ ¢ƘŜǎŜ ŀǊŜ ǳƴƭƛƪŜƭȅ ǘƻ ōŜ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ŘǊƛǾŜǊ ǾŀǊƛŀƴǘǎΦ !Ƴƛƴƻ ŀŎƛŘǎ ŀǊŜ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜƛǊ ǎƛƴƎƭŜ 

letter abbreviation. * refers to a nonsense variant resulting in termination of the protein. 

http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=1787
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=3430
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=4392
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=9644
http://www.genenames.org/cgi-bin/gene_symbol_report?hgnc_id=9967
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Figure 33 Lollipop plots showing position of detected tier II variants by gene. Each variant is denoted by a green (missense) 

or black (nonsense) dot. The length of the stalk relates to how frequently the variant occurred. This demonstrates the 

ΨƘƻǘǎǇƻǘΩ ƴŀǘǳǊŜ ƻŦ ǾŀǊƛŀƴǘǎ ƛƴ tLYо/! ό9рпр!κY ŀƴŘ Iмлптƭκwύ ŀƴŘ !Y¢м ό9мтYύΦ Lƴ ŎƻƳǇŀǊƛǎƻƴ ǘƘŜ ŜƛƎƘǘ ǾŀǊƛŀƴǘǎ ŘŜǘŜŎǘŜŘ 

in TP53 are spread throughout domains. Created using mutation mapper part of the CBioPortal online toolkit. 

 

4.2.5 Comparing findings to current literature 

Large scale sequencing projects have made data publicly available and searchable such as that 

contained in CBioPortal. The MSK-IMPACT breast cancer cohort (Razavi et al. 2018) can be 

interrogated to form a dataset which acts as a good comparator to the FFPE primary tumour 

samples used here. Using CBioPortal the original MSK-IMPACT dataset (n=1918) was limited to 

patients who were peri or post-menopausal and had been diagnosed with ER+/HER2- breast cancer 

and had gone on to develop metastatic disease (n=104). The MSK-IMPACT pipeline examines 410 

genes in their entirety (compared to hotspots only in the panel used for the FURVA samples) and the 
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final dataset included all variants at a VAF >1% which are not known benign changes (i.e. all tier I-III 

variants). The dataset examines single nucleotide variants (SNVs), insertions, deletions and copy 

number variations (CNVs). 

The data from the 104 primary tumours from the MSK dataset was compared to the data from the 

Ampliseq CHPv2 used in this project. Genes that contained variants in the MSK-IMPACT dataset at 

җо҈ ±!C ōǳǘ ǿŜǊŜ ƴƻǘ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ рл ƎŜƴŜ ŎŀƴŎŜǊ ƘƻǘǎǇƻǘ ǇŀƴŜƭ ǿŜǊŜ ƴƻǘ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ 

comparison (FAT1, NCOR1, ARID1A, TBX3, RUNX1, MAP2K4, KMT2C, MAP3K1, GATA3).  

 

Figure 34 Comparing the frequency of variants by gene between the FURVA primary tumour dataset and a matched dataset 

from the MSK-IMPACT breast cancer cohort. The bioinformatic pathway for the MSK-IMPACT dataset is less stringent than 

that applied to the FURVA dataset so combining tier II and tier III variants in the FURVA dataset may offer a better 

comparison in some genes. 

Figure 34 shows the frequency of variants by gene, firstly in the tier II variants in the FURVA dataset, 

then by tier II and III variants combined and finally by the MSK-IMPACT breast cancer dataset. The 

bioinformatic pathway in the MSK-IMPACT dataset was more lenient than that which was applied to 

determine tier II variants in the FURVA dataset in particular with regards to known hotspot variants; 

the MSK pipeline permitted inclusion of all non-synonymous variants that were not known to be 

benign to be included in the final reports (Cheng et al. 2015).  
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This is demonstrated in PIK3CA where around 35% of samples in the FURVA dataset contained a tier 

II variant. Whereas the frequency in the MSK dataset was 49%. However, if both tier II and III 

variants in the FURVA dataset are included then PIK3CA variants are present in 44% of the FURVA 

samples. In TP53 tier II variants were found in 15% percent of samples whereas if tier III variants are 

included the frequency increased to 35%. The rate of TP53 variants in the MSK dataset was 25%. 

With the FURVA combined results being higher than those in the MSK-IMPACT dataset there is a 

possibility that the interpretation of some of the low VAF tier III TP53 variants in the FURVA dataset 

was too lenient. 

There are several genes where the frequency of variants is notably different between the FURVA and 

MSK datasets. Firstly, in AKT1 even without combining tier II and III variants the rate of AKT1 variants 

in the FURVA dataset was 15% compared with 8% in the MSK-IMPAKT dataset. The VAF of the 

variants was above 20% for 5/7 variants while the other samples had VAF of 4 and 8% respectively. 

Although the region is only covered by a single amplicon in the Ampliseq CHPv2 it sequences cleanly.  

The level of CDH1 variants in the MSK-IMPACT dataset was high with 28% of patient samples 

containing a variant making it the second most frequently mutated gene. This is at least partially 

explained by the limited coverage of CDH1 in the Ampliseq CHPv2 panel where only 7 hotspots were 

covered by 3 amplicons (12% of gene covered). In the MSK-IMPAKT dataset variants in CDH1 were 

spread throughout the gene.  

Given the significant role that the PI3K pathway plays in ER+ breast cancer one might expect a higher 

frequency of variants in PTEN, one of AKTs key regulators. However, in both datasets the rate of 

variants in PTEN was below 5%. Even in expanded datasets encompassing all stages and histological 

diagnoses of breast cancer the rate only increases to around 7%. PTEN is reasonably well covered in 

the Ampliseq CHPv2 with amplicons covering 70% of the gene, thus it might have been reasonable to 

expect one or two PTEN variants in the cohort of 48. PTEN has been noted to be a difficult gene to 

sequence due to the presence of a pseudogene {Claes, 2014 #363}. 
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4.3 Investigating the genetic variant profile of metastatic ER+ breast cancer in 

patients treated with fulvestrant and vandetanib using cfDNA  

 

4.3.1 Samples and DNA extraction 

For each patient who had already had a tissue sample sequenced DNA was extracted from the last 

available corresponding plasma sample if available. 41/48 patients who had had an FFPE tumour 

ŀǾŀƛƭŀōƭŜ ŦƻǊ ǎŀƳǇƭƛƴƎ Ƙŀǎ ŀ ŎŦ5b! ǎŀƳǇƭŜ ǎǳƛǘŀōƭŜ ŦƻǊ ǎŜǉǳŜƴŎƛƴƎΤ мт ΨŜƴŘ ƻŦ ǘǊŜŀǘƳŜƴǘΩ ό9h¢ύ 

ǎŀƳǇƭŜǎΣ ф Ψу ǿŜŜƪΩ ǎŀƳǇƭŜǎ ŀƴŘ мс ΨōŀǎŜƭƛƴŜΩ ό.!{9ύ ǎŀƳǇƭŜǎΦ Lƴ ǘƘŜ ǘƛƳŜ ŎƻǳǊǎŜ ƻŦ ǘƘŜ ǇŀǘƛŜƴǘǎΩ 

disease the BASE samples represent a snapshot of the disease after the initial diagnosis, adjuvant 

endocrine therapy and up to one line of chemotherapy. Then, depending on where in the trial 

treatment they were taken may also represent the disease during (8 week) or after treatment with 

fulvestrant and vandetanib (EOT). Ideally the same time point for each patient would have been 

sequenced but due to sample availability this was not possible. Samples were taken at sites around 

the country and sent to the All Wales Genetics Laboratory in Cardiff for processing. Samples that 

arrived after the 96-hour cut off were not processed. Other trials, particularly those based in a single 

centre have had much stricter processing times with many samples processed within hours rather 

than days. 

All plasma samples apart from the 8-ǿŜŜƪ ǎŀƳǇƭŜ ǿƻǳƭŘ ƘŀǾŜ ōŜŜƴ ǘŀƪŜƴ ǿƘŜƴ ǘƘŜ ǇŀǘƛŜƴǘǎΩ 

disease was progressing on its current treatment. At baseline this would have likely been hormone 

therapy, while at EOT this would have been fulvestrant and vandetanib. To be eligible for entry to 

ǘƘŜ C¦w±! ǘǊƛŀƭ ǇŀǘƛŜƴǘΩǎ ŘƛǎŜŀǎŜ ƴŜŜŘŜŘ ǘƻ ōŜ ǇǊƻƎǊŜǎǎƛƴƎ ōǳǘ ǿƛǘƘƻǳǘ ŜǾƛŘŜƴŎŜ ƻŦ ǾƛǎŎŜǊŀƭ ŎǊƛǎƛǎ 

which would necessitate treatment with chemotherapy. This means that patients who had a higher 

disease burden or potentially had more aggressive disease may not have been included in the trial. 

Extracted DNA concentrations varied widely between samples. Where possible DNA was extracted 

from 2mls of plasma (n=35), alternatively 3mls were used for two patients who had >4 vials of 

plasma available while only 1ml was available for four patients. In Figure 35 the two cfDNA samples 
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extracted from 3mls of plasma were removed from the analysis as they were significant outliers with 

extracted DNA concentrations of 56ng/µL and 45.6ng/µL. 

Figure 35 graph A shows cfDNA extracted from plasma taken at baseline (entry into the FURVA trial) 

had a lower extracted concentration than that taken at 8 weeks or EOT. Median baseline 

concentration was 0.70ng/µL compared to 0.84 ng/µL and 0.62 ng/µL for 8 week and EOT 

respectively. The range of concentrations increased as time progressed with the range at baseline 

being 0.22-1.3ng/µL, while 8 week was 0.38-2.27ng/µL and EOT greater still at 0.26-5.5ng/µL. 

Analysis here is complicated by the fact that some or all of the 8 week samples may actually 

represent EOT samples that have been incorrectly labelled, if even a couple are actually EOT samples 

then these patients are very poor responders and this may account for why the median extracted 

cfDNA concentration is highest in the 8 week group. The range of the EOT concentrations is likely to 

account for why the median values across time points are lower in EOT than baseline samples (0.62 

vs 0.70ng/µL). 

In Figure 35 extracted cfDNA concentration is compared to the final library concentration for the 

CHPv2 panel (graph B) and the CUTSOM panel (graph C). In both cases the higher the DNA input 

amount in nanograms the higher the final library concentration, more markedly for the CUSTOM 

panel. This may be due to the higher number of PCR cycles used in the custom panel. The correlation 

between extracted DNA concentration and final library concentration is stronger for cfDNA (r=0.37) 

than DNA extracted from FFPE primary tumour tissue (r=0.07). This is likely to be due to the better 

quality and sample storage and collection of cfDNA samples and potentially more uniform sample 

collection, processing and storage prior to DNA extraction.  
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Figure 35 Three graphs exploring extracted cfDNA concentration (Graph A) and final library preparation concentrations for 

CHPv2 (Graph B) and CUSTOM (Graph C). Even after removal of two major outliers in the dataset the range of extracted 

cfDNA concentrations is still greater in EOT samples compared to those taken at baseline or 8 weeks. In both panels (CHPv2 

and CUSTOM) the DNA input correlates significantly with the final library concentration. P values are given based on two-

tailed analyǎƛǎ ǿƛǘƘ ŀƴ ʰ ǾŀƭǳŜ ƻŦ лΦлр.Φ ǊҐ{ǇŜŀǊƳŀƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΦ ns = not significant. Comparisons of cfDNA 

concentrations (Graph A) performed using one-way ANOVA test. Graphs created using GraphPad Prism 8 v.8.1.1 
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4.3.2 Sequencing and bioinformatic analysis  

Bioinformatic analysis was automated as per methodology used for the FFPE samples (see 0). 

±ŀǊƛŀƴǘǎ ǿŜǊŜ ŎŀƭƭŜŘ ƛŦ ǘƘŜ ±!CΣ ŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ Řƻǿƴ ǎŀƳǇƭƛƴƎ ǘƻ нллл ǊŜŀŘǎΣ ǿŀǎ җм҈Φ 5ŀta from 

the CHPv2 and CUSTOM panel were analysed using separate bioinformatic pipelines due to the need 

for different reference files. Once variants had been called by Ion Reporter, they were pooled to 

create a single dataset of variants for each patient. 

 

Figure 36 Flow chart showing breakdown of variants detected in cfDNA in the setting of endocrine resistant metastatic 

disease n=41 

Very few artefact variants were called by Ion Reporter in cfDNA samples (as shown in Figure 36). 

Over half of all variants called were synonymous variants. Of the 89 non-synonymous variants 16/89 

(18%) were tier II variants. The number of variants called overall was less than in the FFPE primary 

tumour samples across all tiers. The data reported in section 4.3.3 refers to variants detected by the 

automated bioinformatic pathway and manually checked using IGV, furthermore results were then 

cross checked with databases such as COSMIC and ClinVar to assign variants to the correct tier. 

309 variants 
called in Ion 
Reporter (IR)

212 synonymous variants 89 non-synonymous variants

16 Tier II variants

25 Tier III variants

48 Tier IV variants

8 deemed artefact on 
manual review
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4.3.3 Metastatic endocrine resistant cfDNA tier II variants detected 

The median number of all tier variants per sample was 2 (range 0-7). Overall, a tier II variant was 

detected in 11/41 (24%) of samples. Seven patient samples contained a single tier II variant, three 

contained two and a single sample contained three tier II variants as detailed in Table 29. In Patient 

12 and 60 the variants were present at levels of 4-8%, that is to say that of all the DNA sequenced 

(both tumour and normal DNA make up the cfDNA) X% contains the variant. In comparison the 

variants in the sample from Patient 51 were present at much higher VAF suggesting that the cancer 

in this patient was shedding large volumes of DNA into the bloodstream. The VAF could also indicate 

that this was a tumour where the majority clone was one harbouring a variant causing significant 

impact on TP53 function. 

 
Variant 1 VAF (%) 

Variant 
2 

VAF (%) 
Variant 

3 
VAF (%) 

 

Patient 51 TP53 72 AKT1 49 ESR1 42  

Patient 12 ERBB2 8 PIK3CA 4      

Patient 60 PIK3CA 4 ESR1  4      

Patient 22 ESR1 22 GATA3 50      
Table 29 Four samples containing multiple tier II variants 

The genes containing variants were similar to those in the FFPE tumour samples, albeit with less 

variants detected overall. ESR1 variants were not looked for in primary tumour samples as they are 

rarely found in primary tumours. Variant tracking work with ddPCR will determine at what point in 

the ǇŀǘƛŜƴǘΩǎ ŘƛǎŜŀǎŜ ŎƻǳǊǎŜ ǘƘŜȅ ōŜŎŀƳŜ ŘŜǘŜŎǘŀōƭŜΦ ¢Ƙƛǎ ǿƛƭƭ ōŜ ŎƻǾŜǊŜŘ ƛƴ ǎŜŎǘƛƻƴ 4.5. Of the four 

ESR1 variants detected three occurred in samples where multiple variants were present. This may be 

due to the corresponding tumours shedding more cfDNA than others making any variant detection 

easier or one could hypothesise that the presence of another variant increases the change of an 

ESR1 variant occurring or vice versa.  Figure 37 summaries is the genes where variants were 

detected in cfDNA samples. 
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Figure 37 Variants by cfDNA sample. Sample IDs marked with * indicate samples with variants present in multiple genes. The percentage of samples containing a variant in gene X is also 

shown. 






























































































































































































































